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Abstract: A kinetic model of the bipolar electrodialysis process with a two-chamber unit cell formed
by a bilayer (bipolar or asymmetric bipolar) and cation-exchange membrane is proposed. The model
allows describing various processes: pH adjustment of strong electrolyte solutions, the conversion
of a salt of a weak acid, pH adjustment of a mixture of strong and weak electrolytes. The model
considers the non-ideal selectivity of the bilayer membrane, as well as the competitive transfer of
cations (hydrogen and sodium ions) through the cation-exchange membrane. Analytical expressions
are obtained that describe the kinetic dependences of pH and concentration of ionic components in
the desalination (acidification) compartment for various cases. Comparison of experimental data
with calculations results show a good qualitative and, in some cases, quantitative agreement between
experimental and calculated data. The model can be used to predict the performance of small bipolar
membrane electrodialysis modules designed for pH adjustment processes.

Keywords: mathematical modeling; bipolar electrodialysis; pH adjustment; bipolar membrane;
bilayer membrane; electrodialysis

1. Introduction

One of the important characteristics of water quality is pH [1]. Any industry that uses
water must control the pH level to meet technological and sanitary standards. Usually, acid
or base dosing is used to adjust the pH, which leads to the appearance of ballast ions in
solutions, which must subsequently be removed. This method is widely used to reduce the
acidity of fruit juices [2,3], to isolate proteins [4], and in fine chemical synthesis [5,6]. As an
alternative to direct acid dosing, ion-exchange can be used. Ion-exchange is used for tartrate
stabilization of wine [7–10], control of fruit juice acidity [11,12], an in casein production [13].
The disadvantage of using ion-exchange resins is the need for their periodic regeneration.

Methods using electromembranes for pretreatment and processing of solutions, for
example, electrodialysis (ED) can run continuously without the need for periodical regener-
ation. During electrodialysis, the ionic components are removed by the action of an electric
field. As a result, two streams are formed: a solution purified from ionic impurities and
a concentrate into which they have passed. Conventional electrodialysis can be used to
control the pH of the medium in the food industry (fruit juices, wine, whey, etc.) [14–17].

In addition to conventional electrodialysis, electrodialysis with bipolar membranes
(BMED) is widely used [18–20]. Bipolar membranes are a special class of ion exchange mem-
branes, the main function of which is the generation of H+/OH− ions from water molecules
under the action of an electric field. Bipolar membranes consist of a cation-exchange layer
and an anion-exchange layer joined together is series [21]. Some researchers also specifically
mention the intermediate layer, which can perform several functions: connect monopolar
layers and/or contain a catalyst for the water dissociation reaction [22]. Numerous studies
and reviews have been devoted to the use of bipolar electrodialysis in general [21,23] and
in the food industry [24–27]. The processes of isolating casein [28], adjusting the pH of
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whey [29], separating proteins, neutralizing the acidity of fruit juices [30,31] have been
studied. Bipolar electrodialysis is used to obtain organic acids [32–34], with a significant
change in pH. When processing weak acids, a two-chamber cell configuration with bipolar
and cation-exchange membranes is used [35]. It is not clear when cation-exchange mem-
brane properties play a crucial role in the overall process characteristics. Novel composite
cation-exchange membranes [36] can be suitable for such applications.

When adjusting the pH of dilute solutions, it is possible to use asymmetric bipolar
membranes. The main difference between asymmetric bipolar membranes and classi-
cal bipolar membranes, which have the same thickness of monopolar layers, is a much
more significant nonselective transfer of salt ions, due to which such membranes allow
simultaneous desalting of the solution along with pH adjustment [37].

The possibility of combining two functions (removal of salt ions and pH adjustment)
using a single-layer mosaic membrane (contains cation and anion exchange sites) was
described in a patent by Kollsman [38]. For the first time, desalination of a sodium chloride
solution with simultaneous adjustment of the pH of the medium by electrodialysis using
asymmetric bipolar membranes was proposed by Leitz [39].

Grebenyuk et al. [40] obtained “semi-bipolar” membranes by electrodeposition of an
anion-exchange resin suspension onto a cation-exchange membrane-substrate. In [41], the
authors showed a high charge selectivity of the obtained membranes at super-limiting
current densities, and in [42], to reduce the flux of salt ions, the authors reduced the
porosity of the layer of electrodeposited ion exchangers by introducing polyelectrolytes
into the coating. The disadvantage of these asymmetric bipolar membranes was their low
mechanical stability.

Russell and Samuel [43] were the first to use the phase inversion method to obtain
asymmetric bipolar membranes. This approach allowed varying the thickness of the
modifying layer.

Stratmann et al. [44], Balster et al. [45], and Xu et al. [46–48] studied the effect of the
thickness and exchange capacity of a thin layer on the electrochemical characteristics of
asymmetric bipolar membranes.

The authors of [49] showed that the functional properties of asymmetric bipolar
membranes are determined by the thickness of the modifying film and the concentration of
the solution. At a small film thickness, the diffusion of salt ions is dominant in the processes
occurring in asymmetric bipolar membranes in moderately concentrated solutions. When
the film thickness increases or the concentration of the electrolyte solution decreases, the
water dissociation reaction becomes the dominant process. In this case, the asymmetric
bipolar membrane can be no worse than traditional bipolar membranes. In intermediate
situations, the process of diffusion transfer of salt ions and the chemical reaction of water
dissociation can be comparable with each other. The latter conditions make it possible to
carry out the process of “reaction electrodialysis” for the separation of strong and weak
electrolytes [50].

Currently, research is aimed at improving the efficiency of bipolar and asymmetric
bipolar membranes and electrodialysis processes using them. Mathematical modeling can
be used to describe the electrodialysis process (including those with bilayer membranes).
The developed mathematical models can consider several complex phenomena arising in
electromembrane systems: ion-exchange equilibrium, concentration polarization, diffusion,
and mass transfer phenomena, etc.

Most of the existing mathematical models are aimed at describing mass transfer dur-
ing the desalination of solutions by electrodialysis and calculating its productivity [51–56].
Some of the works consider specific processes of electrodialysis: purification of solutions
containing heavy metal ions [57,58], synthesis of sodium sulfate by metathesis electrodialy-
sis [59], electrodialysis concentration [60], separation of strong and weak acids [61,62] or
phenomena, which affect the transfer of ions through ion-exchange membranes, such as
water dissociation and electroconvection [63–65].
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Mathematical modeling of the bipolar electrodialysis process is the subject of various
works that describe the dissociation of water at the bipolar boundary [66,67], the evaluation
of the efficiency of the electrodialysis modules [68], the transport of ions through a bipolar
membrane [69], and factors affecting the kinetics of the process [70–72]. Most studies deal
with the conversion of strong electrolytes (sodium chloride, sodium nitrate, sodium sulfate)
into the corresponding acids and bases [73] or special cases of obtaining weak organic
acids [74–76].

