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ABSTRACT

A mathematical model describing the transfer of hydrogen and hydroxyl ions and ions of salt
through asymmetric bipolar membranes is developed. The model accounts for an electrochemical
reaction, which is water splitting at the boundary between an anion-exchange and a cation-exchange
layers. The chemical reaction causes the occurrence of the overvoltage of the bipolar region, which
leads to a deviation of the current—voltage characteristics of the bipolar membrane from linearity.
We have demonstrated bifunctionality of the asymmetric bipolar membranes, their ability to trans-
port ions of salt and water dissociation products simultaneously, both experimentally and theoreti-
cally. Depending on their structure and the external conditions, the first or the second function may
be dominant. In dilute solutions, water dissociation occurs with high current efficiency, and in the
concentrated solutions, there is a simultaneous transfer of salt ions, as well as water splitting products.

Keywords: Current-voltage characteristic; Asymmetric bipolar membrane; Surface modification;
Bilayer membrane; Mathematical modeling

1. Introduction

Bipolar membranes are bilayer composites consisted
of a cation-exchange and an anion-exchange layers con-
nected in series. The unique feature of bipolar membranes
is that primary charge carriers in them are hydrogen and
hydroxyl ions, which appear at the bipolar boundary as a
result of the water-splitting reaction [1]. As a result, the pro-
cesses of conversion of salts into the corresponding acids
and bases with the use of bipolar membranes have been
developed [2-4].

Due to the presence of coions in monopolar
(cation-exchange and anion-exchange) layers of bipo-
lar membranes there is an asymmetry of salt ions fluxes
through bipolar membrane [5]. It is possible to control the
amount of salt ions transferred across the bipolar membrane
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by changing the thickness of the monopolar layers [6].
Membranes, in which the cation- and anion-exchange layers
have different thicknesses, will henceforth be called asym-
metric bipolar membranes. The application of a thin charged
film [6,7] or an ion-exchange suspension [8] onto the surface
of the monopolar membrane allows obtaining an asymmetric
bipolar membrane with high permeability for salt ions. This
method is commonly used for the preparation of membranes
selective toward monovalent ions [9-11]. At the same time,
such membrane acquires the water splitting ability due to the
formation of a bipolar boundary at the interface between the
cation-exchange and anion-exchange layers. The advantage
of the asymmetric bipolar membrane is the possibility to reg-
ulate the ratio of the transport functions of salt ions and the
generation of water-splitting products.

Depending on the properties of the membrane substrate,
the thickness of the modifying film, and the nature of the
water-splitting catalyst, the properties of the asymmetric
bipolar membrane can vary widely [7]. One must also take
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into account that the properties of an external solution also
affect the electrochemical behavior of the asymmetric bipolar
membrane. An instrument is required that will allow us to
predict the properties of the asymmetric bipolar membrane
with an optimal set of parameters for a specific electromem-
brane process. One of the ways to solve this problem can
be the accumulation of experimental data and its analysis.
The second way is to develop a mathematical model that
describes the behavior of the membrane in the electrolyte
solution. It is convenient to use the current-voltage charac-
teristic of the membrane to compare the membranes with
each other and predict their behavior.

The method of voltammetry makes it possible to qualita-
tively study the process of ions transport through the bipolar
membrane (BPM). The shape of the current-voltage charac-
teristic is determined by the structure of the membrane and
by the nature of the processes occurring in it under polariza-
tion causing by an electric current. The potential drop across
the membrane is the sum of several components: the Donnan
potentials at the membrane solution boundaries, the ohmic
potential drop across the monopolar layers, and the potential
drop at the bipolar boundary.

The number of theoretical papers devoted to the trans-
fer of ions through bipolar membranes is quite large [12-24].
Historically, the first hypothesis was that in the bipolar
region there is a direct contact between the cation-exchange
and anion-exchange layer and a space charge region appears
on this boundary, which is analogous to the PN junction in
semiconductors [12]. Later, it was shown that the structure
of the bipolar region is more complicated [18]. According to
modern concept, the bipolar membrane consists of at least
three layers [24]: the cation-exchange and anion-exchange
layers, and a thin intermediate layer between them. It is in the
intermediate layer (bipolar boundary) that the water dissoci-
ation reaction proceeds. It is worth noting that in the work
of Femmer et al. [24], the model proposed by the authors is
taking into account the violation of the condition of electro-
neutrality at the interface between the cation-exchange and
anion-exchange layers.

It is also worth noting that most of the known models
do not take into account ion transport in the diffusion lay-
ers located near the bipolar membrane. The effect of diffu-
sion layers on the current-voltage characteristic of a bipo-
lar membrane was taken into account only in Refs. [22,24].
Allowance for diffusion layers is especially important when
the diffusion saturation in the cation-exchange and/or
anion-exchange layer of the bipolar membrane is comparable
with the saturation of diffusion in the diffusion layer in the
external solution. There is an experimental evidence that the
magnitude of the limiting electrodiffusion current on a bipo-
lar membrane can be controlled by changing the thickness
[7] or the charge [6] of the monopolar layers of the bipolar
membrane. A theoretical description of the two above factors
was given by Xu [21].

A common drawback of these works is that the
water-splitting reaction proceeding at the bipolar boundary
is considered as a “fast” reaction. On the one hand, this allows
to use the quasi-equilibrium condition (c, x ¢, = 107 at
any point inside the electromembrane system, which greatly
simplifies the problem. At the same time, this formulation
of the problem does not take into account the chemical

overvoltage arising in the bipolar membrane as a result of the
slow chemical reaction which is the water-splitting reaction.

