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Abstract Keywords

The paper presents the results of studying the electrochemical charac- electrochemical stability
teristics and long-term stability of MA-41 membranes on the surface of electrochemical impedance
which poly-N,N-diallylmorpholinium bromide was applied. The deposi- modification

tion of a polyelectrolyte on the membrane surface leads to an increase in

N . poly-N,N-diallylmorpholinium
the limiting current from 0.8 to 1.1 mA/cm?. The comparison of the ex- BGTEE

perimental and theoretically calculated values of the limiting current
density allows us to conclude that the modification of the membrane sur-
face by poly-N,N-diallylmorpholinium bromide does not lead to the for-
mation of a continuous polyelectrolyte film on the surface, but its fixa-
tion occurs due to the sorption of macromolecules on the surface of the
ion-exchanger particles. To quantify the rate of the water dissociation
reaction at the membrane/solution interface, the method of electrochem-
ical impedance was used, which makes it possible to compare the rate
constants of the water dissociation reaction for different membranes, as-
suming that the reaction is described by the Gericher impedance. It is
shown that modification of the MA-41 membrane surface leads to a de-
crease in the rate of the water dissociation reaction in the current range
i = 1.5-4iim by a factor of 2-6. The reduction in water dissociation reac-
tion rate is attributed to the substitution of catalytically active secondary
and tertiary amino groups in the surface layer of the pristine membrane
by stable heterocyclic ammonium bases of poly-N,N-diallylmorpholin-
ium. The study of the long-term stability of the resulting membrane
showed that when the membrane is polarized with a current equal to
twice the limiting current, the desorption of the modifier occurs within
25 h, and the properties of the membrane become close to those of the

unmodified MA-41 membrane. It was shown that the electrochemical im- Received: 07.08.23

pedance method can be used as a very sensitive method for studying the
long-term stability of ion-exchange membranes.

Key findings

e The limiting current increases by 37% due to deposition of a poly-N,N-diallylmorpholinium bromide on the MA-41
membrane surface.

e A 6-fold reduction in the water dissociation reaction rate constant at the modified membrane/solution interface is
achieved.

e Desorption of the polymeric modifier occurs after 25 h of operation in an over-limiting current mode (i = 2ilim).

© 2023, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Electrodialysis is an electromembrane process that re-
moves ionic contaminants from solutions under the influ-
ence of direct electric current [1]. The transfer of ions is
carried out in a membrane stack consisting of tens to hun-
dreds of alternating cation-exchange and anion-exchange
membranes. As a rule, the process of electrodialysis is car-
ried out under conditions when the current density applied
to the electrodialyzer does not exceed the limiting current
density, the value of which depends on the chemical nature
of the solution, its concentration, hydrodynamics in the
channel of the membrane package [1], and the nature of the
ion-exchange membrane [2]. In some cases, when the
treated solution contains a small amount of ions, due to the
conjugated effects of concentration polarization, it is more
advantageous to carry out the process at a current density
exceeding the limiting one [3]. This process is sometimes
referred to as high-intensity electrodialysis.

An undesirable process in this case is the occurrence of
the water dissociation reaction, which, as a rule, is localized
at the anion-exchange membrane/solution interface [4, 5].
Under such conditions, commercial anion-exchange mem-
branes (such as MA-41, Neosepta AMX, Ralex AMH, etc.)
based on benzyltrimethylammonium undergo thermal alka-
line hydrolysis of their anion-exchange functional groups
[6] (Figure 1).

The water dissociation reaction rate increase is ob-
served as in the case of a chemical degradation of the ion-
exchange groups and when the anion-exchange membrane
is subjected to the electrochemical degradation due to pro-
longed operation at overlimiting current modes (i > ilim) [4].

The transformation of quaternary ammonium bases into
tertiary amines in the surface layer of the anion-exchange mem-
brane further increases the water dissociation reaction rate [4].