An experimental study and numerical simulation of the pH adjustment process was
carried out by Zabolotskii et al. for a system containing only a strong electrolyte [77] and
for a system containing weak electrolyte ions (hydrocarbonate ions) [78].

This paper presents the results of tests of laboratory electrodialyzers designed for
desalination of solutions with simultaneous pH adjustment using bilayer (bipolar and
asymmetric bipolar) membranes. For a theoretical description of the process, analytical
expressions will be obtained that describe the kinetic curves of changes in the pH and the
concentration of salt ions.

2. Materials and Methods
2.1. Laboratory Electrodialysis Setup

The study of the pH adjustment process was carried out in a laboratory electrodialyzer
(Figure 1). The membrane stack of the electrodialyzer consisted of five elementary cells.
Two types of elementary cells were studied: a two-chamber cell “bipolar membrane/cation
exchange membrane” (for cases I, III, IV) and “bilayer membrane/cation exchange mem-
brane” (for cases II, V). Ralex CM-Pes membranes (Mega a.s., Strazh pod Ralskem, Chezch
Republic) were used as cation-exchange membranes in all experiments. A MB-2m labora-
tory bipolar membrane [79] was used as a bipolar membrane. Bilayer membranes were
BM-ac-2K and BM-a-30 membranes [37]. Bipolar and bilayer membranes were oriented
with the cation-exchange layer towards the cathode, and the anion-exchange layer towards
the anode, to observe the reverse bias conditions.
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Figure 1. Schematic depiction of the membrane stack.

Polyethylene frames were placed between the membranes, separating the membranes
from each other, and setting the direction of the solution flow through the channel. The
thickness of each frame was 0.9 mm. The working area of each frame was 60 × 15 mm2,
and the external dimensions were 90 × 25 mm2. Working solutions were fed in parallel
to the compartments for desalination (acidification) and concentration (alkalization). To
intensify the mixing of solutions and reduce the effect of diffusion boundary layers on
the transport properties of membranes, polyethylene mesh separators (porosity 0.85) were
located between the membranes inside frames.

The hydraulic scheme of the experimental setup is shown on the Figure 2.
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Figure 2. Hydraulic scheme of the electrodialysis setup. 1—electrodialysis module, 2—desalination
(acidification) compartment tank, 3—concentration (alkalization) compartment tank, 4—electrode
rinse solution tank, 5—pumps.

The volumetric flow rate of the solutions supplied to the working chambers were
14 L/h (linear velocity 6.8 cm/s) and 12 L/h (linear velocity 6.5 cm/s) for the electrode
chambers. A sodium sulfate solution with a concentration of 0.02 mol-eq/L was used as
the electrode rinse solution in all experiments.

2.1.1. Reagents and Analytics

Sodium chloride, sodium acetate, sodium hydroxide and hydrochloric acid were
purchased from JSC “Vecton” (JSC “Vecton”, Krasnodar, Russia). All reagents were of
analytical grade. All reagents were used as is without purification.

In all experiments, the pH and conductivity of solutions were measured using Expert-
001 pH and conductivity meters (JSC “Ekonics-expert”, Moscow, Russia).

In Section 4.1, the concentrations of sodium and chloride ions were measured using
ion-chromatography on Stayer chromatographer (JSC “Akvilon”, Moscow, Russia).

In Section 4.2, the concentration of acidic acid was measured by direct potentiometric
titration.

In Section 4.3, the concentrations of chloride and acetate ions were measured using
titration technique described previously [50]. The sodium ion concentration was further
calculated from electroneutrality condition.

2.1.2. Integral Current Efficiency

Integral (mean over time) current efficiency was calculated as:

ηint
i = ± FV

iSn
(ci(0)− ci(τ))

τ
. (1)

where F is the Faraday constant, A·s/mol; V is the volume of the solution in the com-
partment, L; ci(0), ci(τ) are the concentrations of component i at the beginning of the
experiment and at time τ, mol/L; i is the current density, A/dm2; S is the membrane area,
dm2; n is the number of elementary cells in the membrane stack; τ is the time from the
beginning of the experiment at which the measurement was carried out.

2.2. Membranes

Ralex CM-Pes is a heterogeneous cation exchange membrane based on sulfonated
polystyrene cross-linked with divinylbenzene. The membrane is produced by hot rolling of
a mixture consisting of a finely dispersed ion-exchange powder and polyethylene in an
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approximate ratio of 2:1. The physicochemical properties of the Ralex CM-Pes membranes
are presented in the Table 1.

Table 1. Physicochemical properties of the Ralex CM-Pes membranes.

Ion-exchange resin Lewatit S100 (LANXESS, Berlin, Germany)
Inert binder LDPE LD605BA (ExxonMobil Chemical, Houston, TX, USA)

Reinforcing mesh Ulester 32S (SILK & PROGRESS, Brněnec, Czech Republic)
Functional groups -SO3

−

Ion-exchange capacity, mmol/g-swollen 1.10
Wet thickness, microns 690

Water content, % 44.5
Surface resistance 1, Ohm•cm2 8.2 ± 0.2

1 measured in 0.5 M NaCl.

The MB-2m is a tailor-made heterogeneous bipolar membrane [79]. The membrane is
obtained by hot pressing of heterogeneous industrial Ralex CMH cation-exchange mem-
brane and Ralex AMH anion-exchange membrane. The catalytic additive of ion-polymer
containing phosphoric acid ionic groups is applied to the surface of the cation-exchange
membrane before pressing. The catalytic powder is applied to the surface of the cation
exchange membrane as a wet paste to a thickness of 0.2 mm. The mass the powder applied
is 0.8 mg/cm2.

BM-a-30 bilayer membranes were obtained by applying a thin layer of sulfonated
polytetrafluoroethylene to the surface of the Ralex AMH-Pes membrane at a rate of
0.025 cm3/cm2. As a result, membranes with a cation-exchange layer thickness of 25 ± 2 µm
were obtained. A solution of sulfonated polytetrafluoroethylene was prepared by mixing
concentrated anhydrous acetic acid and a 10 vol.% solution of sulfonated polytetrafluo-
roethylene in isopropyl alcohol in a ratio of 1:1. To improve the adhesion between the
cationic and anion exchange layers, the surface of the substrate membrane was preliminarily
treated with a solution of acetic acid.

BM-ac-2K bilayer membranes were obtained by applying a modifier solution (a so-
lution of the same composition as in the preparation of BM-a-30 membranes) containing
a micro-dispersion of a catalyst for the reaction of water dissociation—a phosphoric acid
cation exchanger—on the surface of the Ralex AMH-Pes membrane in an amount of
2 mg/cm2.

The physicochemical properties of the bilayer membranes are presented in the Table 2.

Table 2. Physicochemical properties of the bilayer membranes.

