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Abstract

Objectives: In this paper, the evolution of the hydration characteristics of heterogeneous cation- and anion-exchange
membranes during the electrodialysis treatment of multicomponent salt solutions is studied.

Experimental: The objects of research are heterogeneous RalexCMH-Pes (sulfocation exchange) and RalexAMH-Pes (anion
exchange with quaternary ammonium groups) membranes, which have been used with different durations in an industrial
electrodialyzer for the concentration/desalination of liquid waste from the production of complex mineral fertilizers. The
hydration characteristics of the membranes were determined using synchronous thermal analysis. The morphology of the
surface of the studied membranes was investigated by scanning electron microscopy. X-ray phase analysis of the ash residue
after annealing of the membranes was carried out using the diffractometric method.

Conclusions: The moisture content and specific heat of dehydration of the studied membranes increase during long-term
electrodialysis processing of liquid waste from the production of complex mineral fertilizers. For cation-exchange and
anion-exchange membranes, the moisture content increases by 74 and 68 %, respectively. The predominant type of kinetically
unequal water in membranes is weakly and moderately bound water. Strongly bound water molecules involved in ion-dipole
interactions with active functional groups are least represented in membranes, and during operation in an electrodialyzer,
their proportion increases by 1.35 times in the case of cation-exchange membranes and decreases by 1.3 times in anion-
exchange membranes. The increase in moisture content and the redistribution of water fractions of different degrees of
binding can be explained by the degradation of membranes caused by their morphological changes (an increase in the
number of defects and the size of macropores filled with solution or water), as well as the stretching of the membrane
matrix due to the presence of large and highly hydrated ions in the processed liquid waste. In addition, hydrophilic inorganic
precipitates accumulate in the nanopores of anion-exchange membranes.
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1. Introduction

The first commercial electrodialyzer was
manufactured in the 1950s and was used
to desalinate brackish water [1]. Currently,
electrodialysis (ED) is widely used in the chemical
[2], pharmaceutical [3], and food [4] industries. At
the same time, special attention should be paid to
the use of this electromembrane method for the
extraction of useful components from industrial
and municipal wastewater [5-7] and the creation
of waste-free production of organic products
[8—11]. In particular, the use of electrodialysis
technology for the treatment of wastewater
from the production of mineral fertilizers [12-
14], which are multicomponent solutions and/or
mixtures of inorganic and organic compounds, is
quite promising.

During the electrodialysis processing of
such media containing a wide range of different
components, under conditions of direct current,
elevated temperature and pH changes, the
degradation of ion exchange membranes (IEM)
used in electrodialyzers occurs [15]. Due to
the presence of polluting components in the
treated media and/or due to the initiation of
undesirable processes in the membranes, such
as precipitation accumulation, changes in
morphology, and linear pore sizes, the physico-
chemical, electrochemical, and transport
characteristics of IEM deteriorate and the
efficiency of the electrodialysis process as a whole
decreases [16]. The problem of [EM degradation
is encountered during the electrodialysis
treatment of municipal wastewater [12,17],
natural waters [18,19], food industry solutions
[20-22], and pharmaceutical industry [23], as
well as of I[EM artificially aged in the laboratory
[24,25]. At the same time, ED technology is
being actively implemented in a number of
enterprises for the production of mineral
fertilizers, including JSC “Minudobreniya” and
JSC “Kuibyshevazot”, as part of projects for
processing steam condensate [26]. It is planned
to put ED equipment into operation at JSC NAK
Azot, JSC TAIF-NK, and JSC Achinsk Oil Refinery
[26]. However, despite the active introduction
of this technology, there are few studies on the
degradation of IEM during the electrodialysis of
waste from the production of mineral fertilizers
[10, 27]. This makes it difficult to predict the
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duration of effective and useful use of IEM in
ED installations, which significantly depend
on the degree of membrane degradation. This
negative process is accompanied by changes in
the structure and chemical composition of the
membranes [15, 16, 28], which largely determine
their selectivity and transport characteristics.