It is worth noting that the MA-41 membrane contains
both secondary and tertiary amines in the surface layer,
ranging from 4% to 25%, which is attributed to the heating
of the ion-exchange resin to 120-140 °C during the fabrica-
tion of the membrane through hot pressing [4, 7]. Conse-
quently, even the pristine MA-41 membrane is active in the
water dissociation reaction [4, 8].

Conversion of quaternary ammonium bases to amines
has a negative impact on the electrodialysis process at dif-
ferent levels [9].

$OH t ) @N/ + @Cl‘boﬂ
N< OH N/

Figure 1 Scheme for the hydrolysis of the benzyltrimethylammonium
fragment of commercial anion exchange membranes, adapted from [6].
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First, it results in an increase of membrane resistance. Sec-
ond, and more importantly, the water dissociation reaction
on the anion-exchange membrane (the reaction rate of
which is increased by amines) leads to a pH value decrease
in the desalting chambers and its increase in the concentra-
tion chambers of an electrodialysis module. In the case of
treating solutions containing hardness salts, this raises the
risk of scaling formation [10]. Additionally, the intensive
water dissociation reaction reduces the space-charge den-
sity at the membrane/solution interface and suppresses the
development of electroconvection [5, 11, 12]. Therefore, it
is crucial to increase the electrochemical stability of ion-
exchange groups in anion-exchange membranes and reduce
the intensity of water dissociation at the membrane/solu-
tion interface [13].

In order to enhance the electrochemical stability of com-
mercial anion-exchange membranes and reduce the inten-
sity of water dissociation, polymeric modifiers utilizing
various copolymers of N,N-diallyl-N,N-dimethylammonium
chloride (DADMAC) were employed [4. 14, 15]. The struc-
ture of these modifiers is depicted in Figure 2. The mecha-
nism by which these modifiers function is based on the sub-
stitution of catalytically active secondary and tertiary
amines in the surface layer of the modified membrane with
stable heterocyclic ammonium fragments (Figure 2). This
substitution results in a reduction in the intensity of the
water dissociation reaction, the promotion of electrocon-
vection, and in an overall increase of the salt flux through
the electromembrane system [4].

The pyrrolidine fragment, which is a five-membered
heterocyclic ring in the polymer modifiers, exhibits consid-
erable resistance to Hoffman elimination and various nu-
cleophilic substitutions [16, 17]. It is expected that N-spiro-
cyclic polyelectrolytes, in which the quaternary nitrogen
atom belongs to both cycles, will possess even greater
chemical stability compared to N,N-dimethylpyrrolidinium
derivatives [18, 19]. High potential alkaline stability makes
N-spirocyclic polyelectrolytes a promising tools for the
modification of anion-exchange membranes.
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Figure 2 Structure of DADMAC copolymers: copolymer of DADMAC

and acrylic acid (a); copolymer of DADMAC and maleic acid (b);
copolymer of DADMAC and acrylonitrile (c).
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In the previous study, we showed that the MA-41 mem-
brane modified with poly-N,N-diallylmorpholinium bro-
mide exhibits low catalytic activity in the water dissocia-
tion reaction and enhanced mass transfer of salt ions
(through the electroconvective mechanism) [20]. How-
ever, the question regarding the stability of the resulting
modified anion-exchange membrane remained unan-
swered.

The aim of this work is to investigate the electrochemi-
cal stability of the MA-41 anion-exchange membrane modi-
fied with poly-N,N-diallylmorpholinium bromide using the
electrochemical impedance spectroscopy.

2. Experimental part

The objects of the study were heterogeneous anion-ex-
change membranes MA-41 (Shchekinoazot LLC, Russia),
and MA-41 membranes modified with poly-N,N-dial-
lylylmorpholinium bromide. The membranes were modi-
fied in an organic medium (a mixture of N-methylpyrroli-
done and concentrated formic acid in a volume ratio of 1:1)
according to the methodology described in [20]. The modi-
fied membranes were designated as MA-41M.