The effect of the electric field on the rate of the water
dissociation reaction within the framework of the second
Wine effect was taken into account in Refs. [16,17,23]. At the
same time in Ref. [25] Simons showed that the water-split-
ting reaction in the electromembrane system can proceed
through a catalytic mechanism involving ionogenic groups
of the membrane. Subsequently, the theory of the catalytic
character of the water dissociation reaction was devel-
oped by Zabolotskii [26], Umnov [19], Timashev [27], and
Tanaka [28].

The purpose of this work is a theoretical and experimen-
tal study of the current-voltage characteristics of asymmetric
bipolar membranes under various conditions.

2. Experimental
2.1. Materials
2.1.1. Asymmetric bipolar membranes

Asymmetric bipolar membranes with different thick-
nesses of the cation-exchange layer were obtained by the
method described in Ref. [7]. The thickness of the cation-ex-
change film was controlled by a micrometer Coolant Proof
Micrometer Series 293. Some physicochemical properties of
the studied membranes are provided in Table 1.

The cation-exchange layer was formed from precursor
LF-4SC. The LF-4SC was commercially obtained from LLC
Plastpolimer-Prom, Russia. Anion-exchange membrane (Ralex
AMH-Pes) was commercially obtained from Mega a.s., Czech
Republic.

Asymmetric bipolar membranes with 10, 30, 50, and
70 pm thick cation-exchange layer were used to study
the influence of the thickness on the electrochemical and
transport characteristics of a bipolar membrane.

2.1.2. Bipolar membranes

To verify the adequacy of the model, previously obtained
data for heterogeneous bipolar membranes MB-1, MB-2, and
MB-3 were used. The current—voltage characteristics of these
membranes were obtained in Ref. [19], their features are
given in Ref. [1].

Table 2 lists some of the physicochemical properties of
these membranes.

2.1.3. Chemicals

The chemicals used in the experiments include: hydro-
chloric acid, sodium hydroxide, and sodium nitrate. All
reagents were supplied by LLC Medlex (Russia). All reagents
were of an analytical grade. Deionized water was used for
preparation of the solutions throughout all experiments.

2.2. Voltammetry

The current-voltage characteristic of a bipolar mem-
brane has some specific features in comparison with the
current-voltage characteristic of a monopolar membrane.
In particular, the current—voltage characteristics of a bipolar
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Table 1

Physicochemical properties of monopolar layers forming an asymmetric bipolar membrane

Property

Cation-exchange layer

Anion-exchange layer

Membrane MEF-4SC

Polymeric matrix

Polytetrafluorideethylene

Ralex AMH-Pes
Polystyrene divinylbenzene

Elementary cell —|ECF2—CFZE|—C|:F—CF2 —CH,—CH———HC——CH, -
. O~|ECF2—(|)F—Oiq~CF2—CF2
CF3 m \ =
S
07 g ot
O Na —CH,—~CH— CH,
N'Cl
s
[HsC” on, s
Inert binder - Polyethylene
Reinforcing mesh - Polyester
Wet thickness, mm 0.01-0.072 0.65
Counterion transport number
>0.94 >0.95[29
(1.0/0.5 M NaCl) [29]
Ion-exchange capacity, mmol/g-dry 0.9 1.6 [29]
Water uptake, % 22 32
“The thickness of the cation-exchange layer was set individually for each membrane.
Table 2
Physicochemical properties of monopolar layers forming an asymmetric bipolar membrane
Property MB-1 MB-2 MB-3
Polymeric matrix Polystyrene divinylbenzene
Inert binder Polyethylene
Reinforcing mesh Polyamide
Wet thickness?, mm 0.9+03
Ion-exchange capacity, mmol/g-dry:
Cation-exchange layer 14 1.9
Anion-exchange layer 1.4 1.4
Ionic group:
Cation-exchange layer -SO,H -SO,H -PO,H,
Anion-exchange layer N, =NH -N(CH,), -N(CH,),
Potential drop, V (i =4 A/dm?in 0.5 M NaCl) 13.5 3.8

aVaries between batches.

membrane measured in salt solution and an acid-alkali sys-
tem (where bipolar membrane is placed between acidic solu-
tion from the cation-exchange layer side and alkali from
the anion-exchange layer side) differ in shape (Fig. 1). In the
acid-alkali system, the ohmic region and the plateau of the
limiting current are, as a rule, absent and can be found only
in concentrated solutions (1 M and higher).

It can be seen from Fig. 1(a) that when the membrane is in
the so-called “reverse current bias” the counterions on each
of both sides of the membrane move to the corresponding
electrodes. In this case, the monopolar layers of the mem-
brane prevent the transfer of coions (salt ions) through the
membrane. As a result, even at very low values of the polariz-
ing current, the limiting state is reached. The further buildup
of the current leads to the removal of mobile ions from the

bipolar boundary region, the formation of a space charge
region, and the initiation of a water dissociation reaction.
The appearance of new charge carriers leads to a deviation of
the shape of the current-voltage characteristic from the lin-
ear plateau. In the case of concentrated solutions of acid and
alkali, the contribution of coions electrodiffusion through the
monopolar layers becomes much more significant, owing to
which it is possible to fix the ohmic region and the plateau of
the limiting current of the current-voltage characteristic in
some bipolar membranes.