In turn, the structure, transport, and
physico-chemical properties of ion-exchange
membranes depend significantly on their
interaction with water. Membranes function
effectively only in the hydrated state, when they
are capable of separation and ion exchange due
to a significant weakening of the electrostatic
interaction between counterions and fixed ions
[29]. Deterioration of the transport properties
of membranes in conditions of low humidity is
one of the main problems limiting the practical
application of ion exchange membranes. It was
shown in [30] that an increase in moisture content
is possible due to modification of the membrane
by doping with inorganic nanoparticles, which,
at low humidity, participate in ion transport, and
the water molecules sorbed by them participate
in the hydration of alkali metal cations in the
membranes.

High moisture content is one of the main
conditions for the formation of an optimal
hydrophilic/hydrophobic balance of the ion
surface, which, in turn, significantly affects the
efficiency parameters of the separation process
during electrodialysis, including the intensity of
electroconvection and the generation of H* and
OH- ions occurring at the membrane/solution
interface [31]. For example, it was shown in
[32] that hydrophobic amino acids adsorbed
on the membrane surface contribute to an
increase in its hydrophobicity, which leads to
a greater contribution of electroconvection to
mass transfer during intensive current modes of
electrodialysis.

Heterogeneous IEM are characterized by a
higher moisture content, lower temperatures
of the onset of dehydration, and a higher
relative rate of water release compared to ion-
exchange resins, on the basis of which they are
manufactured [33]. The features of the interaction
of such IEM with a solvent are largely determined
by pores of different sizes. Porometric analysis
of domestic heterogeneous MK-40 and MA-41
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membranes showed [34, 35] that the thinnest
pores (mainly with a radius of 3.5 and 13 nm)
are located in ion exchanger grains, whereas
pores with a radius of 100 nm are formed at
the contact points of ion exchange resin and
polyethylene particles, and the largest pores
with an effective radius of 3 microns are formed
between the reinforcing fabric and the ion
exchanger/polyethylene composite. Depending
on the different levels of membrane structural
organization (molecular, supramolecular,
macroscopic), several structural, kinetically
unequal types of water in the membranes are
distinguished: “bound®, ”intermediate”, and
“free” [36]. When the nature of the counterion
changes, the water content and state inside
the ion exchange membrane change [36]. Thus,
an urgent task is to determine the hydration
characteristics of ion exchangers depending on
the type of membrane and the duration of use in
electrodialysis plants.

To solve this problem, thermal analysis
methods are used: thermogravimetry (TG)
and differential thermal analysis (DTA), based
on recording the parameters of the system
under study, which change under conditions
of programmed temperature exposure [33].
The thermogravimetry method consists in
measuring the mass loss of the test material
as the temperature changes. With the help
of differential thermal analysis, the thermal
effects of transformations occurring in the
test sample under temperature influence are
recorded. Synchronization of TG and DTA
measurements makes it possible not only to
determine the range of thermal stability of the
ion exchange materials under study, but also to
obtain information about the physico-chemical
properties of the water contained in them, as
well as to establish the main characteristics of
the dehydration process of ion exchangers [33].
The experimental results obtained in this work
using several complementary methods (thermal
analysis, scanning electron microscopy, and
X-ray diffraction) make it possible to reasonably
establish the role of morphological changes
and precipitation accumulation as the most
likely causes of the evolution of hydration
characteristics of heterogeneous ion-exchange
membranes observed during electrodialysis
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treatment of multicomponent salt solutions
(waste products of complex mineral fertilizers),
which is the purpose of this study.

2. Experimental

2.1. Membranes

The research objects were RalexCMH-Pes
(sulfocation exchange) and RalexAMH-Pes
(anion exchange with quaternary ammonium
groups) membranes manufactured by Mega JSC
(Czech Republic) [37]. They are heterogeneous
and contain an ion exchanger, plasticizer
(polyethylene), and reinforcing fabric
(polyester).