The electrochemical stability of the MA-41 and MA-41M
membranes was investigated in a four-chamber electrodi-
alysis cell with Luggin capillaries and platinated platinum
wires (Figure 3).

Electrochemical impedance spectra of and current-volt-
age characteristics were obtained using a potentiostat-gal-
vanostat AUTOLAB 100N (Metrohm, Switzerland) with a
frequency impedance measurement module FRA32M. The
linear flow rate of the solutions was 0.15 cm/s (9 ml/min)
in both desalting and concentration chambers. In the elec-
trode chambers, the flow rate was set at 0.3 cm/s
(18 mL/min). The experiments were performed using
0.02 M NacCl solution in the desalting and concentration
chambers and 0.05 M Na.SO, solution in the electrode
chambers.

The
x2 (width)xo0.5 (intermembrane distance) cm.

channel dimensions were 2 (length)x

The experimental limiting current value was deter-
mined using the tangent method [21]. The value of the ex-
perimental limiting current density was used as the refer-
ence for the subsequent electrochemical impedance meas-
urements. The theoretical value of the limiting current den-

sity was calculated using the Leveque equation [22]:

€3]

ilim =

FDC° <

h2v 1/3
h(T —1t) ) ’

)
where F is the Faraday constant, (A-s)/mol; D is the elec-
trolyte diffusion coefficient, m?/s; C° is the concentration
of the electrolyte, mol/m3; T is the transport number of the
counterion in the membrane and t is the transport number
of the counterion in the solution; h is the distance between
the membranes, m; L is the channel length, m; v is the lin-
ear velocity, m/s.
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The electrochemical impedance spectra were recorded
using the following procedure: direct current with a super-
imposed alternating signal was applied to the polarizing
electrodes. Impedance measurements were conducted us-
ing platinated platinum wires. The frequencies of alternat-
ing current were 1-10°-3-1073 Hz. The amplitude of the al-
ternating current was set to 200 pA.

The investigated electromembrane system was studied
under different constant polarizing currents, correspond-
ing to underlimitting (0.9i1im), limitting (1.0i1im), and over-
limitting (1.1-4.0#im) modes. The time required for the sys-
tem to reach a quasiequilibrium state at a given polarizing
current density ranged from 1200 to 3600 s. It is important
to note that at lower current densities the time to reach
equilibrium was longer.

The impedance of the system was determined by calcu-
lating the difference between the complex resistances of the
system measured with and without the membrane under
study [23] using equation 2:

Z= Zmb+cap+sol - anp+sol: (2)

where Znpycap+sol 1S the total system impedance with mem-
brane (mb), measuring electrodes (cap) and solution (sol);
Zcap+sol 18 the total system impedance without membrane.

Electrochemical impedance spectra were processed us-
ing the equivalent circuit method in the EC-Lab Demo pro-
gram.

3. Results and Discussion

The current-voltage characteristics of MA-41 and MA-41M
membranes are shown in Figure 4.

N
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NaxSO, 0.05 M

Figure 3 Scheme of the electrochemical cell used to investigate the
current-voltage characteristics and electrochemical impedance of
the studied membranes: 1 - Luggin capillaries; 2 - platinum elec-
trodes; K - auxiliary cation-exchange membranes MK-40; A - an-
ion-exchange membrane MA-41 or MA-41M, DC - desalting chan-
nel, CC - concentrating channel.
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Figure 4 General current-voltage characteristics of the mem-
branes: 1 - MA-41; 2 - MA-41M membrane; the dashed line indi-
cates the theoretical limiting current density, calculated according
to the Leveque equation (Equation 1).

The results are in qualitative agreement with the previ-
ous study conducted using a rotating membrane disk [20].
Application of the modifier results in an increase in the lim-
iting current density in the electromembrane system. The
limiting current density for the pristine MA-41 membrane
is 0.8 mA/cm?, whereas for the MA-41M membrane it is
1.1 mA/cm?. In both cases, the obtained values of the limit-
ing current density are significantly lower than the calcu-
lated theoretical value, 1.6 mA/cm?.