Membrane MB-2m BM-a-30 BM-ac-2K

Polymeric matrix Polystyrene divinylbenzene Polystyrene divinylbenzene
1/Polytetrafluorideethylene 2

Polystyrene divinylbenzene
1/Polytetrafluorideethylene 2

Wet thickness, mm 0.66 ± 0.1 0.48 ± 0.01 0.48 ± 0.01
Ion-exchange capacity,

mmol/g-swollen:
Cation-exchange layer 1.4 ± 0.2 0.8 ± 0.05 0.8 ± 0.05
Anion-exchange layer 1.4 ± 0.2 1.1 ± 0.2 1.1 ± 0.2

Ionic group:
Cation-exchange layer –SO3

– –SO3
– –SO3

–

Anion-exchange layer –N+(CH3)3 –N+(CH3)3 –N+(CH3)3

Water-splitting catalyst ion-polymer containing
phosphoric acid ionic groups - cation exchange resin KF-1

Potential drop, V (i = 1
A/dm2 in 0.01 M NaCl) 3 1.0 ± 0.1 8 ± 0.4 3.8 ± 0.1

1 Anion-exchange layer; 2 Cation-exchange layer; 3 Conditions close to the experimental.
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Before testing, the membranes underwent standard pretreatment [80]. All membranes
were stored in the working solution.

3. Kinetic Model of the Electrodialysis Process

The investigated electromembrane system consists of two channels—a desalting chan-
nel and a concentration channel, limited by a bilayer (or bipolar) and cation-exchange
membranes (Figure 3).
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The fluxes of ions in an electromembrane system is given by the Nernst–Planck
equation (written for the one-dimensional case):

Ji = −Di

(
dci
dx

+
ziF
RT

ci
dϕ

dx

)
. (2)

The flux of hydrogen ions in the desalination chamber is defined as the difference be-
tween the fluxes of hydrogen ions generated by the bilayer membrane (JBM

H ) and hydrogen
ions passing through the cation exchange membrane into the concentration chamber (JC

H):

Jdc
H = Vdc(τ)

dcdc
H

dτ
= JBM

H − JC
H. (3)

The flux of hydroxide ions in the alkaline chamber is also related to the flux of hydro-
gen ions through the cation exchange membrane (due to water recombination reaction):

Jcc
OH = Vcc(τ)

dccc
OH

dτ
= JBM

OH − JC
H. (4)

During electrodialysis, the concentration of salt ions (Na+ and Cl−) in the desalination
chamber decreases, while in the concentration chamber it increases. For the fluxes of
sodium ions and chloride ions, the following expressions can be written:

Vdc(τ)
dcdc

Na
dτ

= −JC
Na, (5)

Vcc(τ)
dccc

Na
dτ

= JC
Na, (6)
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Vdc(τ)
dcdc

Cl
dτ

= −JBM
Cl , (7)

Vcc(τ)
dccc

Cl
dτ

= JBM
Cl . (8)

The recombination reaction of hydrogen and hydroxyl ions is fast, and considering
that JBM

OH > JC
H, the change in the concentration of hydrogen ions in the concentration

chamber and hydroxide ions in the desalting chamber can be neglected:

Vdc(τ)
dcdc

OH
dτ

= 0. (9)

Vcc(τ)
dccc

H
dτ

= 0, (10)

We also accept the following relationships between fluxes:

JBM
H = JBM

OH, (11)

JC
H + JC

Na = JBM
H , (12)

JBM
OH + JBM

Cl =
i
F

. (13)

The following relation interconnects the fluxes of hydrogen and sodium ions through
the cation-exchange membrane:

JC
Na

JC
H

= PNa/H(i)
cdc

Na

cdc
H

, (14)

where PNa/H(i) is the specific permeability coefficient of the cation-exchange membrane in
the sodium/proton pair at a given current density. This coefficient depends on the current
flowing in the system, and this dependence is non-linear [81].

The conditions of material balance and electroneutrality impose the following restric-
tions on the concentration of ions in the channels:

Vdc(τ)cdc
Na(τ) + Vcc(τ)ccc

Na(τ) = Vdc(0)cdc
Na(0) + Vcc(0)ccc

Na(0), (15)

Vdc(τ)cdc
Cl(τ) + Vcc(τ)ccc

Cl(τ) = Vdc(0)cdc
Cl(0) + Vcc(0)ccc

Cl(0), (16)

cdc
Na(τ) + cdc

H (τ) = cdc
Cl(τ) + cdc

OH(τ), (17)

ccc
Na(τ) + ccc

H(τ) = ccc
Cl(τ) + ccc

OH(τ). (18)

In both channels, the condition of chemical equilibrium is also satisfied at any point in
time:

cdc
H (τ)cdc

OH(τ) = Kw, (19)

ccc
H(τ)ccc

OH(τ) = Kw. (20)

In the general case, the volumes of solutions in each of the channels are variable, which
is associated both with the reaction of water dissociation on the bilayer membrane and with
the transfer of water as part of the hydration shells of ions. As a result, the volume of the
solution in the desalination channel (Vdc(τ)) decreases, while the volume of the solution
in the concentration chamber (Vcc(τ)) increases. The change in the volume of solutions
can also be expressed in terms of ion fluxes, considering the hydration number of salt ions
and the osmotic permeability of membranes; however, it is easier to do this by introducing
some constant r, which considers the total contribution of all water transport mechanisms
in the channels:

Vdc(τ) = Vdc(0)− rτ, (21)
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Vcc(τ) = Vcc(0) + rτ. (22)

If the initial volumes in each of the compartments are equal, then:

Vdc(τ) + Vcc(τ) = 2V(0) (23)

The solution of the system of Equations (2)–(23) in general form can only be ob-
tained numerically, since the ion fluxes (Equations (2)–(10)) are described by nonlinear
differential equations.

Below we will analyze several practical cases when, by introducing reasonable as-
sumptions, it is possible to obtain an analytical solution of the indicated system of equations.
For simplicity, we will only consider the desalination (acidification) channel.

3.1. Ideally Selective Bipolar Membrane in Strong 1-1 Electrolyte Solution (Case I)

Consider a system operating in a circulating mode. Sodium chloride solution circulates
in the desalination and concentration paths. The current flowing in the system exceeds
the limiting electro-diffusion current on the cation exchange membrane. Let us neglect the
change in the volume of the solution in the paths of the electrodialyzer over time. We will
consider only the processes occurring in the desalination chamber. Let the initial pH of the
solution in the desalination chamber be known. The initial concentration of the electrolyte
is also known.