The membranes were operated in an industrial
electrodialyzer with alternating cation- and
anion-exchange membranes separated by flow
turbulator grids in the mode of concentration/
desalination of multicomponent salt solutions,
such as waste from the production of complex
mineral fertilizers for different periods of time.
The membranes separated the concentrate/dilute
chambers and did not come into contact with the
solutions of the electrode chambers. The process
was carried out in pre-limit current modes. The
composition of treated wastewater is as follows
(mg/dm?®): Ca* 0.9-6.7; ClI' 1.3-16.9; Mg* 0.2—
3.8; SO 2.2-39.8; Na* 0.10; F~ 3.2-92.3; K*
0.15; NO; 15.4-312.1; Fe?®* 0.01-0.17; PO
0.6-2.3;NH," 15.9-258.5 [27, 38]. After removing
the membranes from the electrodialyzer, they
were washed in distilled water, the surface was
cleaned with a soft sponge and placed in distilled
water. The characteristics of the used membranes
were compared with similar characteristics of
the initial samples that were not involved in the
electrodialysis process.

The conditioning of the initial membranes
was carried out in accordance with the methods
given in [39]. First, salt treatment was performed
in NaCl solutions of different concentrations,
then the cation exchange membranes were
treated with acid, and the anion exchange
membranes with alkali. After conditioning, the
cation exchange samples were converted to the
Na* form, and the anion exchange samples were
converted to the Cl- form and stored in distilled
water.

In this paper, the pristine conditioned samples
have the index “prist”, the membranes for one
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year of use are “1”, five years are “2”. CEM and
AEM are the designations of cation- and anion-
exchange membranes, respectively. The main
characteristics of the studied membranes are
given in Table 1.

2.2. Methods

The morphology of the surface of the studied
IEM was studied using scanning electron
microscopy (SEM) on a JSM-6380 LV device
(Japan). The preparation of the membranes for
analysis was as follows. The membranes (AEM__,
AEM,, AEM,, CEMprist, CEM,, CEM,) stored in
distilled water were dried in a drying cabinet to
a constant weight at 70 °C, 5x5 mm samples were
cut out, and an electrically conductive carbon
layer was sprayed on them.

X-ray phase analysis of the ash residue
after IEM annealing at 600 °C was performed
using an ARL X’TRA diffractometer (Thermo
Scientific, Switzerland). The particle size of the
mineral components present in the membrane
was calculated from the width of the diffraction
maximum using the Scherrer formula [40].

Experimental studies of the membrane
dehydration process were carried out using
a NETZSCH STA 449 F3 Jupiter synchronous
thermal analysis device combining high-
precision thermal weights and a differential
scanning calorimeter. The device allows one to
simultaneously obtain a set of several interrelated
thermoanalytical curves: two integral curves (the
mass loss curve (TG) and the thermal effects
curve (DSC)), as well as their corresponding
two differential curves (the mass loss rate curve
(DTG) and the curve of the rate of change of
the thermal effect (dDSC)). Swollen samples of
[EM, previously soaked in distilled water for at
least 7 days, were studied. Temperature research
program: heating from 298 to 523 K at a rate of 5
K/min. Research conditions: aluminum crucibles,
nitrogen atmosphere, purge gas consumption
at 15 cm3/min. The received thermograms were
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processed using NETZSCH Proteus and MS Excel
software.

3. Results and discussion

Typical experimental thermoanalytical curves
are shown in Fig. 1 using a CEM . membrane
sample as an example. Similar thermograms in the
form of a set of TG, DTG, DSC, and dDSC curves
were obtained for the five other membranes
studied in the work (AEM,_, AEM,, AEM,, CEM,,
CEM,). The experimental thermoanalytical
curves were rearranged and shown in Fig. 2 and
3in a modified temperature-time format used in
works on the thermal analysis of ion-exchange
materials [33, 41]. This format for representing
thermal curves allows not only to identify, but
also to visually compare the integral TG, DSC, and
differential DTG effects observed when samples
are heated, which makes it possible, among other
things, to detect the difference between the
original and spent membranes.