The significant discrepancy between the experimental
and theoretical limiting current densities for the MA-41
membrane is attributed to the heterogeneity of the mem-
brane's surface, where non-conductive areas of polyeth-
ylene reduce the active surface area [13, 24, 25]. The fact
that the limiting current value for the modified membrane is
also significantly lower than the theoretical value indicates
that poly-N,N-diallylmorpholine does not form a continuous
film on the membrane-substrate surface. Thus, the modifica-
tion of the MA-41 membrane does not result in the homoge-
nization of the membrane surface. It is possible that the mod-
ifier is fixed on the surface of the ion-exchanger particles
that protrude from the modified membrane's surface.

The mechanism of MA-41 membrane modification is
likely based on different degrees of membrane swelling in
water and organic solvents. Previous studies showed that
MA-41 and MA-40 membranes exhibit greater swelling in
organic solvents like N,N-dimethylacetamide compared to
that in water [26, 27]. The variation in swelling degree in
heterogeneous membranes can be attributed to the increase
in the linear size of the ion exchange granules, while the
inert binder (polyethylene) does not interact significantly
with the solvent, and its geometry remains relatively un-
changed. The enlargement of the ion-exchanger granules
can be explained by the specific interaction between the ion
exchange resin and organic solvents such as N-methylpyr-
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rolidone and formic acid. This interaction leads to an ex-
pansion of the mesopores, allowing a certain equilibrium
amount of poly-N,N-diallylmorpholine to enter the ion ex-
change phase.

The lower swelling of the membrane in water compared
to that in the organic mixture results in some of the poly-
electrolyte remaining in the ion exchange resin phase after
conditioning the membrane in water. This observation is
supported by the IR spectroscopy data obtained from the
surface of the membrane [20].

As a result, the modified membrane retains its hetero-
geneous nature, and the increase in the limiting current is
attributed to the development of equilibrium electroconvec-
tion. This phenomenon was previously observed with poly-
mer modifiers based on N,N-diallyl-N,N-dimethylammo-
nium chloride [4, 14, 15].

The intensity of water dissociation reaction at the mem-
brane/solution interface can be estimated by observing the
transfer of OH"~ ions through the membrane. In [20], the
transport numbers of hydroxide ions through both the orig-
inal and modified membranes were determined under var-
ious current modes. The results indicated that the modified
membrane exhibited low catalytic activity in the water dis-
sociation reaction.

In addition to analyzing the ions transport numbers, the
changes in the electrochemical impedance spectrum of the
electromembrane system can be examined to evaluate the
intensity of water dissociation [28, 29]. By comparing the
intensity of water dissociation at the interface of the modi-
fied membrane/solution before and after resource tests, the
stability of the modified membrane can be assessed. This
highlights the electrochemical impedance method as the
most effective and informative approach for evaluating the
quality and properties of membranes.

Different parts of the electrochemical impedance spec-
trum correspond to different physical and chemical pro-
cesses occurring in the electromembrane system when it is
exposed to a weak alternating current.

At current densities below the limiting current, several
semicircles in different frequency ranges are observed in
the electrochemical impedance spectrum (Figure 5, curve
1). At high-frequencies (1 MHz - 5 kHz) the impedance of
the membrane and adjacent diffusion layers unfolds [30],
including ohmic part of the total resistance, the charging
double electrical layers and the geometric capacitance of
the cell. In the low-frequency region of the spectrum (below
1 Hz), the Warburg impedance begins to unfold for a diffu-
sion layer of finite length. The Warburg impedance is due
to the change in electrolyte concentration in an electrically
neutral solution under the action of varying current and po-
tential difference. The change in concentration is slower
than the change in current, resulting in a delayed change in
the potential drop [23, 31]. For this reason, this impedance
unfolds in the low-frequency region.
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Figure 5 The spectra of the electrochemical impedance of the MA-
41M membrane are presented in Nyquist coordinates at different
polarizing current densities: 1 - low current mode (i = 0.9ijim);
2 - limit current mode (i = 1.0im); 3 - high current mode
(i = 4.0i;m), the numbers indicate the frequency ranges.