In subsequent cases, only conditions that differ from this base case will be specified.
The overlimiting current mode makes it possible to transform Equation (14) into the

following form [81]:
JC
Na

JC
H

=
DNa

DH

cdc
Na(τ)

cdc
H (τ)

. (24)

An ideally selective bipolar membrane does not allow any ions to pass through, except
for the products of water dissociation, then Equations (11)–(13) can be converted to the
following form:

JBM
Cl = 0, (25)

JBM
H = JBM

OH =
i
F

, (26)

JC
H + JC

Na =
i
F

. (27)

By jointly solving (24) and (27) with the subsequent substitution of the result into
Equation (5), we obtain (taking into account the constant volume):

Vdc dcdc
Na

dτ
= − i

F
DNacdc

Na

DNacdc
Na + DHcdc

H
. (28)

Considering the ideal selectivity of the bipolar membrane, it can be imagined that
sodium ions are gradually replaced by hydrogen ions in the desalination chamber, while
the number of positively charged ions remains constant. If chemical reactions with the
participation of hydrogen ions also do not occur in the system, then from the condition of
electrical neutrality and material balance it follows:

cdc
Na(τ) + cdc

H (τ) = cdc
Na(0) + cdc

H (0). (29)

Expressing cdc
H (τ) from Equation (29) and substituting into Equation (28) after per-

mutation, separation of variables and integrating, taking into account that for τ = 0,
cdc

Na = cdc
Na(0) and for some τ > 0, cdc

Na = cdc
Na(τ) we obtain:

(DNa − DH)cdc
Na(τ) + DH

(
cdc

Na(0) + cdc
H (0)

)
ln
(

cdc
Na(τ)

)
= DI , (30)
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where

DI = (DNa − DH)cdc
Na(0) + DH

(
cdc

Na(0) + cdc
H (0)

)
ln
(

cdc
Na(0)

)
− iDNa

VdcF
τ. (31)

We obtain an analytical expression for cdc
Na(τ) using the Lambert W-function [82]:

cdc
Na(τ) =

DH
(
cdc

Na(0) + cdc
H (0)

)
DNa − DH

W
(

zI
)

, (32)

where W
(
zI) is the Lambert W-function of argument zI:

zI =
DNa − DH

DH
(
cdc

Na(0) + cdc
H (0)

) exp

[
DI

DH
(
cdc

Na(0) + cdc
H (0)

)]. (33)

3.2. Bilayer Membrane in Strong 1-1 Electrolyte Solution (Case II)

Let a bilayer (asymmetric bipolar) membrane with a given chloride ion transport
number be used (the dependence of the chloride ion transport number on current den-
sity and concentration of the external solution is known for the membranes used in this
work [37,49]).

In this case, chloride ions can be transported through the bipolar membrane. The flux
of chloride ions can be given by the effective transport number TBM

Cl . As shown in [37],
in dilute electrolyte solutions, depending on the thickness of the cation-exchange layer,
the transport number of chloride ions for an asymmetric bipolar membrane varies within
0.2–0.5. In addition, the transport number of chloride ions depends on the concentration of
the external electrolyte. In the framework of this study, we will assume that the transport
number of the chloride ion is a constant value at a given current density.

Let us obtain an expression for the fluxes of chloride ions, hydrogen, and sodium ions,
considering Equation (24):

JBM
Cl =

iTBM
Cl
F

, (34)

JBM
H =

i
F
− JBM

Cl =
(

1− TBM
Cl

) i
F

, (35)

JC
Na =

(
1− TBM

Cl
)
i

F
DNacdc

Na

DNacdc
Na + DHcdc

H
. (36)

The concentration of chloride ions in the desalination chamber can be found from
Equation (7) taking into account Equation (34) when integrating with the condition that at
τ = 0 cdc

Cl = cdc
Cl(0), and at some τ > 0 cdc

Cl = cdc
Cl(τ):

cdc
Cl(τ) = cdc

Cl(0)−
iTBM

Cl
VdcF

τ. (37)

From the condition of electrical neutrality, we express the concentration of hydrogen
ions:

cdc
H (τ) = cdc

H (0)− cdc
Na(τ) + cdc

Cl(τ). (38)

After substituting cdc
H (τ) from Equation (38) into Equation (36) and solving Equation (5),

we obtain:

(DNa − DH)cdc
Na(τ) + DH

(
cdc

Cl(τ) + cdc
H (0)

)
ln
(

cdc
Na(τ)

)
= DI I , (39)

where

DI I = (DNa − DH)cdc
Na(0) + DH

(
cdc

Cl(τ) + cdc
H (0)

)
ln
(

cdc
Na(0)

)
−
(
1− TBM

Cl
)
iDNa

VdcF
τ. (40)
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Analytical expression for cdc
Na(τ):

cdc
Na(τ) =

DH
(
cdc

Cl(τ) + cdc
H (0)

)
DNa − DH

W
(

zI I
)

, (41)

where

zI I =
(DNa − DH)cdc

Na(0)

DH
(
cdc

Cl(τ) + cdc
H (0)

) exp

[
(DNa − DH)cdc

Na(0)−
(
1− TBM

Cl
)
iDNaτ

VdcFDH
(
cdc

Cl(τ) + cdc
H (0)

) ]
. (42)

3.3. Ideally Selective Bipolar Membrane in Solution Containing Weak Electrolyte Anions (Case III)

Let a weak electrolyte solution (for example, sodium acetate) circulate in the desalting
and concentration path. In the system under consideration, chlorine anions are replaced
by anions of a weak electrolyte, and a new substance is added—the molecular form of a
weak electrolyte.

In the presence of weak electrolyte ions, the system of Equations (2)–(23) must be
supplemented by the chemical equilibrium equation and the material balance condition
(written in general form for a monobasic carboxylic acid):

HA � H+ + A−, Kd =

[
H+
][

A−
]

[HA]
, (43)

cA = cA− + cHA. (44)

The condition of ideal selectivity of the bipolar membrane assumes that in the desalting
chamber there is no loss of weak electrolyte anions due to migration, as well as weak
electrolyte molecules due to diffusion through the bipolar membrane. Mathematically, this
condition is expressed as:

Vdc(τ)
dcdc

A
dτ

= 0. (45)

At the same time, as was shown in [50], the concentration of ions and the molecular
form of a weak electrolyte changes with time due to the occurrence of a chemical reaction:

Vdc(τ)
dcdc

A−

dτ
= −Jr, (46)

Vdc(τ)
dcdc

HA
dτ

= Jr. (47)

In such a system, a change in the concentration of hydrogen ions in the desalination
chamber will be associated with their generation on the bipolar membrane, their com-
petitive transfer through the cation-exchange membrane, and a decrease because of the
chemical reaction:

Vdc(τ)
dcdc

H
dτ

= JBM
H − JC

H − Jr. (48)

Electroneutrality condition:

cdc
Na(τ) + cdc

H (τ) = cdc
A−(τ). (49)

At the initial moment of time, no hydrogen ions generated on the bipolar membrane
can reach the surface of the cation-exchange membrane, because they participate in the
chemical recombination reaction with weak electrolyte anions. Under such conditions,
the flow of hydrogen ions through the cation exchange membrane can be neglected, and
the flow of sodium ions through the cation exchange membrane can be assumed to be a
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constant proportional to the current. Then the sodium ion concentration at time τ can be
found as:

cdc
Na(τ) = cdc

Na(0)−
iTc

Na
F

τ. (50)

Using Equations (43) and (44) we obtain the expression for cdc
H (τ):

cdc
H (τ) = −1

2

(
Kd + cdc

Na(τ)−
√(

cdc
Na(τ)− Kd

)2
+ 4KdcA

)
. (51)

Knowing the initial concentrations of ions in the solution and the current density, one
can directly calculate the concentration of sodium ions using Equation (50), and then find
the concentration of hydrogen ions (Equation (51)). The anion concentration can be found
using the following equation:

cA− =
KdcA

cH + Kd
, (52)

the concentration of the molecular form can be found from the chemical equilibrium
equation (Equation (43)).