It is important to note that for all studied IEM
samples, regardless of the type of membranes
(cation or anion exchange) and the duration of their
use in an electrodialysis unit, the change in mass
Am,determined by the integral thermogravimetric
TG curve, is consistent with the deviation of the
differential thermal DSC curve from the baseline
in the temperature range of 300-430 K. In addition,
the highest rate of mass loss of the membrane
sample, determined by the minimum on the DTG
curve, is observed at a temperature close to the
temperature of the DSC maximum (for example,
at T 2" =67.5 °C for the CEM_, membrane
sample). This agreement of the TG, DTG, and
DSC curves can be explained by the fact that the
changes observed on them are due to a single
process, the removal of water (dehydration) from
the membrane sample when it is heated. Indeed,
according to [33], the decrease in the mass of ion-
exchange material in the temperature range of
300-430 K, in which the most significant change
in Am for the studied membranes is observed on

Table 1. Characteristics of ion exchange membranes

Parameter CEM . CEM CEM, | AEM__ | AEM, AEM,
Exchange capacity, mmol/gof | .51 | 17501 | 1601 | 1.5401 | 1.5%0.1 | 1.2:0.1
dry membrane

Thickness, mm 508+2 51121 513%2 507%1 510%1 512+2
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Fig. 1. Experimental thermoanalytical curves obtained for the CEM, , membrane sample. Notation: TG is the
mass loss curve, DSC is the thermal effects curve, DTG is the curve of the mass loss rate, dDSC is the curve of
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Fig. 2. Thermal curves of cation exchange membranes: CEM,, (a), CEM, (b), CEM, (c). Notation: T is the tem-

perature change curve, TG is mass loss curve, DSC is the thermal effects curve; Am
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all the obtained thermoanalytical curves, is due
precisely to the removal of water from them. Thus,
a comparative assessment of the moisture content
of the studied membranes can be carried out by
the value of Am. The specific moisture capacity

Am , Am, - mass change,

rist?

AH,, AH, - specific heat of dehydration (J/g) for samples CEM,, (a), CEM, (b), CEM,, (c) respectively

n,, (mol H,0/mol functional group) was calculated
using the formula:

Am
M.,  -EC

H,0

n 100 % .

w

619



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl

0.A. Kozaderova, |. A. Saranov

2025;27(4): 615-629

Hydration properties of heterogeneous ion exchange membranes...

—— DSC, mWimg —— DSC, mW/mg
T,K
00 r 550 0.0 Tg
L 500 «
0.5
-0.5 AH1
= 450
1.0 1.0 1
- 400
-1.5 -1.5 4
k350
-2.0 4
-2.0 L 300
T, min
100 100 A
: H =
90 - I[N"prist 90 -
80 - | TG 80 -
70 = 70 A
60 4 Mm% 60 4 Mm%

——— DSC, mW/mg
T.K T.K
r 550 o - 550
0.0 Tx
]
T L 500 “— T = 500
-0.5
AH;
+ 450 = 450
—_— E—
-1.0
L 400 = 400
-1.5
+ 350 + 350
L 300 2.0 L 300
T min T, min
100
90
Amy Am,
| 80 -
| TG 70 \ TG
60 4 Mm%

Fig. 3. Thermal curves of anion exchange membranes: AEM__ . (a), AEM, (b), AEM, (c). Notation: T is the tem-

perature change curve, TG is mass loss curve, DSC is the thermal effects curve; Am
AH |, AH, - specific heat of dehydration (J/g) for samples AEMp

AH

prist?

Here M, , is a molar mass of water, EC is an
exchange capacity of the membrane (Table 1). In
turn, the specific thermal effect of the endothermic
dehydration process AH (the so-called
“endoeffect” [33]) is determined by the area of
the maximum observed on the DSC dependence.
Using the example ofa CEM_; membrane sample,
it can be seen (Fig. 1) that such a maximum with
apeakatT__=69.5°Cis quite extensive, and its
area, equal to AH = 465.4 J/g, corresponds to the
thermal effect of dehydration of this IEM,
normalized by the mass of the initial membrane
sample, i.e. represents the heat of dehydration.
A small maximum at 108.3 °C can be attributed
to the melting of an inert binder of heterogeneous
IEM, polyethylene [43].