In the case of the limiting current density (Figure 5,
curve 2) a new semicircle appears in the mid-frequency re-
gion (5 kHz - 1 Hz). The emergence of processes in this fre-
quency range for systems with ion-exchange membranes is
attributed to the process of the water dissociation reaction-
with the participation of ionogenic groups of the membrane
[32] that is described by the Gerischer impedance. The na-
ture of the Gerischer impedance is similar to the Warburg
impedance. An increase in the current density leads to a de-
crease in the concentration of all ions present at the mem-
brane/solution boundary, which also leads to an increase in
the potential drop. However, the concentration recovery in
the boundary layer is not only due to diffusion but also due
to the chemical reaction. Since the chemical reaction pro-
ceeds at a high rate, the characteristic frequencies of the
Gerischer impedance are higher than those of the Warburg
impedance [29].

When the electromembrane system is in an over-limit-
ing current mode, the Warburg impedance disappears in
the low-frequency region (below 1 Hz), and the complete
dominance of the Gerischer impedance is observed (Fig-
ure 5, curve 3).

In electromembrane systems, the Gerischer impedance
is used to estimate the intensity of water dissociation [28,
33]. The Gerischer impedance can be written in the follow-
ing form:

_Re
Jxtjo

where Rg is the resistance of the active component of the

Zg= (3)

Gerischer impedance Om-cm?; x is the water dissociation
reaction rate constant, s™; w is the cyclic frequency, rad/s;
j is the imaginary unit.

In the case of an anion-exchange membrane, the Ger-
ischer impedance resistance (Rg) is described by the
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following equation [28]:

R = RTtoy
¢ = )
FZ(COH‘)xzm/ Dy+x

where R is the universal gas constant, J/(mol:K); T is the
absolute temperature, K; tyy is the transport number of hy-
droxides in the membrane; (Coy-),—o is the concentration
of hydroxide ions at the interface, mol/m3; Dy+ is the diffu-
sion coefficient of hydrogen ion in solution, m?/s.

The value of the water dissociation reaction rate con-
stant [28], x, makes a significant contribution to the reac-
tion resistance and is described by equation 5:

(4)

¥ = 27 fomax (5)
7\/§ )

where f;nmax is the frequency (in Hz) at the point corre-
sponding to the maximum value of the imaginary resistance
component on the Gerischer impedance arc.

The contribution of the transport number of hydroxide
ions in the membrane as well as their concentration and the
water dissociation reaction rate constant can influence the
behavior of the electromembrane system. It is possible for
the system to exhibit low resistance under the Gerischer
impedance arc while simultaneously demonstrating a low
intensity of the water dissociation reaction. Conversely, the
system can also exhibit low resistance and high intensity of
the water dissociation reaction.

Furthermore, an increase in the intensity of the water
dissociation reaction will not only affect the resistance but
also cause a frequency shift of the maximum point toward
a higher frequency region. This observation can be verified
by analyzing the frequency spectra of the system [28, 29].

In order to accurately determine the frequency of the
maximum point, the experimental impedance spectra were
analyzed using the equivalent circuit (Figure 6). The equiv-
alent circuit fits well with experimental electrochemical
impedance spectra across most of the frequency range. Fig-
ure 7 displays the analyzed electrochemical impedance
spectra of the modified MA-41M membrane at both the lim-
iting and over-limiting electric current densities.

The values of the water dissociation reaction rate con-
stant are shown in Figure 8. From Figure 8, it is evident
that with an increase in current density (ilim — 4ilim) there
is an increase in the water dissociation reaction rate con-
stant for all studied membranes.

The intensity of the water dissociation reaction is influ-
enced not only by the catalytic activity of functional groups
but also by the strength of the electric field.

