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Abstract
We studied the characteristics of two membranes: the industrial bipolar

membrane MB-3, consisting of two layers, i.e., an anion exchanger with qua-
ternary ammonium groups and a cation exchanger with phosphonate groups,
and the membrane MB-3M, modified on the cation exchange side with a
100 um thick layer of perfluorosulfonic acid. The analysis of the selectivity
of the initial and modified membranes in a wide range of current densities
(0.25-4 A/dm?) showed that the application of a perfluorosulfonic acid layer
leads to a decrease in the transport of nitrate anions by 18-40 times, de-
pending on the current density, compared to the initial industrial membrane
MB-3. Experiments on electrodialysis processing of a mixed 0.5 M NaNO;
and 0.75 M H3BO; solution showed that the use of a bipolar membrane mod-
ified with a perfluorosulfonic acid, at a sodium nitrate processing degree of
75%, allows obtaining a 1.01 M NaOH solution with a low impurity content
(0.08 M sodium nitrate and 0.09 M boric acid) and 1.17 M HNO; (sodium
nitrate content 0.09 M, boric acid 0.09 M). When using the initial MB-3
membrane under the same conditions, 0.77 M NaOH with a high content of
impurities (0.25 M sodium nitrate and 0.08 M boric acid) and 1.03 M HNO;
(containing 0.09 M sodium nitrate and 0.09 M boric acid) are obtained. The
energy consumption for processing is comparable to that for the initial bipo-
lar membrane MB-3 and amounts to 0.15 kW-h/mol.

Key findings
e Application of a layer of perfluorosulfopolymer to the MB-3 bipolar membrane
leads to a decrease in the acid anions flux.

e The use of MB-3M in the processing of highly concentrated salt solutions increases
the obtained alkali purity by 4 times.

e Application of a layer of perfluorosulfopolymer to the MB-3 bipolar membrane af-
fects the water flux during bipolar electrodialysis.
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1. Introduction

Boric acid is used as a neutron absorber at nuclear power
plants in the boron cycle of excess reactivity control of nu-
clear reactors [1,2]. As a result, highly mineralized liquid
wastes are formed at nuclear power plants, the main com-
ponents of which, after decontamination, are boric acid and
sodium nitrate [3]. Such waste, purified from radionu-
clides, is considered chemically toxic industrial waste [4].
According to the regulatory documents in force in Russia

[5], chemically toxic industrial waste containing water-sol-
uble components is supposed to be converted into solid
form and buried in reinforced concrete waterproof contain-
ers at special landfills equipped with soil insulation, drain-
age systems, etc. This leads to an increase in the number of
territories occupied by landfills, accumulation of hazardous
waste, and loss of valuable components. Reusing compo-
nents through the implementation of zero liquid discharge
technologies (ZLD) is a possible solution to this problem.
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A promising method for processing boron-containing so-
lutions is electrodialysis with bipolar membranes [6-10]. A
bipolar membrane is a composed of cation-exchange and
anion-exchange layers. When an electric current flows
through such a membrane, a region with a high electric
field strength arises near the bipolar junction, which leads
to an increase in the rate of electro-dissociation of water
into protons and hydroxyl ions [11], Figure 1. In this case,
the resulting H* and OH™ ions are transported from the bi-
polar junction to the acid and alkaline tracts, respectively.
Using electrodialysis with bipolar membranes, it is possible
to regulate the pH of technological solutions and fruit juices
[12-14], obtain ultrapure water [15, 16], synthesize sub-
stances [17-19] and purify wastewater [20-23].

As established in the works [24, 25], the water dissoci-
ation rate is greatly influenced by ion-exchange groups that
are the part of bipolar membranes. The series of catalytic
activity for the reaction of dissociation of water molecules
can be represented as follows [24, 25]:

-N(CH,), < -SO,H < -PO,H <= NH-NH, <=N< -C00" <PO;"
k ¢! o

" 3-10% 3-102 10™ 1 10 10*-10°

where ki, - effective rate constant for water electro-dissoci-
ation.

According to this series, phosphonate groups have the
highest catalytic activity. The bipolar membrane MB-3
(Shchekinoazot LLC, Tula, Russia) consists of two layers: an
anion exchange with quaternary ammonium groups and a
cation exchanger with phosphonate groups.