On the modified temperature-time
dependences (Figs. 2 and 3), the minimum area on
the DSC curve corresponds to the thermal effect.
The complete set of quantitative characteristics
of the dehydration process (Am, T_ 2", T __,AH),
found from modified thermoanalytical curves,
is given in Table 2 for all studied CEM and AEM
samples. It follows from these data that the mass
loss Am increases with increasing duration of
use of CEM and AEM membranes. This indicates

620

o Am , Am, —mass change,
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an increase in the moisture content of both
cation and anion exchange membranes during
operation of the electrodialysis unit. The specific
heat of dehydration increases naturally, which
is consistent with an increase in the moisture
content of the membrane. It should be emphasized
that the heat of dehydration, calculated per mole
of removed water, practically does not depend
on the type of membrane and the duration of its
use, and averages 39.0%1.8 and 35.8+1.2 kJ/mol
for CEM and AEM, respectively. According to
[33], the values of the molar heat of dehydration
in the range of 35-39 kJ/mol correspond to the
formation of associates of 2-4 water molecules.

It is important to note the increase in
temperature T*" _, which corresponds to the
highest rate of mass loss of the membrane
sample: from 341 to 351 Kin the range CEM <
CEM, < CEM,, and from 343 to 348 K in the range
AEM < AEM, < AEM,. A similar effect of "
growth found for the MF-4-SK membrane in
[42] is explained by the effect of an inorganic
dopant (polysuric acid particles) on the system
of pores and channels, the introduction of which
into the volume of MF-4-SK leads to an increase
in moisture content. Thus, an increase in the
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Table 2. Quantitative characteristics of the membrane dehydration process

I‘;;‘;’f;;:ﬁfe Am, % T om K . AH, /g AH, kJ/mol
CEM, 20.73 675 69.5 465.4 40.5
CEM, 33.43 74.9 77.5 693.8 37.3
CEM, 35.51 78.0 80.4 774.9 39.3
AEM 24.73 70.2 72.8 476.8 34.7
AEM, 29.73 73.2 75.7 592.6 35.9
AEM, 32.08 75.4 77.5 654.5 36.8

temperature of the maximum water removal
rate correlates with data on an increase in the
parameters Am and AH.

According to [33], the analysis of
thermoanalytical curves, along with the
determination of the membrane moisture
content, makes it possible to quantify the total
and relative content of kinetically unequal
(weakly, moderately, and strongly bound) water
molecules in the membranes. This assessment is
based on the representation of the dehydration
process of ion-exchange membranes as a
sequential release of kinetically unequal water
molecules characterized by different degree of
binding [33]. In accordance with the procedure for
processing TG dependencies described in [33], the
thermoanalytical curves of the studied cation and
anion exchange membranes are presented in the
Ig oo~ T"! coordinates, where o = Am(T)/Am is the
ratio of the mass change of the membrane sample
Am(T), corresponding to the amount released
water at a temperature of T, to a total loss of
mass. The slope of the 1g a. — T-! curve depends
on the nature and energy of the interaction of
water molecules in the membrane. As a result, the
corresponding dependencies are characterized
by the presence of three linear sections with
different slopes, each of which corresponds to
a specific stage of water removal. The removal
of weakly bound water (dehydration stage I) is
carried out by a low-temperature section based
on the logarithmic dependence of the relative
mass change of the membrane sample on T'!. In
this case, we are talking about H,0 molecules
bound to each other by the weakest hydrogen
bonds characteristic of the bulk phase of the
solvent in the region of “long-range hydration”
[33]. The intermediate medium-temperature
section of the Ig o — T-! curve corresponds to the

stage of dehydration II, the removal of water, in
which intermolecular interactions, compared
with weakly bound water, are enhanced due to the
influence of membrane functional groups [33], as
aresult of which the slope of the 1g o dependence
on T! decreases. Finally, the high-temperature
section of the dependence of the relative change
in the mass of the IEM sample on temperature,
characterized by the lowest slope, corresponds
to stage III of dehydration, that is the removal of
water molecules involved in the strongest ion-
dipole interactions with the functional groups of
the membrane, Fig. 4.