3.4. Ideally Selective Bipolar Membrane in a Solution Containing a Strong and a Weak Electrolyte
(Case IV)

Let a solution containing ions of strong and weak electrolytes circulate in the desali-
nation and concentration path (for example, a mixture of sodium chloride and sodium
acetate).

This case differs from the previous one in that one more term appears in the electrical
neutrality equation:

cdc
Na(τ) + cdc

H (τ) = cdc
A−(τ) + cdc

Cl(τ). (53)

Considering that the bipolar membrane is assumed to be ideally selective, the changes
in the concentration of chloride ions in the desalination chamber can be equated to zero,
which means that cdc

Cl(τ) = cdc
Cl(0). Substituting the last expression into Equation (53) and

solving the resulting quadratic equation for the concentration of hydrogen ions, we obtain:

cdc
H (τ) = −1

2

((
Kd + cdc

Na(τ)− cdc
Cl(0)

)
−
√(

Kd + cdc
Na(τ)− cdc

Cl(0)
)2 − 4Kd

(
cdc

Na(τ)− cA − Kd
))

. (54)

The concentration of sodium ions, as well as in the previous case, can be found by
assuming the flux of sodium ions to be constant in time, using Equation (50). This condition
is well satisfied when the degree of conversion of a weak electrolyte is less than 90%. After
calculating the concentration of hydrogen ions according to Equation (54), the further
calculation algorithm is similar to case III.

3.5. Bilayer Membrane in Solution Containing Strong and Weak Electrolyte (Case V)

In addition to the previous case, let a bilayer (asymmetric bipolar) membrane with a
given anion transport number be used.

In this system, as well as in the previous two cases, we will neglect the transfer of
anions of a weak electrolyte through a bilayer membrane, as well as the diffusion transfer of
the molecular form of a weak electrolyte. This is possible when the reaction of protonation
of anions of a weak electrolyte occurs near the surface of a bilayer membrane, the diffusion
transfer of the molecular form of a weak electrolyte is directed into the solution [83]. Due to
the occurrence of a chemical reaction, free hydrogen ions do not accumulate in the solution
for a long time, and the cation flux can be assumed constant over time. The flux of chloride
ions is proportional to the effective transport number (Equation (37)).

Considering the above assumptions, we obtain an equation similar to Equation (54):

cdc
H (τ) = −1

2

((
Kd + cdc

Na(τ)− cdc
Cl(τ)

)
−
√(

Kd + cdc
Na(τ)− cdc

Cl(τ)
)2 − 4Kd

(
cdc

Na(τ)− cA − Kd
))

. (55)
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After calculating the concentration of hydrogen ions according to Equation (55), the
further calculation algorithm is similar to case III.

4. Results and Discussion
4.1. The Results of Adjusting the pH of the NaCl Solution with Simultaneous Desalting in
Circulation Mode

The studies were carried out on a solution of sodium chloride with a concentration
of 0.02 M. During the experiment, the kinetic dependences of the salt concentration and
pH, as well as the volume of the solution in the desalting compartment (including solution
in the pipes, inner volume of the ED module and solution tank itself) of the desalination
and concentration compartments, were studied. The experiment to adjust the pH of the
sodium chloride solution was carried out until the concentration of sodium chloride in the
desalination chamber reached 0.01 M.

The tests showed that in the framework of the experiment, there was no significant
change in the volume of the solution both in the desalting tract and in the concentration tract.

Figure 4 shows the kinetic curves of changes in pH and sodium chloride concentration
in the desalting and concentration chambers for electrodialyzers with bilayer BM-a-30 and
BM-ac-2K at a current density of 10 mA/cm2.
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desalination (1, 2) and concentration (3, 4) compartments on the experiment time at a current density
of 10 mA/cm2. Bilayer membranes: 1, 3—BM-ac-2K, 2, 4—BM-a-30. Line 5—initial concentration
and pH.

At a constant current density, the required solution concentration in the desalination
chamber is reached faster for a membrane with a catalyst (BM-ac-2K), while the final pH
value both in the desalination channel and in the concentration, channel does not depend
on the activity of the bilayer membrane in the water dissociation reaction (Figure 4).

Faster desalination of the solution when using the BM-ac-2K bilayer membrane is
due to the higher limiting current, which is associated with the presence of catalyst parti-
cles in the cation-exchange layer, the selectivity of which to co-ions is lower compared to
sulfonated polytetrafluoroethylene [37]. An assessment of the integral current efficiency,
carried out for a current density of 10 mA/cm2, shows that the salt ions’ current efficiency
for BM-ac-2K membranes is, on average, twice as high as compared to the BM-a-30 mem-
brane. At the same time, the current efficiency in terms of water dissociation products is
only 20% lower (Figure 5).
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Figure 5. Dependence of the current efficiency on salt ions (a) and water dissociation products
(b) on the experiment time at a current density of 10 mA/cm2. Bilayer membrane: 1—BM-ac-2K,
2—BM-a-30.

As applied to processes that require simultaneous pH adjustment and solution de-
salination, the high salt permeability of a bilayer membrane with a catalyst for the water
dissociation reaction has a positive effect on the process characteristics.

A comparison of the calculated curves for cases I and II with the experimental results
is shown in Figure 5. In the calculations, a current density of 10 mA/cm2 was used, which
slightly exceeds the limiting current density on the Ralex CMH cation-exchange membrane
found experimentally from the current-voltage characteristics of the membrane in the
membrane package of the electrodialyzer (9.8 mA/cm2).

As can be seen from the data shown in Figure 6a, the pH of the solution in the
desalination compartment quickly decreases to a value of about 3.5 in the first minutes of
operation of the apparatus, after which the decrease slows down. During the first 20 min,
the pH drops to 2.5 and then changes very slowly, due to the competitive transfer of the
hydrogen ion through the cation exchange membrane. All calculated curves give final pH
values lower than the value observed in the experiment. A possible explanation for this
effect is the violation of condition (10) in the real process. The transfer of hydroxyl ions,
as co-ions, through the cation-exchange membrane is possible, if they are in excess in the
concentration chamber.