When using the bipolar membrane MB-3, a high rate of
water electro-dissociation reaction is ensured, making one
of the best Russian commercial bipolar membranes at the
moment. However, in the process of using the MB-3 mem-
brane and its analogues, when the cation exchange layer is
in contact with a strong acid, the dissociation of phospho-
nate ionogenic groups is suppressed. In this case, the per-
meability of the cation exchange layer for co-ions dramati-
cally increases.

H,O0 & H'+OH”

CA
H'
- ESS +
OH"
acid alkaline
tract tract

Figure 1 Scheme of a bipolar membrane operation in an electrodi-
alysis cell, (C) cation exchange side, (A) anion exchange side.
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This in turn leads to contamination of the alkali with
acid anions, which is a negative factor [26]. A promising
method for ensuring the selectivity of the phosphonate cat-
ion-exchange layer is to apply a surface layer of cation-ex-
changer with strong acidic groups, the dissociation of which
does not depend on the pH of the solution and ensures selec-
tivity with respect to anions. Perfluorosulfonic acid is most
suitable for this purpose, since it contains cation-exchange
sulfonic groups and is chemically stable. In addition, per-
fluorosulfonic acid has proven itself well in modifying mono-
polar ion-exchange membranes to impart specific selectivity
to them [27-29] as well as for creating asymmetric bipolar
membranes [30, 31]. In these studies, a relationship between
the concentration of co-ions in the processed solution, the in-
tensity of their transport, and the thickness of the modifying
layer of perfluorosulfonic acid was established. A 30 pm
thick layer appears to be sufficient to effectively contain the
flux of co-ions in dilute solutions with a concentration of
about 0.01 mol/L, while in more concentrated solutions
(0.5 mol/L) effective containment is achieved by applying a
thicker layer, >80 pm [30].

It should be considered that applying a thick modifier
layer leads to an increase in membrane resistance and, ac-
cordingly, energy consumption during the electrodialysis
process, as well as to an overconsumption of the modifier,
which has a high expense. The aim of this work is to study
the electrochemical characteristics of bipolar membranes
with a phosphonate cation exchange layer modified with a
perfluorosulfonic acid and the process of acid and alkali re-
covery from a solution simulating liquid waste from the nu-
clear industry using them.

2. Experimental part

2.1. Materials

The object of the study is a heterogeneous bipolar mem-
brane MB-3, manufactured by Shchekinoazot LLC, Tula,
Russia. The membrane MB-3 consists of an anion-exchange
layer with quaternary ammonium groups and a cation-ex-
change layer with phosphonate groups, Table 1.

Another object of the study is the MB-3 membrane, sur-
face-modified with the cation exchange perfluorosulfonic
layer with (hereinafter referred to as MB-3M), the thick-
ness of the modifying layer is 100 pm.

SEM images of the cross-sections of MB-3 and MB-3M
membranes are presented in Figure 2.

2.2. Method of modifying a bipolar membrane
with a perfluorosulfonic acid

Modification of the cation-exchange layer of the MB-3 mem-
brane was carried out with a 10% solution of perfluorosul-
fonic acid in dimethylformamide, according to the proce-
dure described in [31].

Before modification, the original MB-3 membrane was
equilibrated with deionized water for 1 day, and then dried
at the room temperature to a constant weight.

DOI: 10.15826/chimtech.2025.12.1.15
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Table 1 Structure of layers of bipolar membrane MB-3 and perfluorosulfopolymer.

=CH=CH= [ -CH- CH-
cation exchange layer of MB-3
O=P-O'H' -CH- CH-
OH’
-CH- CH- [~ =CH= CH =
anion exchange layer of MB-3 B
CI CH,
CH,-NTCH, =CH=CH =
CH,
L —n — —m

~(CF~CF,),~ CF~CF,-

perfluorosulfonic acid

O—(CF;~CF-0),~CF,~ CE~ SOH’
CF.