In the case of measuring the current-voltage character-
istic in an electromembrane system in which an asymmet-
ric bipolar membrane is placed in a saline solution, it is also
possible to study the electrodiffusion of salt ions through
a bipolar membrane, because, in this case, the monopolar
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Fig. 1. Scheme of the ion transport in the electromembrane system with bipolar membrane in the reverse current bias mode (a); General
current-voltage characteristic (b) of the asymmetric bipolar membrane with 30 um thick CEL measured in a 0.01 M NaCl solution
(1) and in a 0.01 M NaOH | asymmetric bipolar membrane | 0.01 M hydrochloric acid system (2), and for an asymmetric bipolar
membrane with water-splitting catalyst measured in the same acid-alkali system (3).

layers of the membrane are not in the H/OH- form, but in
the form of salt ions. In this case, a small transfer of coions
through the membrane when it is polarized by current com-
pensates for their loss from the ion-exchanger material.
It should be noted that the value of the limiting current mea-
sured in the acid-alkali system will be lower than in the salt
solution (Fig. 1(b) curves 1, 2).

Another peculiarity is that the current-voltage character-
istic of a bipolar membrane in the acid-alkali system at small
values of the polarizing current shows a significant deviation
of the potential from zero (Fig. 1(b) curves 2, 3). This is pri-
marily due to the high value of the Donnan potential at the
bipolar boundary. For a highly selective bipolar membrane,
this potential should be close to the value of the equilibrium
potential (0.83 V for the membrane found in the 1 M solu-
tion of acid and alkali). One can judge the catalytic activity of
the membrane in the water dissociation reaction by the value
of the potential of the beginning of water dissociation. The
closer this potential to the equilibrium is, the higher the activ-
ity is, and vice versa.

A dynamic method was used to measure the cur-
rent-voltage characteristic of an asymmetric bipolar mem-
brane. Current—voltage characteristics were measured in a
four-chamber cell (Fig. 2). The cell was fed with solutions of
hydrochloric acid, sodium hydroxide, and sodium nitrate
(for electrode chambers washing). A solution of sodium
nitrate was used to wash the electrode chambers to prevent
the flow of electrode reactions involving solution ions.

Before the measurement the studied membrane was
equilibrated with working solutions of acid and alkali, after
which a linearly increasing and decreasing current were
applied to the cell, and the current-voltage characteristic
was recorded. The rate of change of current was 2 x 10° A/s.
Measurement of the potential difference on the membrane
under investigation was carried out with the help of Haber—
Lugginn capillaries connected to an Ag/AgCl reference elec-
trodes (in 3 M KCl).

—>
| X
—>
=
>
| >
>

Jon Ju'
+ -
Jor
< _—t— -
JNa+
NaNO; NaOH HCI1 NaNO;

Fig. 2. Scheme of the experimental cell. K — cation-exchange
membrane MK-40; A — anion-exchange membrane MA-41; AK —
asymmetric bipolar membrane under investigation.

3. Theory
3.1. Model formulation

The system under investigation consists of an asymmet-
ric bipolar membrane with different thicknesses (d, d ) of the
anion-exchange (layer 2) and the cation-exchange (layer 3)
layers. The anion-exchange layer is in contact with an alkali
solution (sodium hydroxide) and the cation-exchange layer
is in contact with an acid solution (hydrochloric acid). Both
solutions contain a small amount of salt ions (sodium in acid
and chloride in alkali). Concentrations of solutions on both
sides of the membrane are assumed to be the same. There
are diffusion boundary layers of equal thickness d (layers 1
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and 4) on both sides of the membrane in the solutions. The
current flows through the system in such a way that the
membrane is in the reverse current bias mode (Fig. 3).

The problem is stated as a direct boundary value prob-
lem, that is, it is required to obtain the current-voltage char-
acteristic of the membrane on the given parameters of the
initial model.

In each of the four layers, the transfer of each of the ions
(i=C, A, H, OH) is described by the Nernst-Planck equations:

ji=-D, i + i Cidﬁ @
dx RT 'dx

The stationarity condition of the transfer is satisfied
for each of the ions (the equality of the ion fluxes in the
membrane and in the solution):

gy, @
dx dx '

For salt ions v. = v, =0, and for hydrogen and hydroxyl

Vi = Vo = V, Where v is the rate of water dissociation per unit

volume.

Also the electroneutrality condition is satisfied:
D.ze*c,=0 3)
where c} — concentration of the fixed ions in the CEL (C;) and

the AEL (c}), for diffusion layers ¢} =0.
The condition of local chemical equilibrium of water
ions is also satisfied in all the layers and on the interfaces:

¢ o =K,y )

The system of Eqgs. (1)-(4) is supplemented by the
boundary conditions (5)-(8):
on the left-hand side (x,):

b
c(-d,-8)=c (5)
¢(-d,-8)=0 (6)
1 2 13
NaOH+NaCl : ¢ ! :HCI+NaCl
1
/| Lo
/N OH I H
/ \ —Ll— I
[ / N T 1 Ca
- oA / \ ! iho bt
N/ \ Cw | / N 7
>/ I g N\,
SN \ ! A
/ N \\ : / // A
) \ / 7
_____ / AN/ N
8 d, 1o 8
Xp X Xo Xr Xa

Fig. 3. Bipolar membrane with adjacent diffusion boundary
layers. 1, 4 — diffusion boundary layers, 2 — anion-exchange layer,
3 - cation-exchange layer, ¢/, ¢/ — concentration of fixed groups in
the monopolar layers, c, ¢, ¢ - concentrations of cations, anions
and products of water splitting, respectively.

on the right-hand side (x ):
c(d +8)=c )
o(d +8)=U 8)

Equilibrium at all interphase boundaries is established
according to the Donnan equation:

¢(x, - O)e“’(x’”o) =c (x,+ O)e“’(x”“)) )

where n =1, r, 0 (left and left membrane | solution interfaces,
bipolar boundary).