The quantitative characteristics of water
molecules of various degrees of binding, found
by the dependence of Ig o on T! of the studied
CEM and AEM membranes, are shown in Tables 3
and 4. A comparison of these data shows that
all the studied ion exchange membranes are
characterized by the highest content of weakly
and also moderately bound water, while strongly
bound water is represented to the least extent. The
values of moisture capacity found are consistent
with the data obtained in [33, 44-46]. In this
case, the analysis of the relative distribution of
the water content of various degrees of binding
revealed differences for cation- and anion-
exchange membranes in the change of their
moisture content during long-term operation in
an electrodialysis unit.

Thus, during the transition from CEM_, to
CEM, and CEM,, cation exchange membranes
are characterized by an increase in the fraction
of strongly bound water molecules. Indeed, if
this parameter is 9.6 % for the initial sample
of a cation exchange membrane, then after
one year and five years of use it increases to 12
and 13 %, respectively (Table 3). In the case of
anion exchange membranes, the transition from
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Table 3. Quantitative characteristics of kinetically unequal water in cation exchange membranes at
maximal swelling

Specific moisture capacity
Membrane | Stage of dehydration AT, K % H,0 n,,, mol H,0 /mol
functional groups
I 298-331 39.7 3.7
CEM, 11 331-369 50.5 4.7 =93
111 369-402 9.6 0.9
I 298-337 43.0 6.8
CEM, 11 337-365 44.9 7.1 > =15.8
111 365-401 12.0 1.9
I 298-340 40.1 6.5
CEM, I 340-365 46.9 7.6 ¥=16.2
111 365-410 13.0 2.1

Table 4. Quantitative characteristics of kinetically unequal water in anion exchange membranes at
maximal swelling

Specific moisture capacity
Membrane | Stage of dehydration AT, K % H,0 n,, mol H,0 /mol
functional groups
I 298-329 33.3 3.8
AEM 11 329-359 474 5.4 =114
11 359-419 19.3 2.2
| 298-336 40.1 5.6
AEM, 11 336-359 39.2 5.5 ¥=14.0
11 359-432 20.7 2.9
I 298-337 40.4 7.8
AEM, 11 337-362 44.6 8.6 ¥»=19.3
11 362-429 15.0 2.9
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AEM .. to AEM, is accompanied, on the contrary,
by a decrease in the fraction of strongly bound
water molecules from 19.3 to 15.0 % (Table 4).
Accordingly, the fraction of weakly bound water
in the internal solution of the anion exchange
membrane increases from 33.3 to 40.4 %, which
is consistent with the results of the analysis of
the transport and structural characteristics of
the studied IEM, for which, according to electrical
conductivity data, an increase in the contribution
of the internal solution to conductivity was found
[47].

The discovered effects of increasing the
moisture content of cation- and anion-exchange
membranes during their long-term operation
during electrodialysis of multicomponent
solutions of mineral salts, as well as the revealed
redistribution of water fractions of different
degree of connectivity, may be due to a number
of reasons.

One of the possible factors causing a change in
both the moisture content and the redistribution
of water of different degree of binding is the
accumulation of precipitation in the pores of the
membrane. It is known [30] that the introduction
of inorganic dopants into the membrane matrix
leads to an increase in the moisture content
of the ion-exchange material. In this case, the
immobilized nanoparticles replace part of the
electroneutral solution in the inter-gel spaces of
the membrane, which leads to an increase in their
volume fraction and a simultaneous decrease in
the fraction of the electroneutral solution in the
membrane [48]. For cation exchange membranes,
diffractometric analysis of calcination residues
failed to detect significant differences between
new (CEMprist) and spent (CEM,, CEM,) samples.
Consequently, sedimentation in cation exchange
membranes during their long-term operation in
an electrodialysis unit most likely does not occur.
A similar effect of an increase in moisture content
unrelated to precipitation was observed in [24]
during prolonged exposure to temperature and
pH variation of the solution.