3

- 5 §<J
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100pm JEOL
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s#l e\
12/11/2024
WD 8.0mm 3:57:27

F— 100pm JEOL
15.0kV LEI M WD 7.8mm

12/11/2024
4:07:25

Figure 2 Scanning electron microscopy image of the bipolar membrane MB-3 (a) and the modified membrane MB-3M (b).

The modified surface of the cation-exchange layer was
treated with glacial acetic acid for 10 min before applying
the modifier to activate the surface. Then a known volume
of the modifier was applied to the membrane from the side
of the cation-exchange layer (0.245 ml of modifier per 1 cm?
of the modified membrane area). The membrane was dried
for 8 h at 70 °C. After drying, the modified membrane was
successively immersed in sodium nitrate solutions with dif-
ferent concentrations for 12 hours: saturated, 5 M, 2.5 M,
1.2 M, 0.5 M, 0.25 M, 0.125 M, and then in deionized water.

Six membrane samples with a modifying layer thickness
of 100+5 pm were made (1 sample of 2x2 cm? for studying
effective transport numbers and 5 samples of 5x20 cm? in
size for electrodialysis processing of solutions), as well as
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samples with a thickness of 150+7 and 200+6 pm, 2x2 cm?
in size.

2.3. Method for studying effective transport
numbers of co-ions in bipolar membranes

The effective transport numbers of nitrate anions through
bipolar membranes MB-3 and MB-3M were investigated
with the cell described previously [26, 30] in the “0.5 M
HNOs3 - 0.5 M NaOH” systems at current densities of 0.25-
4 A/dm? with a solution feed rate of 1 ml/min. In the same
system, the general current-voltage characteristics of the
MB-3 and MB-3M membranes were studied. Heterogeneous
cation-exchange membranes Ralex CMH PES and anion-ex-
change membranes Ralex AMH PES, manufactured by

DOI: 10.15826/chimtech.2025.12.1.15
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MEGA a.s., Czech Republic, were used as auxiliary ion-ex-
change membranes. Constant current density was provided
using a constant current source AKTAKOM APS-7316 manu-
factured by CJSC SPE "ELIKS" Russia, the potential drop on
the membrane was measured using Luggin-Haber capillar-
ies connected to the membrane with silver chloride elec-
trodes ESr-10101, as well as an Expert 001 liquid analyzer
of EKONIKS-EXPERT LLC, Russia.

Effective numbers of nitrate ion transport through a bi-
polar membrane (T(NO3™)) were determined as:

C(NO3)VF

It @)

T(NO3) =

where C(NO3™) - concentration of nitrate ions in the alka-
line tract sample, mol/L; V - sample volume, L; F - Faraday
constant, 96485 C/mol; I - current strength, A; t - time of
the sampling, s.

Nitrate ion flux (J(NO3~), mol-m™2-h™) determined by the
formula 2:

C(NO;)V

5% (2)

JINO3) =
where S = 4 cm? - working area of the membrane.

2.4. Procedure for studying electrodialysis
processing of a solution containing boric acid
and sodium nitrate

The processing of a solution simulating nuclear industry
waste, consisting of 0.75 M boric acid and 0.5 M sodium ni-
trate with pH = 4.5 [3,8], in order to obtain nitric acid and
sodium hydroxide, was carried out with a laboratory-scale
electrodialyzer-synthesizer with a membrane working area
of 1 dm?. The scheme of the unit cell of the apparatus is
shown in Figure 3. The experiments to obtain nitric acid
and sodium hydroxide were carried out in a circulation hy-
draulic mode at a constant current density of 2 A/dm?. This
value is optimal, since at a lower current density results in
a low intensity of the process, and at a higher current den-
sity there is a high risk of burnout of the electrodialysis ap-
paratus and its failure [32]. A constant current value was
maintained using a GPR 7510HD direct current source man-
ufactured by GW Instek, Taiwan, with a built-in voltmeter-
ammeter for measuring voltage and current. The circula-
tion of solutions was provided by a Heidolph Pumpdrive
5101 peristaltic multichannel pump, Germany. The volu-
metric flux rate of the solution through each chamber was
8.57 L/h (linear velocity 0.013 m/s through one tract of the
apparatus).