The current passing through the system may be expressed
in terms of the ionic fluxes:

i= FZZJ}

Total current passing through the system is due to the
transfer of water-splitting products and salt ions:

(10)

P=iy iy +ie+i, (11)
For simplicity we will introduce i, = i, + i,, and

i,=i.+1, then:

i=i, +i (11a)
By combining Eq. (1) with Eq. (10) we obtain:

. . . dc de, dy

iy = F(]W ~Jou ) = 7F{DH d—; - Dy d?cH +(Dyey + DOHCOH)E}

(12a)

) dc dy

i = —F{DC —S+Deec dx} (12b)

. dc dy

IA__F{DAd;_DACAdyJ (12¢)

F
where vy = ﬁ(p is the reduced potential.
From Eq. (12) taking into account Eq. (3) we can find:

Ldey 1 deg; i _dv (13a)

dx F (DHcH + DOHCOH) dx

¢, dx C

H OH

de. e c dy

dx  FD. Cdx’
dey_ iy, dv (13b)
dx FD, dx

3.2. The catalytic nature of the water-splitting reaction

For the first time the catalytic character of the water-
splitting reaction at the membrane/solution boundary was
proposed by Simons in Ref. [25]. The essence of this approach
is that the water-splitting reaction at the interphase boundary
proceeds according to two stage protonation—deprotonation
mechanism involving ionogenic groups of the membrane.
Subsequently, the approach proposed by Simons was used
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in the work of Zabolotskii, Sheldeshov, and Gnusin [26].
In general, this mechanism is represented by reactions:

AH + Hzo:@‘lA* +H,0° (14a)
A+ H20:;>ZZAH +OH" (14b)
B+ Hzokk@zBH +OH (15a)
BH' + H20:<:>:B +H,0" (15b)

where AH - acidic fixed group, B — base fixed group.

Note that the forward reaction of the second stage is a
rate limiting step, which determines the overall kinetics of
the process and the k, and the k, are the rate limiting con-
stants. Note also, that an autoprotolysis of water must be
taken into account:
H,0c—2H"+OH" (16)

Considering Eqs. (14)-(16) one can write the fluxes
for H* and OH- ions in the CEL:

By iy kikyciet o =k ok ,e5e ¢

f H* OH-
= +kc —kc C_
dx dx (k1 + kz)CH2 otkac, thao . Cr0 K, H(l ;z)
and in the AEL:
7 7 a 2 a
Lhi = 4 OH _ k3k4CfCHzO B kakACfCH* Con- +kc,—kc .c
de dx o (ktk oo thacy, ke, 0 }21 ;;)

Now we can introduce effective constants of water
dissociation and recombination in the CEL:

kSH = o oK (18a)
(kR e thoe, FRoe,
k_ k¢
CEL = et +k (18b)
(ky 4k, ey o +Eocy +heo,
and in the AEL:
KARE = LIRS ok (19a)
S U S NS S SN
k k.t
AL = 2t +k, (19b)
(k3 +k, )cHZO +ke, ke

Then Eq. (17) is reduced to the following form for the CEL:

Yy _ G

dx dx - deELC;CHzO B 'CEL 1 Con (20a)
and for the AEL:

di . dj

= T ey Ky (20b)

We introduce a number of assumptions that make it
possible to simplify the expressions obtained. First, from
Ref. [19] it follows, that k, >> k, >> k, and k, >> k, >> k. Also
inside the SCR c; >> cH”c; >>c,,. and cf>> cOH,,c; >>c
then ki, o > (k. +k,c ) and kyey o> (kg +hye.).
Taking into account the aforesaid, we obtain for the CEL:

kS =k, (21a)
k .k
K 2 g (21b)
kchZO
and for the AEL:
kAP =k, (10)
 k .k,
e 22 g (21d)
kSCHZO

In the bipolar membrane, the water-splitting reaction
takes place at the bipolar junction, hence ionic groups of both
the CEL and the AEL participate in the reaction. At some
point x inside the SCR the current is carried by hydrogen and
hydroxyl ions so we may write:

) ] ) ;VCL'L d . ;VCEL d]
zw(x):F(]W(x)—]OH(x))zl{ [ %dx-r [ ﬁdx] 22)

where AL and APt are the thicknesses of the SCR in the
anion-exchange layer and in the cation-exchange layer.

Outside the SCR the water-splitting reaction does not
occur and fluxes are constant, hence:

|
dx

Gorr

=0,
dx

=0 (23)

_pAEL

Taking into account Egs. (20), (21), and (23) from
Eq. (22) we get:

0 }‘CEL
iW(x):F[ [ kchen odx+ | kzc;cﬂzodx]—
0

_)AEL
(24)
c dx]

H* "OH~

0 )~CEL
AEL CEL
F| [ KMecodx+ [ ke
0

_) AL

The second term in Eq. (24) describes the recombination
current of hydrogen and hydroxyl ions back into the water
molecules, in what follows we denote:

0 }LCEL
z',(x)_F[ [ ke dx+ | kaLcchde] (25)
0

)AL

Following [30] we also assume that the rate limiting con-
stants k, and k, depend exponentially on the electric field
strength in the SCR.

ky =Ky EXP[BE:I,

k, =k, exp[BE] (26)



S. S. Melnikov et al. / Desalination and Water Treatment 123 (2018) 1-13 7

where k,  and k,, are the rate limiting constants of reactions
(14) and (15) in the absence of an electric (i = 0); B is the
entropy factor.