A feature of the studied anion exchange
membranes, on the contrary, is the formation
of precipitation during operation in an ED
installation. Despite the fact that mineral
deposits formed during the use of AEM during the
concentration/desalination of wastewater from
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the production of complex mineral fertilizers
are not visually detected during SEM analysis
(Fig. 5), diffractometric analysis of the calcined
residue of anion exchange membranes after one
and five years of use showed the presence of the
following substances in IEM: CaSO,, Ca(H,PO,),,
Fe O,, Na,PO, (AEM)); Ca(OH),, Fe,O,, and
Na,PO, (AEM,). The ash residue weights were 0.4
and 0.8 mg/g for AEM, and AEM,), respectively,
which indicates an increase in the proportion of
mineral deposits in the volume of [EM during the
operation of the membranes. The calculation of
the particle size of the mineral components in
the ash residue according to diffractometry data
[40] showed that they have a diameter from 9 to
45 nm. This allows us to make an assumption
about the localization of precipitation in IEM
nanopores, which is consistent with the results
of [40, 49]. The calculation of the relative
moisture capacity leads to higher values for
AEM, compared to CEM,, which also correlates
with the accumulation of precipitation in anion-
exchange membranes and is consistent with
data on an increase in moisture content in
membranes doped with hydrated metal oxides
[30]. In contrast to [48], in the present work, the
appearance of sediment nanoparticles in the
pores of the anion exchange membrane leads to
a decrease in the proportion of strongly bound
rather than weakly bound water. Considering
that the moisture content of membranes is
determined by complex internal interactions
between water molecules, functional groups, and
the hydrophobic matrix, it is difficult to expect
an unambiguous dependence of this value on
only one factor (precipitation) while changing
others at the same time. Moreover, in the case
of both types of membranes, the main factor
in the increase in moisture content appears to
be an increase in the number and size of pores
and/or defects in the heterogeneous sample due
to membrane degradation during prolonged
operation in an electrodialysis unit.

To confirm this assumption, we analyzed
the SEM images of the surface of the studied
membranes shown in Figs. 5 and 6. The main
surface material of the IEM is a composite:
polyethylene with ion exchange resin particles
fairly evenly distributed in it. In addition,
cavities (voids) are visible on the surface for all
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Fig. 5. SEM images of the surface of the anion exchange membranes under study: a,b - AEM _, ;c,d - AEM,;
e, f— AEM,; a, ¢, e — magnification x150; b, d, f — magnification x1000

anion-exchange membranes, and fragments
of reinforcing tissue are also visible for AEM
and AEM,. For AEM_ . (Fig. 5a) the reinforcing
fabric is not explicitly detected on the surface,
however, there is a noticeable violation of the
uniformity of distribution of the polyethylene/
ion exchanger composite over the threads of
the reinforcing fabric. As the time of using AEM
in the electrodialyzer increases, the reinforcing
fabric reaches the surface (Fig. 5, c, e): polyester
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fragments up to 60x40 microns in size for AEM ,
enlarging to 160x60 microns for AEM,, are
visualized on the SEM images. An increase in the
size of the sections of reinforcing fabric extending
to the surface naturally leads to an increase in
the gaps between the reinforcement strands
and the polyethylene/ion exchanger composite
material. To assess the changes in the state of
the cavities and walls, the membrane sections
located between the strands of the reinforcing



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

0.A.Kozaderova, |. A. Saranov

2025;27(4): 615-629

Hydration properties of heterogeneous ion exchange membranes...