Two experiments were conducted using MB-3 and MB-3
M membranes. Ralex CMH PES cation-exchange mem-
branes and Ralex AMH PES anion-exchange membranes
were used as auxiliary membranes. The apparatus con-
sisted of 5 elementary cells consisting of one salt, one alka-
line and one acid tracts. The salt tract tank initially con-
tained 4 liters of a solution containing 0.75 M boric acid and
0.5 M sodium nitrate. The alkaline tract tank initially
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contained 0.2 M sodium hydroxide solution, and the acid
tract tank - 0.2 M nitric acid solution. The electrode tract
tank contained 4 liters of 1 M sodium nitrate solution. The
acid and alkaline tract tanks are graduated cylinders with a
volume of 2 liters, which allows recording of the solution
volume. During the experiments, the concentration of so-
dium nitrate and boric acid in all the tract tanks, as well as
the concentration of nitric acid and sodium hydroxide in the
tanks of the acid and alkaline tracts, respectively, were de-
termined once per hour. The concentration of sodium ni-
trate was determined by Na* and NO5™ ions using a Stayer
ion chromatograph manufactured by Aquilon JSC, Russia.
The content of boric acid was determined by potentiometric
titration using a Mettler Toledo EasyPlus automatic titrator,
Switzerland. Depending on the acidity, a sample of the ana-
lyzed solution was adjusted to pH 7.0 with 0.1 M sodium hy-
droxide or nitric acid; then, an excess of sorbitol was added
to convert boric acid into a stronger acid [33], which was
titrated with 0.1 M NaOH. The concentration of nitric acid
and sodium hydroxide was determined by potentiometric
titration with 0.1 M NaOH or 0.1 M HNOs;, respectively, us-
ing a Mettler Toledo EasyPlus automatic titrator.

Based on the obtained primary data, the degree of so-
dium nitrate processing a was determined:

_ CO(NaN03) - Ct(NaNO3)
- C°(NaNO5)

- 100%, (3)
where C(NaNQOs3) - initial concentration of sodium nitrate
in the salt tract tank, mol/L; C!(NaNOs) - concentration of
sodium nitrate in the salt tract tank at time ¢, mol/L.

Current efficiency of sodium nitrate, as well as acid and
alkali in the corresponding tracts, were calculated accord-
ing to:

_ AC()AVF

1@ IAt

) (4)
where AC(i) - change in the concentration of the i-th com-
ponent in the corresponding tank, mol/L; AV - change in
the volume of the corresponding tank, L; At - the time dur-
ing which the change in solution volume and concentration
occurred of i-th component, s.

|+

<+— direction of main flows

s direction of "side" flows

Figure 3 The scheme of the elementary cell of the electrodialyzer-syn-
thesizer, consisting of a bipolar (CA), cation exchange (C), anion ex-
change (A) membranes, salt (ST), acid (AT) and alkaline (BT) tracts.
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The flux density of boric acid into the alkaline and acidic
tract was calculated using equation 5 for a desalination de-
gree of 70%:

3600AC(H3BO3)

J(H3BO3) = SIAVAE ) (5)

where J(H3BO3) - boric acid flux, mol-m=2-h™*, AC(H3BO3) -
change in the concentration of boric acid in the correspond-
ing tank over time At, mol/L; S; - total area of cation or an-
ion exchange membranes, m?2.

Energy consumption for processing 1 mol of sodium ni-
trate (W, kW-h/mol) was calculated using equation 6:

1f," vdt

=% = (6)
W = AC(NaNO, A,

where U - voltage drop on electrodialyzer, V; tsin — electro-
dialysis processing time, h; AC(H3BO3) - change in sodium
nitrate concentration during electrodialysis processing,
mol/L; AVs - change in the volume of the salt tract capacity,
L.

3. Results and discussion

3.1. Study of effective transport numbers through
the bipolar membrane MB-3 and the mem-
brane MB-3M modified with a layer of per-
fluorosulfonic acid

Figure 4 shows the current-voltage characteristics (CVCs)
of the initial (1) and modified (2) bipolar membranes. The
data analysis shows that the application of perfluorosul-
fonic acid to the bipolar membrane from the side of the cat-
ion exchange layer leads to an increase in membrane re-
sistance, and the same current density is achieved with a
higher voltage on the membrane.