The electric field strength in the space charge region
(E(x)) can be found using the Schottky approximation [18]:

Fc} (XAEL + x) Jeg, A <x<0

Hx) = Fc¢ (XCEL - x) Jee.  0<x<ACEL

(27)

By changing the variable x by E in Eq. (24) using condition
(27) we finally obtain:

E, ()
iy = 88,0 0 (K + km)[ [ eﬁEdE]i, (28)
0

where we denote k; = cHZO(k20 + k40). k. is the total effective
rate constant of the pseudomonomolecular water dissocia-
tion reaction in the space charge region in the absence of an
electric field; E  is the electric field strength at the interface
between phases; 1), is the overvoltage of the bipolar region; e
is the relative permittivity in the space charge region; and e
is the absolute dielectric constant of vacuum.

Since each of the rate limiting constants (k,, k,,) depends
on the chemical nature of the ionogenic groups involved in
the reactions similar to (14) and (15), the total constant (k)
also depends on the chemical nature of the ionogenic groups.
The protonation/deprotonation reactions involving ionic
groups of the ion exchange membranes studied are described
in Appendix A.

0

3.3. The total potential drop in the system

The flow of chemical reactions (14) and (15) at the bipo-
lar boundary leads to the appearance of chemical overvolt-
age in the membrane system. An expression, which relates
the water-splitting products current with an overvoltage
arising at the bipolar boundary, can be obtained from Eq.
(28). Let us assume that the recombination current in the
investigated range of current densities does not change and
is equal to its value in the absence of an external electric
field:

E, (0)
iy:kxsso[ | eﬁEdE] (29)

0

Substituting Eq. (29) into (28) and integrating the result
from E (n,) to E_ (0) we obtain an equation that relates the
current carried by water-splitting products with overvoltage
of the bipolar region:

. k.gg BE,, (n, BE,,
iy = (o) - ) (30)

The electric field strength at the interface between phases
can be found [19]:

2Fcic; (A(po + nb)

€€, (C; + c;)

(31a)

E, (nb) =

2FcSct A
E,(0)= [ (31b)
aso(c‘ﬁcj)
where A¢Q, is the equilibrium potential of the bipolar
boundary:

cict
Ag, = Mln[”} (31c)

F | K,

Now the total potential drop across the membrane and
two diffusion layers can be expressed as:

U=U, +2U, o)
where U is the potential drop across bipolar membrane; U,
is the potential drop across diffusion layers.

Potential drop across membrane is a sum of three
terms: the ohmic potential drop across CEL and AEL, the
Donnan potential on the left-hand side and right-hand side
which interface membrane solution, and the bipolar region
overvoltage.

C
u, =u,, +11T1n[ "

m
CH

— ] +n, (33)

x=x

It is necessary for theoretical calculation of current—
voltage characteristics to know a number of parameters of
the electromembrane system such as concentration of salt in
alkali and acid (c, = c. = c,), concentrations of alkali and acid
outside the membrane (c,), the thickness of the monopolar
layers (d, d), the ion-exchange capacity of each layer (c/, ¢/),
the diffusion coefficients of each of the ions in the solution
(D) and in the membrane (D,) (for simplicity we consid-
ered that D, is one order of magnitude lower than D), the
thickness of the diffusion layers (d). The values of the param-
eters B and k, in Eq. (30) can be found from the experiment
on the spectra of the electrochemical impedance of bipolar
membranes [7,19].

Mathematically, the system of Eqgs. (12a)-(12c) with
boundary conditions (5)-(8) and the additional conditions
(11), (30), and (32) is a boundary value problem in the
four-layer domain. The solution of the problem consists in
integrating the transport equations in separate layers with
subsequent cross-linking of the solutions obtained at the
phase boundaries. As a result, ionic fluxes, concentration
profiles in each of the layers and total potential drop across
the electrochemical system can be found. A simple unmodi-
fied method of shooting [31] was used for the solution.

4. Results and discussion
4.1. Model verification

Verification of the model was carried out according to the
literature data [32] (Fig. 4) and from the experimental results
obtained in this study of asymmetric bipolar membranes
(Fig. 5).

The results presented in Fig. 4 show some variation
between the theoretical and experimental results. The reason
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0 1 2 3 4 5 6
uv

Fig. 4. General current-voltage characteristics of bipolar
membranes measured for electromembrane system sodium
hydroxide | BPM | hydrochloric acid, obtained in Ref. [32]:
1 - MB-3, 2 — MB-1, 3 — MB-2, 4 — calculation without taking
overpotential into account (k, = 10* s™). Dots — experimental
data, lines — calculated curves. Model parameters (for all mem-
branes): ¢, =0.0001 M; c,,=0.1 M; d =d =0.45 mm; cf=cf= 1.5M;
0 =0.16 mm; values of 8 and k; are taken from Ref. [19].

for this may be an incomplete correspondence of the embed-
ded model parameters to the experimental conditions. For
example, despite being studied by various authors, the
ion-exchange capacity of membranes is unknown. Also, the
literature does not contain data on hydrodynamic conditions
during the experiment, which make it impossible to calcu-
late accurately the thickness of the diffusion layer. All these

_i, mAlem? (@

factors bring individual errors in the definition of the total
potential in the system. Despite this, the obtained theoretical
results are in good agreement with experiment. The model
makes it possible to calculate the current-voltage charac-
teristics of various bipolar membranes in a wide range of
concentrations.