The rate of change in the pH value, as well as its final value, are practically independent
of the value of the chloride ion transfer number through the bilayer membrane (in fact,
they do not depend on the efficiency of the bilayer membrane in the transfer of water
dissociation reaction products), which was also observed in the experiment. The final pH
value of the solution in the desalination chamber is determined by the specific permeability
coefficient of the cation-exchange membrane in the Na+/H+ pair. At an overlimiting current
regime, the value of this coefficient becomes constant and is determined by the ratio of the
charges of competing ions and their diffusion coefficients in solution. Thus, when working
with current densities exceeding the limit value on the cation exchange membrane, the final
pH value is also independent of the cation exchange membrane used.
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Figure 6. Experimental and calculated dependences of pH (a), concentration (b), and current efficiency
(c) for sodium chloride on the time of the experiment at a current density of 10 mA/cm2. The points
are the experiment, the lines are the results of the calculation. 1—bilayer membrane BM-a-30,
2—bilayer membrane BM-ac-2K, 3—calculation for case I (ideally selective BPM), 4—calculation for
case II (TBM

Cl = 0.22), 5—calculation for case II (TBM
Cl = 0.53).

The calculation of the dependence of the salt concentration in the desalination channel
on the duration of the experiment (Figure 6b) and the current efficiency in terms of salt ions
(Figure 6c) shows a good agreement between the experimental and calculated data for a
bilayer membrane without a catalyst (calculation for case II, TBM

Cl = 0.22). For a membrane
with a catalyst (calculation for case II, TBM

Cl = 0.53), there is a significant discrepancy between
the experimental and calculated curves, which is especially pronounced on the curve of
the dependence of the salt ion current efficiency on time. In both cases, the value of the
transport number of chloride ions through the bilayer membrane was taken from the
experimental data given in [37].
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4.2. Conversion of Sodium Acetate to Acetic Acid

The process of obtaining a weak organic acid from its salt is closest to the conditions
described by case III (an ideally selective bipolar membrane in a solution containing anions
of a weak electrolyte). There are many examples of using this process to obtain acetic, citric,
lactic, succinic, and other organic acids [25]. As a rule, the conversion process is carried out
from sufficiently concentrated solutions, therefore, in this experiment, 0.5 M sodium acetate
was used as the initial solution. Experimental data shown in this subsection was obtained
using laboratory level MB-2m bipolar membrane (heterogeneous bipolar membrane with
low water-splitting potential and high selectivity) [79].

The kinetic dependences of the pH and the concentrations of sodium acetate and acetic
acid are shown in the Figure 7.
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It can be seen from the figure that the assumptions about the linear nature of the
removal of sodium ions (and, in general, salt) made for case III are well fulfilled up to a
degree of conversion of 0.93. After that, in the experiment, the concentration of sodium
acetate and acetic acid reaches a plateau, accompanied by a decrease and reaching a plateau
in the pH value. When the degree of conversion is higher than 0.93, a small amount of
unbound acetate ions remains in the solution, resulting in an increase in the concentration
of hydrogen ions generated by the bipolar membrane. The appearance of “free” protons
leads to the competitive transfer of hydrogen and sodium ions through the cation exchange
membrane. As a result, it becomes necessary to consider condition (14). The calculation
results considering the competitive transfer of protons and sodium ions are shown in the
Figure 7 by a dashed line (curves 3). These show that considering the competitive transfer
leads to a more accurate prediction of the concentration of ionic components and pH. In
fact, the beginning of the competitive transfer of sodium and hydrogen ions through the
cation-exchange membrane can be considered as a deviation of the number of transferred
sodium ions through the cation-exchange membrane from unity (to calculate curves 2 in
Figure 7, the value TC

Na = 1 was used). Hydrogen ions become the main charge carrier
through the cation-exchange membrane at high degrees of conversion.

The accumulation of molecular acetic acid also leads to an increase in the diffusion
transfer of acid through the bipolar membrane, resulting in a slight decrease in the concen-
tration of molecular acetic acid at the end of the experiment.

The equation for calculating the concentration of salt ions for case III, considering
competitive transfer, is given in Table A1, Appendix A.

4.3. Adjusting pH in a Mixture of Strong and Weak Electrolytes

The separation of a mixture of strong and weak electrolyte salts was carried out using
a Ralex CM/BM-ac-2K membrane pair. A model solution, a mixture of 0.02 M sodium
chloride and 0.02 M sodium acetate, was used for the studies. During the research, kinetic
curves of the dependence of pH, electrical conductivity, and concentration of solution
components on the time of the process were obtained. The BM-ac-2K bilayer membrane at
high current densities provides efficient generation of H+/OH− ions and can be used in
dilute solutions as a replacement for the bipolar one. At low or “medium” current densities,
this membrane provides a sufficiently high transfer of salt ions contained in the solution
(transport numbers for chloride ions lie in the range of 0.3–0.7 [37,50]).

The kinetic curves of the pH dependence for a mixture of strong and weak electrolytes
do not fundamentally differ from the case of the conversion of a salt of a weak electrolyte
into an acid (case III) (Figure 8a,c). From the kinetic curves of the concentration of the ionic
components of the solution, it follows that the concentration of the cation (sodium ion)
decreases almost linearly throughout the entire process, which indicates the absence of a
competitive transfer of cations through the cation-exchange membrane. The reason for this
is the binding of protons to acetate ions. The experimental data confirm the assumptions
made when deriving the equations for cases IV and V. The concentration of chloride ions at
high current density (Figure 8b) does not change during the experiment, which corresponds
to the condition of ideal selectivity of the bilayer membrane. At a lower current density
during the experiment, there is a slight decrease in the concentration of chloride ions, as
well as the total content of acetate (both forms).

Comparison of calculation results and experimental data on pH and ion concentration
in the desalination chamber using Equations (42)–(44) (case IV) is shown in Figure 8a,b.
Despite the fact that the BM-ac-2K bilayer membrane does not fully meet the requirement
of ideal selectivity laid down for case IV, the agreement between the calculated curves and
experimental data is quite good.
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Figure 8. Dependence of the pH (a,c) and the concentration of ionic components (b,d) on
time. Current density: (a,b)—33 mA/cm2, (c,d)—10 mA/cm2. 1—Na+, 2—Cl–, 3—CH3COO–.
Points—experimental data, lines—calculation for case IV (b) and case V (d).

In the case when the permeability of the bilayer membrane for anions in solution is
taken into account, there is also a good agreement between the experiment and calculations,
assuming that the transfer numbers of sodium ions through the cation-exchange membrane
and chloride ions through the bilayer membrane are chosen correctly (Figure 8c,d). In the
calculations shown in Figure 8c,d, the following values were used TC

Na = 0.65, TBM
Cl = 0.23.

The value of the transport number of chloride ions was taken from experimental data for a
current density of 10 mA/cm2 [50]. The value of the transfer number of the sodium ion is
calculated as the sum of the transfer numbers of chloride ions and hydrogen ions.

4.4. The Possibility of Using the Results for the Calculation of Electrodialyzers-Synthesizers

The proposed kinetic model can be used for the initial calculation of bipolar electrodi-
alyzers designed to adjust pH. This model makes it possible to find the optimal length of a
membrane channel formed by a bipolar membrane and a cation exchange membrane, de-
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pending on the pH to be reached at the outlet of the desalination or concentration channel.
For calculations, it is necessary to know the composition of the solution and the effective
numbers of ion transfer through monopolar membranes in this solution. Because solutions
that require only slight pH adjustments tend to have low salinity, cases of ideal bipolar
membrane selectivity (cases I, III and IV) can be used for calculations.