Figure 5 shows the dependences of the flux density (a)
and effective transport numbers (b) of nitrate anions
through bipolar membranes MB-3 and MB-3M on the den-
sity of the electric current fluxing in the electromembrane
system. The analysis of the data in Figure 5 a shows that
with increasing density of the applied current, there is an
increase in the flux density of nitrate anions both through
the initial and the modified membrane. At the same time,
an increase in the current density leads to a decrease in the
effective transport numbers of co-ions, Figure 5 b. This is
due to the fact that with an increase in the current density,
an increase in the intensity of the water electro-dissocia-
tion at the bipolar junction inside the membrane occurs.
The H* and OH™ migrate to the cation-exchange and anion-
exchange parts of the bipolar membrane, respectively, en-
tering into competitive transport with nitrate anions.

With an increase in the current density, the effective
transport numbers of H* and OH~ will increase, and those
of nitrate anions will decrease. The increase of the driving
force at t at high current densities leads to an increase in
nitrate anions leakage, which results in a small decrease in
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the effective transport numbers of nitrate anions at the
later stage, Figure 5 b.

i, A/dm?
5.0 A

4.0
3.0
2.0

1.0

O-O - L] L] L] L] L] L] 1

O 1 2 3 4 5 6 7
A, V
Figure 4 CVCs of the bipolar membrane MB-3 (1) and MB-3M (2).

(a)

2.5 A J(NO;™), mol-m™>-h™

11
2.0 - :
1.5 -
1.0 1 _
05 41%
0.0 -_A=='—_—=-2

o] 1 2 3 4
i, A/dm?
0.6 7 T(NO3) (b)
o 11
0.4 1
.
0.3 1 <
A 1
0.2 1
0.1 o
2
o + Sy % 2 )
o) 1 2 3 4
i, A/dm?

Figure 5 Dependences of flux density (a) and effective transport
numbers (b) of nitrate anions through the membrane MB-3 (1) and
MB-3M (2).
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Modification of the bipolar membrane surface from the
side of the cation-exchange layer with a perfluorosulfonic
acid with strong acidic groups whose dissociation is not
very sensitive to pH leads to a decrease in the transport of
nitrate anions. The flux density and effective transport
numbers of nitrate anions through the modified bipolar
membrane MB-3M are reduced by an average of 18-
40 times compared to the initial industrial membrane MB
3, depending on the current density, as seen in Figure 5 b.

3.2. Study of processing of a solution containing
sodium nitrate and boric acid by bipolar elec-
trodialysis

Since the modified bipolar membrane MB-3M showed low
values of nitrate ion transport numbers compared to the in-
itial membrane, these membranes have been chosen for use
in processing a solution simulating nuclear industry waste.
Figure 6 shows the concentration dependences of sodium
hydroxide, sodium nitrate, boric acid, as well as the current
efficiency and solution volume in the alkaline tract tank on
the degree of sodium nitrate processing (a).