Now let us consider the case when the water-splitting
reaction is regarded as a fast reaction and does not cause a
rise of the overvoltage at the bipolar boundary. In the frame-
work of our model, this condition is satisfied for values of k,
greater than 10°. In reality, such a large value of the effective
constant is observed only for certain membranes [20]. A large
value of k_ leads to the fact that the water dissociation prod-
ucts current reaches high values for small values of over-
voltage. This can be seen from analysis of Eq. (30), if 1, — 0
then i, ~ f(k,). In Fig. 4, this state corresponds to curve 4. It is
seen that the current-voltage curves obtained for other real
membranes, which differ significantly from it. This is espe-
cially noticeable in the case of the bipolar membrane MB-2,
which has a low activity in the water-splitting reaction. This
example shows, as clear as possible, the necessity of taking
chemical overvoltage into account in modeling the behavior
of bipolar membranes.

The current-voltage characteristics of asymmetric bipo-
lar membranes show a significant decrease in the magnitude
of the limiting electrodiffusion current (Fig. 5) as compared
with the initial anion-exchange membrane substrate [7].
When the thickness of the cation-exchange layer is 30 pm, the
transfer of salt ions through the bipolar membrane decreases
substantially, and the limiting current density is only about
0.05 mA/cm? compared with a limiting current of 1.2 mA/cm?
for the anion-exchange membrane substrate measured under
the same conditions.

This effect is caused by the fact that the cation exchange
layer of MF-4SC “locks” the receiving side of the anion-
exchange membrane and prevents the transfer of anions
through the bipolar membrane.

(b)

i 2
14 - i, mAlcm:

1.2

0.8 -

uv

Fig. 5. General current-voltage characteristics of an asymmetric bipolar membranes measured for electromembrane system sodium
hydroxide | asymmetric BPM | hydrochloric acid (a) and expanded view of the general current—voltage characteristics up to 2 V (b).
CEL thickness (d ), microns: 1-10, 2 -30, 3 - 50, 4 —70. Lines — experimental data, dashed lines — calculated curves. Model parameters:
¢;=0.0001 M; ¢, =0.01 M; d, = 0.45 mm; ¢f = 0.9 M; ¢/ = 1.6 M; 5 =0.16 mm; $ = 5.6x10" m/V; k. =3.8 s7* [33].
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The difference in the shape of the current-voltage curves
between curve 1 and the remaining membranes can be
explained by the fact that with such a small thickness of the
modifying layer, the membrane largely preserves the monop-
olar membrane properties.

It can be seen from the obtained results that the pro-
posed model, with proper selection of the properties of the
catalyst (parameters 3 and k), describes quite well the cur-
rent-voltage characteristic of both classical and asymmet-
ric bipolar membranes. It is interesting to study how the
parameters of the electromembrane system, primarily the
thickness of the cation-exchange layer, the concentration of
external solutions and the exchange capacity of the cation
exchange layer influence the current-voltage characteristic
of the membrane.

When an asymmetric bipolar membrane is placed in
a solution with a relatively high concentration (0.5 M), salt
transfer rises significantly through the membrane (Fig. 6). The
ohmic region that corresponds to the electrodiffusion transfer
of salt ions through the cation-exchange and anion-exchange
layers of an asymmetric bipolar membrane can be seen
(Fig. 6). Just as in the case of a monopolar membrane, the
primary charge carriers in the asymmetric bipolar membrane
are salt ions within the ohmic region of the current-voltage
curve, and the water-splitting reaction does not proceed at
the bipolar boundary. The magnitude of the limiting cur-
rent on the bipolar membrane corresponds to the maximum
value of the salt ions flux through the membrane, that is, the
higher its value is, the higher the flux of salt ions through the
membrane is and, correspondingly, the higher the transfer
number of salt ions is. The limiting current increases with
decreasing thickness of the modifying cation-exchange layer,

i, mAlcm?

20 -

18 -

16

14 -

12

Fig. 6. Initial sections of the current-voltage curves. The numbers
next to the curves are the thickness of the cation-exchange
layer in microns. Model parameters: ¢, = 0.0001 M; c,, = 0.5 M;
d,=045mm;c/=09M; ¢/ =1.6 M; d=0.22 mm; 3 =24x10" m/V;

ki =3857(33] !

which is apparently associated with an increase in the diffu-
sion permeability of the modifying layer.

Fig. 6 shows that the initial sections of the experimental
and calculated volt-ampere curves differ substantially. In
particular, a certain slope of the ohmic region is an important
characteristic for the experimental curves, as well as a lower
value of the equilibrium potential compared with the calcu-
lated curve. The first difference can be explained by the fact
that on the experimental curve, in addition to the membrane
itself and the adjacent diffusion layers, the resistance of the
solution that lies in the measuring capillaries and the solu-
tion layer between the tip of the capillary and the diffusion
layer also contribute. The shift of the equilibrium potential
to the region of lower values is explained by the fact that the
heterogeneous membranes under investigation have large
pores [34] in their structure in which the equilibrium solution
is located. Such pores serve as an additional pathway for the
nonselective transfer of salt ions, which reduces the concen-
tration of hydrogen and hydroxyl ions at the bipolar bound-
ary and, as a consequence, reduces the equilibrium potential.

The dependence of the limiting electrodiffusion current
on the thickness of the modifying film has a nonlinear char-
acter (Fig. 7). Moreover, with the increase in the thickness of
the cation-exchange layer, it is not possible to exclude the
transfer of salt ions completely, as evidenced by the results
obtained for the bipolar membrane MB-2, in which the thick-
ness of the cation exchange layer is 450 pm.

The same type of dependence can be seen for different
CEL ion-exchange capacities (Fig. 8). It can be explained
by the fact that a cation-exchange layer with a larger ion-
exchange capacity has a larger charge. As a result of the
electrostatic interaction between the cation-exchange layer
and the anions (coions for a given layer), the force of their
repulsion from the surface and the volume of the membrane
increase, and it leads to a decrease in the value of the limiting
current density.