A simple kinetic model can be used to calculate the concentrations of all components
present in the alkaline and acid chambers of an electrodialysis cell with a channel length of
up to 40 cm. When the length of the membrane channel is more than 40 cm, it is necessary
to use more complex mathematical approaches, for example, the numerical solution of
the model proposed in [78,84]. The need for a numerical calculation is associated with
the nonlinear distribution of the current density along the length of the channel, which
occurs due to the large difference in the concentration of the components at its inlet and
outlet. The principle of modeling in long channels consists of dividing the length of the
membrane channel into a sufficiently large number of sections of smaller length, located
perpendicular to the direction of the solution flow. The calculation is carried out in such a
way that the output calculated data on the previous section are the input data for the next
section (compartmentation method [85,86]). The method allows layer-by-layer calculation
of the composition of the solution as it passes through the channel and thus finds the local
value of ion concentrations and pH. The developed model makes it possible to obtain the
dependence of the pH of the solution on the length of the electrodialyzer channel, which is
especially important when predicting the mass transfer characteristics of industrial devices.

Various approaches can be used to consider the uneven distribution of the current
density along the channel length. Tanaka [87–89] used a third degree polynomial to describe
the current density distribution along the length of the electrodialyzer channel.

When operating in a potentiostatic mode (a necessary condition for applying the
compartmentation method), the decrease in current density along the channel length can
be described by the equation:

i =
F2

RT

U − RT
F ln

(
ccc

H
cdc

H

)
(

1
∑ z2

i Dicdc
i
+ 1

∑ z2
i Diccc

i

)
h

, (56)

where U is the potential drop on solutions in desalinating and concentration compartments,
zi and Di are the charge and diffusion coefficients of ion of i-type.

The above equation does not consider the resistance of the cation-exchange membrane
and the monopolar layers of the bipolar membrane, because in dilute solutions their
electrical conductivity is several times higher than the electrical conductivity of the solution.
The potential drop at the bipolar boundary caused by the water dissociation reaction,
which is non-ohmic in nature, is also not considered. This potential drop must be included
both in the total potential drop on the channel and subtracted from it. As the calculations
are made for the case of an ideally selective bipolar membrane, it can be taken equal to
the thermodynamic potential of water dissociation. In the first approximation, it does
not depend on the composition of the solution but is determined by the concentration of
hydrogen ions in the cation-exchange and anion-exchange layers (in fact, the exchange
capacity of each of the layers), then its change along the channel length can be neglected
and considered constant.

As a result of solving the mathematical model, a dataset of the pH dependence of the
solution in the acid and alkaline chambers of the electrodialyzer is obtained depending
on the current density and the length of the membrane channel (Figure 9). Softened tap
water from the city of Krasnodar was used as a solution. The concentration of main
ionic components of the tap water are given in the Table A2, Appendix B. The process of
electrodialysis of softened tap water is complicated by chemical reactions involving single-
and double-charged forms of carbonic acid when the pH changes in the acid and alkaline
chambers. Because of those reactions involved, we used case IV for the calculation. A
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solution velocity was set to 2.5 cm/s (as in experiment). We used the same experimental
setup described in Section 4.1 to measure the pH at the outlet for the channel length 10
cm. A bigger electrodialysis unit was used to measure the pH at the outlet for the channel
length 40 cm. The properties of the later electrodialysis unit can be found in the Table A3,
Appendix C.
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Figure 9 shows that all the calculated curves describe the experimental data qual-
itatively well. The best agreement between experimental data and calculated curves is
observed for current densities of 0.5, 1.5, 2.0 mA/cm2. For the highest current density
studied (2.5 mA/cm2), the calculated pH values are lower than the experimental data.

Knowing the working dimensions of one chamber of the electrodialyzer, the volu-
metric flow rate of the solution, and the linear velocity of the solution flow through the
electrodialyzer chamber, we can find the number of paired chambers that are required to
adjust the pH to a given value:

n =
Q

Vwhg
, (57)

where n is the number of elementary cells, Q is the volume flow rate, m3/h, V is the solution
linear velocity, m/s, w is the width of the membrane channel, m, h is the intermembrane
distance (the thickness of the separator), m, g is the separator porosity (0.85 for separators
used in present work).

For calculations, it is proposed to use the following algorithm:

• set the composition of the solution,
• set the required linear velocity of the solution flow through the chamber,
• calculate possible options for adjusting pH for various channel lengths and current

densities and choose the most appropriate option for a particular case,
• choose the closest standard electrodialyzer in terms of dimensions,
• calculate the required amount of membrane pairs, add 10% to the calculated amount,
• if the obtained number of membrane pairs exceeds the recommended maximum num-

ber of membrane pairs for this device, repeat the calculation for the next electrodialysis
module (Table 3).
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Table 3. Electrodialysis modules.

Electrodialysis
Module

External
Dimensions of the

Membrane, cm

Active Surface of
the Membrane,

cm2

Effective Area
of the

Membrane

Number of
Elementary

Cells

Productivity of
the Device,

m3/h
Refs.

Lab EDS 7.5 × 25 5 × 20 0.53 5–25 0.02–0.1 [79,90]

EDS-Y * 15 × 52 10 × 40 0.51 10–50 0.05–1 [86]

EDS-m 40 × 100 33 × 70 0.57 25–100 1–5 [91]

EDS-10 44 × 120 33 × 90 0.55 50–200 2–10 -

* same dimensions as EDC-Y described in ref. [86].

5. Conclusions

In this work, we have proposed a kinetic model of the process of bipolar electrodialysis
with a two-chamber unit cell formed by a bilayer (bipolar or asymmetric bipolar) and cation-
exchange membrane. In contrast to the known mathematical models, the proposed model
allows describing the process of electrodialysis adjustment of the pH of solutions of strong
electrolytes, the conversion of a salt of a weak acid, and the adjustment of the pH of a
mixture of strong and weak electrolytes. The model can consider the non-ideal selectivity
of the bilayer membrane, as well as the competitive transfer of cations (hydrogen and
sodium ions) through the cation-exchange membrane. If necessary, it is possible to consider
changes in the volume of solutions in the desalination and concentration compartments.
The model can be used to both describe processes occurring in a cycle and in a one-pass
through mode.

A number of approximations were used to obtain analytical expressions that describe
the kinetic dependences of pH and concentration of ionic components in the desalination
(acidification) compartment. The assumptions are the constancy of the volume of solutions
in the compartments, the over-limiting current mode on the cation-exchange membrane,
the transport numbers through bilayer membrane are known, the absence of transfer of
co-ions through cation-exchange membranes. Similar expressions can be obtained for
the concentration (alkalinization) compartment. A good qualitative and, in some cases,
quantitative agreement between the calculations and experimental results is shown.