Analysis of the data in Figure 6 a shows that the depend-
ence of the alkali concentration in the alkali tract tank on
the degree of sodium nitrate processing is initially increas-
ing, then the rate of concentration change slows down and
reaches a plateau. This effect is associated, firstly, with a
decrease in the sodium nitrate concentration in the salt
tract tank, from which the acid and alkali are converted.
Secondly, with the fact that part of the hydroxide anions,
which have an abnormally high mobility, is transported
through the cation-exchange membrane from the alkali
tract to the salt tract by diffusion and migration mecha-
nisms. At sufficiently high alkali concentrations >0.75 M
(Figure 6 a, b), current transport through the cation-ex-
change membrane is provided mainly by co-ions (hydroxide
anions) and not by counterions (sodium cations), the con-
centration of which in the alkaline chamber is 2 times lower
and decreases over time. Application of a perfluorosulfonic
acid layer to the cation-exchange layer of the MB-3 bipolar
membrane results in a 4-fold decrease in alkali contamina-
tion with nitrate anions at a sodium nitrate conversion rate
of 70% and is 0.08 mol/L, Figure 6 c, and a 1.6-6-fold de-
crease in the sodium nitrate current efficiency depending
on the conversion rate («), Figure 6 d. At the same time, an
increase in the alkali concentration and current efficiency
is observed at high sodium nitrate conversion rates
(>30%), Figure 6 a, b. An increase in the NaOH concentra-
tion in the alkaline tract when using the modified MB-3M
membrane is associated with the suppression of nitrate an-
ion transport to the alkaline tract; the nitrate anions firstly,
enter into competitive transport with hydroxide anions in
the anion-exchange layer of the bipolar membrane, and,
secondly, transport water to the alkaline tract as part of hy-
drate shells. The volume increase slows down in the alka-
line tract tank, which was observed when using modified
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membranes, Figure 6 e. Modification of the bipolar mem-
brane with a perfluorosulfonic acid does not affect the
transport of boric acid into the alkaline tract, Figure 6 f. Its
flux into the alkaline tract tank when using MB-3 and MB-
3M membranes is the same and is 0.37 mol-m™ h™'. At this
pH value of the solution in the salt tract tank (pH = 4.5-1.1),
boric acid is in molecular form [34, 35] and cannot partici-
pate in electrical mass transport. Boric acid is transported
into the alkaline tract tank through the cation-exchange
membrane by a diffusion mechanism. Figure 7 shows the
concentration dependences of nitric acid, sodium nitrate,
boric acid, as well as the current efficiency and solution vol-
ume on the degree of sodium nitrate processing (a) in the
acid tract tank using the initial and perfluorosulfonic acid
modified bipolar membranes.

Analysis of the data in Figure 7 a and b shows that, as in
the case of alkali, the rate of increase in the acid concentra-
tion slows down with increasing a. This is also due to a de-
crease in the concentration of sodium nitrate in the salt
tract tank as well as the ability of hydrogen cations to be
transported through anion-exchange membranes by the
electrodiffusion mechanism. In this case, the current effi-
ciency of nitric acid (Figure 7 b) during electromembrane
processing is much less than the output of the sodium hy-
droxide flux (Figure 6 b). This is due to the total elec-
trodiffusion transport of acid from the acid to the salt tract
being greater than the total transport of alkali from the al-
kali to the salt tracts. This is confirmed by a decrease in the
pH of the salt tank solution during electrodialysis pro-
cessing from 4.5 to 1.1. When modifying the bipolar mem-
brane on the surface of the cation-exchange layer, the per-
fluorosulfonic acid forms a continuous film that covers the
pores present in the heterogeneous cation-exchange layer.
This leads to a decrease in the concentration of sodium ni-
trate in the acid tract (Figure 7 c), the intensity of elec-
trodiffusion transport of sodium cations from the alkaline
tract to the acid tract (Figure 7 d).

Also, clogging of large pores and applying a layer of hy-
drophobic perfluorosulfonic acid [36], along with a de-
crease in the transport of water molecules in the hydration
shell of nitrate anions, can lead to a decrease in the diffu-
sion transport of water molecules to the bipolar junction
region, where the water electro-dissociation occurs. This is
confirmed by the decreasing rate of decrease in the volume
of the acid tract (Figure 7 e) when using MB-3M mem-
branes. At the same time, modification of the cation ex-
change layer leads to an insignificant increase in the con-
centration of acid in the acid tract (Figure 7 a), as well as
an increase in the current efficiency for nitric acid, Figure
7 b. Modification of the MB-3 bipolar membrane with a per-
fluorosulfonic acid does not affect the transport of boric
acid into the acid tract, despite the fact that the concentra-
tion of boric acid in the acid tract when using MB-3M mem-
branes is lower than that when using MB-3, Figure 7 f{.
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Figure 6 Dependence of sodium hydroxide concentration (a), sodium hydroxide current efficiency (b), sodium nitrate concentration

(c), sodium nitrate current efficiency (d), volume (e), boric acid concentration (f) on the degree of sodium nitrate processing I

alkaline tract tank using MB-3 (1) and MB-3M (2) membranes.
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MB-3 (1) and MB-3M (2) membranes.
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This is explained by the difference in the volumes of the
acid tract capacities; if we recalculate, the amount of boric
acid in the acid tract using the initial and modified mem-
branes has almost the same value and differs by no more
than 3%, and the boric acid flux is 0.19 mol-m™2-h™*. Low
flux of boric acid is related to the fact that it is in molecular
form at a given pH value and cannot participate in electrical
mass transport but is transferred by the diffusion mecha-
nism.