As shown in Figs. 7 and 8, the magnitude of the limit-
ing current on the asymmetric bipolar membrane depends
not only on the thickness of one of the layers but also on its

20 1 ijm, MA/cm?

18 -
16 |A<— 10
14 -
12
10 -
30
1/
61 &
4l 70
/ Calculation 450

2 A A / A/./
0 T T T T ]

0 100 200 300 400 500

d., microns

Fig. 7. Dependence of the limiting current value on the CEL
thickness. Dots — experimental data; line — calculated curve.
Model parameters are the same as in Fig. 6.
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25 4 i, MA/cm?
0.1
2405
15 4 1/0.2
14 <
0.5
1.0
05 - 0/ J 20
y
o o
0 T T T T ,
0 0.5 1 1.5 2 25
cf, mol/L

Fig. 8. Dependence of the limiting current value on the CEL
ion-exchange capacity. Dots — experimental data; line — calculated
curve. Model parameters: ¢, =0.0001 M; ¢, =0.01 M; d = 0.45 mm;
d_=0.03 mm; ¢f= 1.6M;5=0.16 mm; 3=>5.16x10"m/V; k,=3.8 5" [33].

charge (ion-exchange capacity). The use of commercial lig-
uids from which you can cast a membrane (LF-4SK, Liquion)
allows setting only one of these parameters, namely the
thickness of a layer. At the same time, the sulfonation pro-
cedure of polyether ether ketone is well known and is used
by many researchers to produce cation-exchange films and
membranes [35-38]. The selection of the sulfonation time, as
well as the volume ratio of SPEEK/PEEK, allows setting dif-
ferent values of the ion-exchange capacity of the membrane.
From this point of view, the SPEEK is a more suitable modi-
fier than the one used in this work.

The obtained results (Figs. 4-8) show that if the parame-
ters responsible for chemical overvoltage are known, the pro-
posed model can be used to describe the properties of both
classical and asymmetric bipolar membranes. It is of inter-
est to use the obtained data to determine these parameters
only from the general current-voltage characteristic of the
membrane.

4.2. The use of a model for determining the parameters catalytic
activity of the functional groups

In Ref. [15], a method for determining the parameters 3
and k, has been proposed; however, a large array of exper-
imental data was required for this. The magnitude of the
overvoltage is determined from the spectra of the electro-
chemical impedance, the fluxes of hydrogen and hydroxyl
ions are determined on the basis of the results of measuring
the effective ion transport numbers, and it is also necessary
to know the current-voltage characteristic of the membrane
to construct a partial current-voltage characteristics of the
bipolar region. Thus, the definition of these parameters is a
time-consuming process.

It was shown above that even the general current-voltage
characteristic depends strongly on the values of the indicated
parameters. Selecting them to the best coincidence of the cal-
culated current-voltage curve with the experimental one can
find the values of the parameters 3 and k,.

Table 3
Values of parameters 3 and k, for bipolar and asymmetric bipo-
lar membranes

Membrane Partial CVC model [19] CVC model
k,s*  Bx10°,m/V  k,s? Bx10°, m/V
MB-1° 8.95 3.65 18 3.4
MB-22 0.401 7.17 0.9 4.1
MB-3* 248 6.41 150 6
Asymmetric 3.8° 5.16° 1.1 5.6
BPM with
30 microns CEL

aData taken from [19]
*Data taken from [33]

The results of this selection are given in Table 3. It also
contains data on the values of the parameters (3 and k. known
from the literature, which were used in the calculations
shown in Figs. 4 and 5.

The data in Table 3 show that using the model of the cur-
rent-voltage characteristic of a bipolar membrane allows one
to evaluate the values of the effective rate constants for the
dissociation reaction of water and compare them with each
other. The obtained results are in qualitative agreement with
the literary data [19].

5. Conclusion

The electrochemical behavior of asymmetric bipolar
membrane depends on its structure (the thickness of the cat-
ion-exchange layer) as well as on the conditions of its use
(the current density and external solution concentration).
In dilute solutions the process of water splitting at the bipolar
boundary of the membrane prevails, and an asymmetric
bipolar membrane is similar in its properties to a classical
bipolar membrane. At low current densities in a more con-
centrated solution, the asymmetric membrane behaves like a
monopolar membrane-substrate, that is, the primary process
is the transfer of salt ions.

In comparison with classical bipolar membranes, the
lower selectivity (high values of the limiting current) of
the asymmetric bipolar membranes is provided due to the
small thickness and charge of the cation-exchange layer,
which results in a high fraction of the diffusion mechanism
of chlorine ion transport in the total mass transfer. One can
overcome this issue by changing the chemical nature of the
cation-exchange layer. For example, a sulfonated PEEK can
be used.

As for the practical aspect, the most interesting mode
is the mixed mechanism of ion transport, in which the
desalting process can proceed simultaneously with the
water-splitting reaction. The role of such processes in the
practice of electromembrane technologies is quite high, for
example, in the preparation of water for the needs of heat
power generation, in the stabilization of juices, wines and
other products of the food industry, in the separation of
biologically active substances which are sensitive to the pH
value.
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Symbols

d,d — Thicknesses of the anion-exchange and the
cation-exchange layers, m

o) — The thickness of the diffusion boundary layer, m

¢f, ¢/ — Concentrations of fixed groups in the cation-
exchange and the anion-exchange layers, mol/m?

c,c,c, — Concentrations of cations, anions and products
of water-splitting, respectively, mol/m?

J; — The flux of species i

c — The concentration of species i, mol/m?