¢ G Wd_/

Figure 6 Equivalent circuit for processing spectra of electrochem-
ical impedance: C - capacitance element; R - element of resistance;
G - Gerischer element; Wy - Warburg element.
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Figure 77 Processed spectra of the electrochemical impedance of the
MA-41M membrane presented in Nyquist coordinates: 1 - ijm;
2 - 4iym; marker - experimental data; solid line - the processed
spectrum by the method of equivalent circuits; the numbers in the
figures show the maximum points for the Warburg and Gerischer
impedance semicircle.

11000 7.
10000 A ;
9000 A '
8000 - /@5

7000 A o

6000 -
5000 - / .
4000 - ,
3000 A X 4
2000 -
1000 A

O T T T T i 1
0 1 2 3 4 5

Figure 8 Dependence of water dissociation reaction rate constant
on dimensionless current density and time of resource tests:
1 - original MA-41 membrane; 2 - modified MA-41M membrane;
3 - MA-41M after 10 h of testing; 4 - MA-41M after 25 h of testing;
5 - MA-41 after 50 h of testing.

The later is determined by the potential difference
across the membrane/solution interface and exponentially
increases with an increase in the polarizing current den-
sity [34]. As a consequence, the water dissociation reac-
tion rate constant increases, leading to an increase in the
intensity of the water dissociation reaction at the mem-
brane/solution interface for both the MA-41 and MA-41M
membranes.

However, on the pristine MA-41 membrane, water dis-
sociation occurs more intensely, as indicated by the steeper
dependence of the water dissociation reaction rate constant
on the dimensionless current density (Figure 8, curves 1
and 2). The water dissociation reaction rate constant on the
modified membrane at i = 4iim is 1650 s, while on the MA-
41 membrane under the same conditions it is 10275 s™*. The
higher intensity of the water dissociation reaction on the
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initial membrane can be attributed to the presence of cata-
lytically active secondary and tertiary amino groups in the
surface layer of the anion-exchange membrane [7].

The data shown in Figure 8 confirms the low intensity
of the water dissociation reaction at the MA-41M/solution
interface, which persists during the initial 25 h of the re-
source tests. However, it was observed that after 50 h of
high-intensity electrodialysis, the intensity of the water
dissociation reaction at the MA-41M/solution interface in-
creases almost to the level exhibited by the pristine MA-41
membrane.

The deterioration of electrochemical characteristics of
the modified membrane can occur due to the following pro-
cesses: 1) the destruction of quaternary ammonium groups
of the polymer modifier (poly-N,N-diallylmorpholine),
leading to the formation of secondary and tertiary amines
that accelerate the water dissociation process; 2) the de-
sorption of poly-N,N-diallylmorpholine from the surface of
the modified membrane, resulting in the restoration of the
surface layer to its initial state.

Figure 9 shows the electrochemical impedance spectra
of the MA-41 and MA-41M membranes as a function of the
time of resource tests (0.25 and 50 h at i = 2ilim). As can be
seen from Figure 9a and b, with increasing polarizing cur-
rent density, a change in the shape of the electrochemical
impedance spectra is observed for both the original and the
modified membrane. With increasing current density, upon
the transition from 1.5iiim to 4ilim, there is a decrease in the
active resistance of the Gerischer impedance as well as a
decrease in the ohmic resistance of the membrane and ad-
jacent diffusion layers due to the transition of the mem-
brane into a more conductive OH™-form.

To confirm the degradation of the MA-41M membrane
after the resource tests, an infrared (IR) spectrum was rec-
orded from its surface (Figure 10). The obtained IR spectros-
copy data reveal the absence of stretching and bending vibra-
tion bands of poly-N,N-diallylmorpholine (in the range of
3700-3000 cm™ and 1800-600 cm™) in the spectrum of the
MA-41M membrane. However, the spectrum of the modified
membrane closely resembles that of the original MA-41 mem-
brane, where the dominant bands correspond to polyethylene
(in the ranges of 3000-2800 cm™, 1500-1400 cm™?, and 800-
600 cm™). Furthermore, the spectrum of the MA-41M mem-
brane after the resource tests does not exhibit vibrations char-
acteristic of tertiary amines and multiple bonds, which could
be present due to alkaline degradation of poly-N,N-diallylmor-
pholine (Figure 11).