The application of a perfluorosulfonic acid layer to the
cation exchange side of the MB-3 membrane affects the
transport of water molecules during bipolar electro-dialy-
sis. When using modified MB-3M membranes, the rate of
change of the capacity volumes of the alkaline and acidic
tracts decreases. This is explained, firstly, by a decrease in
the flux of nitrate anions, which are capable of transporting
water molecules in the hydrate shells from the acidic to the
alkaline path and to the bipolar boundary region. Secondly,
by clogging large pores of the initial cation-exchange layer
and creating a more hydrophobic layer on the surface of the
cation-exchange side of the bi-polar membrane, which af-
fects the diffusion transport of water molecules from the
acid tract to the zone of water electro-dissociation reaction.

Thus, modification of the cation exchange layer of the
MB-3 membrane with a perfluorosulfonic acid leads to an
increase in the purity and concentration of alkali at the
same degree of sodium nitrate conversion level due to a de-
crease in the transport of nitrate anions. In this case, the
energy consumption for processing 1 mol of sodium nitrate
(at a = 70%) remains practically unchanged and amounts
to 0.14 kW-h/mol when using MB-3 membranes and
0.15 kW-h/mol when using the MB-3M membrane. This
shows the potential of processing highly concentrated solu-
tions of sodium nitrate and boric acid by the method of bi-
polar electrodialysis using bipolar membranes modified
with perfluorosulfonic acid.

4. Limitations

Since [30] showed that a perfluorosulfonic acid film with a
thickness of 80 um effectively restrained co-ions in solu-
tions with a high concentration, several samples of MB-3M
membranes with different thicknesses of the perfluorosul-
fonic acid were manufactured: 100+5, 150+7, 200+6 pm.
However, when placing the MB-3M membrane samples af-
ter modification in sodium nitrate solutions, the modifier
film with a thickness of 150 and 200 pum peeled off from the
MB-3 substrate membrane, while the MB-3M membrane
with a modifier thickness of 100 pm was a solid composite.
We assume that the peeling of sufficiently thick layers of
perfluorosulfonic acid from the MB-3 membrane can be ex-
plained by different degrees of swelling of the perfluorosul-
fonic acid and the membrane material. The measured
changes in the linear dimensions of the perfluorosulfonic
acid ionomer during swelling in deionized water are 14.8%
in length and 24.1% in width, while for the MB-3
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membrane, which contains a reinforcing mesh in its struc-
ture, it is much smaller and is 8.3% in length. At the same
time, the force of the osmotic pressure of water, which
tends to increase the linear dimensions of the perfluorosul-
fonic acid, when applying sufficiently thick layers (150, 200
um) is greater than the adhesion forces between the per-
fluorosulfonic acid ionomer and the cation-exchange side of
the MB-3 membrane.

5. Conclusions

In the course of the work, the cation exchange layer con-
taining phosphonate ion exchange groups of the bipolar
membrane MB-3 was modified with a 100 pm thick per-
fluorosulfonic acid layer. The study of the selectivity of the
initial and modified membranes showed that the transport
number of co-ions in the cation exchange layer of the mod-
ified membrane was reduced by 18-40 times compared to
the initial membrane, depending on the density of the ap-
plied current.

In the study of electrodialysis processing of a highly con-
centrated solution simulating nuclear waste containing bo-
ric acid and sodium nitrate, it was shown that the use of
modified MB-3M membranes allows reducing the contami-
nation of alkali with sodium nitrate by 4 times and acid by
1.5 times with a degree of processing of the original solu-
tion of 70%.

Also, the application of a perfluorosulfonic acid layer to
the cation exchange side of the MB-3 membrane affects the
transport of water molecules during bipolar electrodialysis.

Modification of the bipolar membrane with per-
fluorosulfonic acid does not affect the transport of boric
acid during bipolar electrodialysis in the acid and alkaline
tanks, since it is transported through the cation- and anion-
exchange membranes by a diffusion mechanism.
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