Fig. 6. SEM images of the surface of the cation exchange membranes under study: a, b - CEM

¢,d-CEM,;

prist?

e, f- CEM,; a, ¢, e - magnification x150; b, d, f — magnification x1000

mesh were examined at a higher magnification
(Fig. 5b, d, e). For AEM__, the size of the voids
reaches 24 microns. As the operating time of
the IEM increases, the size of the caverns does
not increase, however, there is an increase in
their number. In the case of cation exchange
membranes (Fig. 6), a larger (compared to AEM)
fraction of the surface is occupied by reinforcing
tissue. The main change found during the
operation of cation exchange membranes in the

electrodialyzer is the appearance of reinforcing
fabric on the surface: the size of polyester
filaments found on the SEM images of I[EM
increases in the CEM . < CEM, < CEM, range
and amounts to (microns): 4x3, 13x6, and 15x6,
respectively.

Thus, the analysis of the SEM images shows
that, compared with the conditioned CEM, ,  and
AEM . samples, prolonged operation led to a

prist ) A N
more noticeable manifestation of defects caused
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by the formation of cavities and the appearance
of reinforcing tissue on the surface. Both cationic
(CEM,, CEM,) and anion-exchange (AEM,, AEM,)
membranes are characterized by an increase
in the content of macropores formed between
the reinforcing fabric and the ion exchanger +
polyethylene composite.

In addition, the presence of large [50, 51] and
highly hydrated [50, 52, 53] ions in the processed
solutions can lead to stretching of the [IEM matrix
and, consequently, an increase in the size of the
pores filled with solution or water. The latter
is supported by the observed increase in the
thickness of the initial and spent membranes,
which swelled under the same conditions
(Table 1). In turn, an increase in the content of
strongly bound water may be due to an increase
in the distance between fixed groups of the ion-
exchange material during the degradation of the
crosslinking agent, as was shown by the example
of the KU-2 sulfocation ion exchanger with
different divinylbenzene content [33].

4. Conclusion

The moisture content and thermal effect of
dehydration of cation exchange (RalexCMH-Pes)
and anion exchange (RalexAMH-Pes) membranes
were thermogravimetrically determined before
and after their long-term use in industrial
electrodialysis plants during the concentration/
desalination of multicomponent salt solutions,
waste products from the production of complex
mineral fertilizers. It was found that the moisture
capacity of the membranes and the specific heat of
dehydration, regardless of the type of membrane,
increase with increasing duration of operation of
the electrodialyzer. The molar thermal effect is
practically independent of the type of membrane
and the duration of its use and averages 39.0+1.8
and 35.8+1.2 kJ/mol for cation-exchange and
anion-exchange membranes, respectively, which
corresponds to the formation of associates of 2—4
water molecules.

The estimation of the total and relative
content of kinetically unequal water molecules
in the membranes showed the highest fraction
of weakly and moderately bound water, which
ranges from 87.0 to 90.2 % for cation exchange
membranes and 79.3 to 85.0 % for anion exchange
membranes. The contribution of water molecules
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involved in the strong ion-dipole interaction with
the functional groups of the membrane is the
smallest. The nature of changes in the content of
water molecules with different degree of binding
depends on the type of membrane depending on
the time of use: if for cation exchange membranes
during operation the proportion of strongly
bound water increases from 9.6 to 13.0 %, then
in the case of anion exchange membranes, on the
contrary, it decreases from 19.3 to 15.0 %.

The discovered effects of an increase in
moisture content and a redistribution of water
fractions of different degree of binding can be
explained by an increase in the number of defects
(cavities) and the release of reinforcing tissue
onto the membrane surface, as well as an increase
in the size of macropores filled with solution or
water. These changes in membrane morphology
may be caused by membrane degradation during
prolonged operation in an electrodialysis unit.
A feature of anion exchange membranes is the
diffractometrically confirmed formation of
inorganic precipitation, the hydrophilic particles
of which are localized in the nanopores of the
membrane, which probably contributes to an
additional increase in the moisture content of
the anion exchange material.
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