The model can be used to predict the performance of small bipolar membrane elec-
trodialysis modules designed for pH adjustment processes. Of greatest interest is the use
of the model to describe the processes of adjusting the pH of mixed solutions of strong
and weak electrolytes (adjusting the pH of fruit juices, softened water, separation of amino
acids and salts).
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List of Symbols and Abbreviations

Subscripts and superscripts:
Upper indexes “dc” and “cc” refer to the parameters in the desalination and concentration compartments.
Upper indexes “BM” and “C” refer to the transfer of ions through bilayer and cation-exchange membrane.
Lower indexes “Na”, “Cl”, “H”, “OH” refer to the sodium, chloride, hydrogen, hydroxyl ions.
Lower indexes “A–” and “A” refer to the ionic form of weak electrolyte and to the overall concentration of all forms
of weak electrolyte.
Abbreviations:
ED electrodialysis
BMED bipolar membranes
BPM bipolar membrane
BM bilayer membrane
Greek letters:
Parameter Description Dimensions
τ time s
English letters:
Parameter Description Dimensions
c concentration mol/L
D diffusion coefficient cm2/s
F Faraday’s constant A·s/mol
g separator porosity
h intermembrane distance cm
i current density A/dm2

J ion flux mol/s
Kd weak electrolyte dissociation constant
Kw ionic product of water
n number of elementary cells
PNa/H specific permeability coefficient
Q solution volume flow rate m3/h
r solute flux proportionality factor
R universal gas constant J/(K·mol)
S membrane area dm2

T absolute temperature K
Ti ion effective transport number
U potential drop V
v solution linear velocity m/s
V solution volume L
w width of the membrane channel m
W(z) Lambert W-function of z argument
zi charge of ion of i-type
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Appendix A

Table A1. Summary of equations used for calculations (for desalting (acidification) compartment).

Case Ion Equation

Ideally selective bipolar
membrane in strong 1-1

electrolyte solution
(case I)

Na+ cdc
Na(τ) =

DH(cdc
Na(0)+cdc

H (0))
DNa−DH

W
(
zI), zI = DNa−DH

DH(cdc
Na(0)+cdc

H (0))
exp

[
DI

DH(cdc
Na(0)+cdc

H (0))

]
,

DI = (DNa − DH)cdc
Na(0) + DH

(
cdc

Na(0) + cdc
H (0)

)
ln
(
cdc

Na(0)
)
− iDNa

Vdc F
τ

H+ cdc
H (τ) = cdc

Na(0) + cdc
H (0)− cdc

Na(τ)
Cl− Remains constant

Bilayer membrane in
strong 1-1 electrolyte

solution
(case II)

Na+

cdc
Na(τ) =

DH(cdc
Cl (τ)+cdc

H (0))
DNa−DH

W
(
zI I),

zI I =
(DNa−DH)cdc

Na(0)

DH(cdc
Cl (τ)+cdc

H (0))
exp

[
(DNa−DH)cdc

Na(0)−(1−TBM
Cl )iDNaτ

Vdc FDH(cdc
Cl (τ)+cdc

H (0))

]
,

DI I = (DNa − DH)cdc
Na(0) + DH

(
cdc

Cl(τ) + cdc
H (0)

)
ln
(
cdc

Na(0)
)
− (1−TBM

Cl )iDNa
Vdc F

τ

H+ cdc
H (τ) = cdc

H (0)− cdc
Na(τ) + cdc

Cl(τ)

Cl− cdc
Cl(τ) = cdc

Cl(0)−
iTBM

Cl
Vdc F

τ

Ideally selective bipolar
membrane in solution

containing weak
electrolyte anions

(case III)

1

Na+ cdc
Na(τ) = cdc

Na(0)−
iTc

Na
F τ

2

Na+

(2DNa − DH)
(
cdc

Na(τ)− cdc
Na(0)

)
− DHKd ln

cdc
Na(τ)

cdc
Na(0)

− DHAtanh−1
(

B+Kd f ′

AC′

)
+ DHC′+

+DHKdtanh−1
(

f ′

C′

)
= − 2iDNa

Vdc F
τ + θ

θ = −DH

[
Atanh−1

(
B+Kd f

AC

)
−C− Kdtanh−1

(
f
C

)]
,

A =
√

B + Kd
2, B = 4KdcA, C =

√
B + f 2, f = cdc

Na(0)− Kd, C′ =
√

B + f ′2,
f ′ = cdc

Na(τ)− Kd

H+
cdc

H (τ) = − 1
2

(
Kd + cdc

Na(τ)−
√(

cdc
Na(τ)− Kd

)2
+ 4KdcA

)
A– cA− = KdcA

cH+Kd
Cl− Remains constant
HA cHA = cA − cA−

Ideally selective bipolar
membrane in a solution

containing a strong and a
weak electrolyte

(case IV)

Na+ cdc
Na(τ) = cdc

Na(0)−
iTc

Na
F τ

H+
cdc

H (τ) = − 1
2

((
Kd + cdc

Na(τ)− cdc
Cl(0)

)
−
√(

Kd + cdc
Na(τ)− cdc

Cl(0)
)2 − 4Kd

(
cdc

Na(τ)− cA − Kd
))

A– cA− = KdcA
cH+Kd

Cl− Remains constant
HA cHA = cA − cA−

Bilayer membrane in
solution containing

strong and weak
electrolyte

(case V)

Na+ cdc
Na(τ) = cdc

Na(0)−
iTc

Na
F τ

H+
cdc

H (τ) = − 1
2

((
Kd + cdc

Na(τ)− cdc
Cl(τ)

)
−
√(

Kd + cdc
Na(τ)− cdc

Cl(τ)
)2 − 4Kd

(
cdc

Na(τ)− cA − Kd
))

A– cA− = KdcA
cH+Kd

Cl− cdc
Cl(τ) = cdc

Cl(0)−
iTBM

Cl
Vdc F

τ

HA cHA = cA − cA−

1 sodium ion constant flux; 2 sodium and hydrogen competitive flux through cation-exchange membrane. The
resulting Equation must be solved numerically to find sodium concentration.

Appendix B

Table A2. Composition of the tap water of the Krasnodar.

Parameter Measured Value

pH 8.0
Specific conductivity, mS/cm 0.704

Sodium concentration, mmol/L 7.43
Chloride concentration, mmol/L 1.26
Sulfate concentration, mmol/L 1.29

Hydrocarbonate concentration, mmol/L 3.59
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Appendix C

Table A3. Properties of pilot scale electrodialysis module.

Parameter Value

Membrane channel dimensions:
length L, cm 40
width w, cm 10

intermembrane distance h, mm 0,9

Number of elementary cells n, pcs 25

Solution flow path Parallel co-flow

Elementary cell configuration Two-chamber (BPM-CEM)

Materials:
Intermembrane separators HDPE

Separators-turbulazers HDPE mesh, rectangular cells, cell size
4 × 4 mm, placed at 45◦ to the flow of solution

cathode Ti/Pt
anode Ti/Pt
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