D, — The diffusion coefficient of species i, m?*/s

z, — The valence of species i

F — The Faraday constant, A-s/mol

) — The electrical potential, V

v, — The net rate of formation of species by chemical
reaction

K, — Ionic product of water

i — The total current, A/m?

iy — The current carried by hydrogen ions, A/m?

fon — The current carried by hydroxyl ions, A/m?

i — The current carried by cations, A/m?

i, — The current carried by anions, A/m?

k. — The total effective rate constant of the pseu-
domonomolecular water dissociation reaction
in the space charge region 2—4 nm thick in the
absence of an electric field, s

B — The entropy factor

E, — The electric field strength at the interface
between phases, V/m

€ — The relative permittivity in the space charge
region

€ — The absolute dielectric constant of vacuum, F/m

n, — The overvoltage of the bipolar region, V

Ad, — The equilibrium potential at the bipolar
boundary, V

u, — The potential drop across bipolar membrane, V

u, — The potential drop across diffusion layers, V

CEL — Cation-exchange layer

AEL — Anion-exchange layer

BPM  — Bipolar membrane

aBPM — Asymmetric bipolar membrane
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Appendix A. Protonation—-deprotonation reactions involving ionogenic groups of the ion-exchange membrane.

Ionogenic groups

Protonation—deprotonation reactions

~PO,H,

~PO,H"

-SO,H

It
z

= NH,-NH,

ky=2x10°+2x10"s"

-PO,H,+HO———————>-PO,H + H3O+, K, =2x 10*mol/L

k,=10"+10""L/(mols)
k,=5x102+5x107"s!

-PO,H™ + HZO—2<——>.7PO3H’ +OH",K, =5x 10" mol/L

k_,=10%+10"L/(mols)

k=10°+10%s7!

-PO,H” +HZO<:>—PO§’ +H3O+,K] =107 mol/L

k,=10"+10""L/(mols)
ky=10'+10%s"!

7PO§’ + HZO—‘(——>.7PO3H’ +OH K, = 107 mol/L

k_,=10%+10"L/(mols)

k=10"s""

-SO,H+H,O————-50; + H30+,K1 =3x10mol/L

k,=3x10""L/(mols)

~80; +H,0e—2" 50 H+OH",K, = 3x10 " mol/L

k_,=10""L/(mols)

ky=3x10°s""

=N+H,Oe—=————==NH'+OH /K, = 10™*mol/L

k,=3x10""L/(mols)

=NH' +H,0e—%"— - N+H,0",K, =10 “mol/L

k_,=10""L/(mols)

k=3x10"s""

=NH+H,0—————==NH; +OH K, = 10~ mol/L

k,=3x10""L/(mols)

= NH; +H,0e—2"—— _ NH+H,0",K, =10 "mol/L

k_,=10""L/(mols)

Appendix B. Method of solving the equations for the
CVC model.

For each of the four layers composing the studied system
let us reduce the initial boundary value problem (Eq. (12)) to
a two-point boundary value problem. We rewrite Eq. (13) as
follows:

(B1)

where X == is a dimensionless spatial coordinate and 4 is

the length of the layer.

Since the problem is a stationary problem, we still have
the usual differential equation, which describes the fluxes as
independent of the space coordinate:

4,(X) —v. (B2)
ax '
We represent the vector composed of the unknown
initial functions by Y = (c, (X), j, (X)). With the vector Y(X), the
system of differential equations in Egs. (B1) and (B2) can be
rewritten in the usual standard form:

I

X (B3)
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The local chemical equilibrium condition allows us
to exclude hydrogen ion from layers to the left of bipolar
boundary and hydroxyl ions from the layers to the right of
the bipolar boundary, hence the dimension of Eq. (B3) is
n =12. For the boundary points X, =0, X,=1, X, =2, X =3,
X =4 we can write:

o =c,—c;k=123
X, oW = ch

5
o= —c}

X, 9 =c(1-0)""" —c,(1+0)e"
oM =j-j;k=7,8,9

10
=2, —c}

i

(1+0)

(2+0)

oM =c,(2-0)e"" —c,(2+0)e"

_ kg, (850 =0
C p
0¥ =7 —j;k=13,14,15

(16) __ _ A€
) —Zci ¢
1

X, ¢ =c(3-0)e"" —c,(3+0)e"
o =] —j;k=18,19,20

= (B4)

¢ Jw

(p“‘) =c - cf;k =21,22,23
X
. (p<z4) _ Zci

i

We introduce vector Fs((p“),(p‘z)...,<p‘24’)T and vector
0=(6,,6,,..0,,) :(ci(X/,),ji(X/))T,i =ACW;j=10,r.

It is necessary to find the vector 0 such that it represents
the initial values for the unknown functions c(X), j(X) in

order to make the errors in F = ((p“),(p(z)..., (p”‘))T vanish at the
left and right boundaries. A simple unmodified shooting
method was applied.

F(6)=0

The problem was solved by the classical Newton method:

Awp:B,
)
B=- F(el’)'

ewl = Gp +w,,

where F '(Gp) is the matrix of derivatives of the function F at
the pth iterative step.

Numerical calculation of the matrix of derivatives F’

(i)
po| %
00,
is carried out by approximating the derivatives with discrete
differences with second-order accuracy:

20" 9. 0,+4,.)-0"(..0,-4, )

o0, 2A

on a four-point grid, which requires four additional proce-
dures for integrating Eq. (B3) at each pth iterative step.

Iteration is performed until the following condition is no
longer fulfilled:

lo,.. - epH+HF(eM) <g

where & = 10#-10" is the designated accuracy for the solution
to the system of nonlinear algebraic equations.
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