These findings, in conjunction with the electrochemical
characteristics of the modified membrane after the re-
source tests, suggest the involvement of polyelectrolyte de-
sorption from the surface and volume of the membrane. Ad-
ditionally, poly-N,N-diallylmorpholinium itself is known to
be a relatively stable polyelectrolyte in alkaline solutions
[18] and is only degraded in concentrated alkaline solutions
(1 M KOH) at high temperatures (120 °C), which were not
present during the resource tests.
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Figure 9 The electrochemical impedance spectra are presented in Nyquist coordinates: initial MA-41 membrane (a); MA-41M membrane
before durability tests (b); MA-41M membrane after 25 h of durability tests (c); MA-41M membrane after 50 h of durability tests (d);
the numbers next to the spectra correspond to exceed the limit density of the electric current.
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Figure 10 IR spectra of the MA-41M membrane surface: 1 - before
resource tests; 2 - after 50 h of resource tests.
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Figure 11 Destruction of the poly-N,N-diallylmorpholinium cation
during Hoffmann elimination.
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4. Limitations

The assessment of stability in anion-exchange membranes
faces the challenge of selecting a technique that can effec-
tively monitor the degradation of modified membranes un-
der the influence of electric current. The analysis of elec-
trochemical impedance spectra allows for the decomposi-
tion of the processes occurring in the electromembrane sys-
tem at specific electric current densities. However, data
analysis typically occurs after irreversible changes have
taken place in the membrane system, making it difficult to
identify the causes of membrane degradation.

When analyzing electrochemical impedance spectra, it
is essential to consider the time constants of Gerischer and
Warburg impedance, which are obtained through spectral
processing. There are cases where the experimental and
theoretical spectra align well, suggesting a Gerischer im-
pedance time constant of 102-103 s. However, in reality, the
time constant of the Gerischer impedance should fall within
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the range of 1072 to 107° s. In such instances, the time con-
stant of the Warburg impedance may become unrealisti-
cally low. To ensure accurate spectrum processing, manual
adjustment of the appropriate range of constants for both
the Gerischer impedance and the Warburg impedance is
necessary.

Another research challenge lies in the inability to visu-
alize the processes occurring on the surface of ion-exchange
membranes during the flow of electric current, hampering
the monitoring of modifier desorption from the membrane
surface. To validate these processes, various comprehen-
sive research methods, such as scanning electron micros-
copy, are required. However, it is important to note that
these methods can introduce mechanical and chemical in-
fluences that may distort the true characteristics of the
membrane.

Furthermore, in addition to the aforementioned chal-
lenges, the issues in obtaining stable modified membranes
remain unresolved.

5. Conclusions

Electrochemical characteristics and stability of the MA-41
membrane modified with poly-N,N-diallylmorpholinium
bromide was studied. The water dissociation reaction rate
constant found from the electrochemical impedance spectra
of the modified MA-41M membrane is 6 times lower than
that for the pristine MA-41 membrane due to screening of
the secondary and tertiary amino groups of the ion-ex-
change resin of the MA-41 membrane with poly-N,N-dial-
lylmorpholinium heterocyclic ammonium bases. The stabil-
ity of the modified membrane is maintained for 25 h of op-
eration at a twofold excess of the limiting current density.
Subsequent operation of the membrane leads to the desorp-
tion of the polyelectrolyte from the membrane surface,
which is confirmed by IR spectroscopy. As a result, after
50 h of operation the water dissociation reaction rate con-
stant of the modified membrane rises from 1650 to 8000 s,
while for the prestine MA-41 membrane the value of the
constant is close to 10000 s™.
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