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Abstract

Electrodiffusion of carbonate and bicarbonate anions through anion-exchange membranes (AEM) is described on the basis of the

Nernst�/Planck equations taking into account coupled hydrolysis reactions in the external diffusion boundary layers (DBLs) and

internal pore solution. The model supposes local electroneutrality as well as chemical and thermodynamic equilibrium. The

transport is considered in three layers being an anion exchange membrane and two adjoining diffusion layers. A mechanism of

competitive transport of HCO3
� and CO3

2� anions through the membrane which takes into account Donnan exclusion of H� ions is

proposed. It is predicted that the pH of the depleting solution decreases and that of the concentrating solution increases during

electrodialysis (ED). Eventual deviations from local electroneutrality and local chemical equilibrium are discussed.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The understanding of electrodialysis (ED) of solutions

containing weak electrolytes presents certain problems

because of the hydrolysis reactions coupled with the

transport. However, there are many examples where the

knowledge of this process is important. The removal of

weak electrolytes from natural waters during the pro-

duction of drinking and especially deionised water

(electrodeionisation) is difficult due to their small degree

of dissociation and the competition with strong-electro-

lyte ions. When treating solutions containing amino

acids, sometimes the aim is to remove the mineral salts

and to prevent the amino acid leakage through the

membranes. In facilitated transport, chemical reactions

between the moving species largely determine the course

of the process.

From a sufficiently general point of view, the above-

mentioned problems are scientifically related to a

branch of kinetics which is the ion transport coupled

with homogeneous chemical reactions. The classical

electrochemical approach [1] to the problem was devel-

oped later for membrane systems in the case of passive

[2] or facilitated diffusion [3�/6] and electromigration

[7,8] of weak-electrolyte species. The role of electric field

and mechanism of catalysis of the ‘‘water splitting’’

reaction at membrane j solution interface have been

investigated experimentally and theoretically [9�/13].

However, the coupling between the electrodiffusion of

weak-acid ions and their hydrolysis reactions is not

studied sufficiently.

The case of (bi)carbonate ion transport is chosen for

the present theoretical analysis because of its relative

simplicity and practical interest (ED of natural waters).

Several known experimental facts [14�/17] need a more

comprehensive explanation than that one can find in the

literature. It is known that during the ED of carbonate
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and bicarbonate containing solutions, the pH of the

depleted solution decreases and that of the concentrated

one increases, even when the current density is lower

than the limiting one. Another interesting phenomenon
is the growth of the water dissociation rate at an anion-

exchange membrane (AEM) interface, at overlimiting

currents, when adding carbonates (or bicarbonates) into

the NaCl solution adjoining the membrane.

The formulation of the problem considered in this

paper is based on the solution of the Nernst�/Planck

equations in a membrane system composed of three

layers, namely, the membrane and the two diffusion
boundary layers (DBL) [18�/20]. The assumptions of

local chemical and thermodynamic equilibrium, as well

as local electroneutrality are accepted, as it is often done

in the theoretical description of similar phenomena

[2,4,5,19,20]. However, the eventual deviations from

local electroneutrality and chemical equilibrium are

also discussed in the present study.

2. Theory

2.1. System description

Two identical solutions of NaHCO3 and H2CO3 are

separated by an AEM. Their pH is considered to be

neutral or acidic (pHB/8), so that the concentration of

CO3
2� ions is negligible in the bulk solutions. The

composition of these solutions is specified by the pH
and the Na� ion concentration, pHb and cNa

b .

The AEM is modelled as a homogeneous phase with a

molar concentration cm of univalent fixed charge

groups. This concentration is considered to be large

compared with the ionic strength of the external

solutions, so that the membrane is strongly charged

and the Na� ions are considered to be completely

excluded from the membrane phase. Due to this
Donnan coion exclusion [21], the concentration of H�

ions in the membrane is lower than in the external

solution, hence the membrane phase becomes more

basic than the external solutions and the dissociation

equilibria:

H2CO3UHCO�
3 �H� (1)

HCO�
3 UCO2�

3 �H� (2)

get displaced towards the formation of CO3
2� ions inside

the membrane. Also, the water dissociation equilibrium:

H2OUOH��H� (3)

has to be taken into account because the concentration

of OH� ions in the membrane phase might become
significant. It is then concluded that this transport

problem involves six different species, H2CO3, HCO3
�,

CO3
2�, OH�, H� and Na�, which will be referred to by

subscripts 0�/5, respectively. For sufficiently diluted

solutions, such as natural waters, the activity coefficients

are approximately equal to one, and the thermodynamic

constants (at 25 8C) of the above equilibria can be
written as:

K1�c1c4=c0�4:5�10�7 M (4)

K2�c2c4=c1�4:8�10�11 M (5)

Kw�c3c4�1:0�10�14 M2 (6)

where ci is the molar concentration of species i .
Equations (4)�/(6) are considered to be valid throughout

the whole membrane system, which requires these

reactions to be much faster than the transport processes

(see Appendix A).

When an electric current density i is driven through

the AEM, concentration polarisation develops. It is

considered that HCO3
� ions flow in the positive direc-

tion of the coordinate axis x , and hence i is negative.
The concentration changes are assumed to take place

inside two DBL of thickness d flanking the membrane.

The layer on the positive side of the AEM (in relation to

the x axis) becomes concentrated in HCO3
� and other

ions and the pH increases there. The layer on the

negative side of the AEM becomes depleted in HCO3
�

and other ions, and the pH decreases there. These layers

are denoted hereafter, as the depleted and concentrated
DBLs. Obviously, the extent of the pH changes, and

hence the displacement of the dissociation equilibria

(1)�/(3) depends on the electric current density.

2.2. Transport in the membrane phase

The steady-state problem under consideration is quite

complicated because it involves six different species,

which are transported by diffusion and migration across

a three-layer membrane system and participate in the

homogeneous chemical reactions described by Eqs. (1)�/

(3). Several simplifying assumptions are, therefore,
introduced to make the problem more tractable.

Since Na� ions are not involved in any reaction, their

flux density is constant throughout the system. More-

over, given that the AEM is strongly charged, it can be

assumed that it shows ideal permselectivity and, there-

fore, that the flux density of Na� ions vanishes every-

where.

It is generally accepted that the transport of counter-
ions inside charged membranes takes place mostly by

migration, and therefore, concentration gradients can be

often neglected inside the membrane phase. The flux

density j̄i of species i inside the membrane can then be

approximated by:

j̄i �
t̄ii

ziF
(7)

where t̄i�z2
i D̄ic̄i=aj z2

j D̄j c̄j; D̄i; and zi are the transport
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number, the diffusion coefficient and the charge number

of species i , respectively, F is the Faraday constant, and

overbars denote membrane phase. There is no hydro-

static or osmotic pressure gradient in the membrane;
hence the volume flow is not considered.

In the case of two competitive counterions, Eq. (7) is

justified by three-layer models [18�/20] treating the

transport with the Nernst�/Planck equations in the

membrane and two adjoining DBLs. When the electro-

diffusion resistance of the membrane is relatively high

(i.e. the parameter r�//(Dicid)=(D̄ic̄id) is higher than 2),

the counter-ion concentration profiles have a G-shaped
form [19,20]. In most of the membrane volume, the

internal concentrations of the counter-ions are constant

and determined by the depleted surface solution (from

which they enter the membrane); only a thin membrane

layer adjacent to the concentrated surface solution feels

the influence of this solution.

As already mentioned, the positively charged groups

fixed to the membrane exclude the H� ions and displace
the equilibrium shown in Eq. (2) towards the formation

of CO3
2� ions. It thus turns out to be that not only H�

and Na� ions, but also H2CO3 molecules are absent

inside the membrane. The internal concentrations of the

counter-ions HCO3
�, CO3

2�, and OH� must satisfy the

local electroneutrality assumption:X
i

zic̄i�cm�0 (8)

and it is assumed that they can be determined from the

condition of thermodynamic equilibrium with the de-

pleted surface solution.

The position of the membrane j depleted solution

interface is denoted as x�/0. The concentrations of

HCO3
� and CO3

2� ions at both sides of the interface can

be related by the condition of continuity of their

electrochemical potentials:

c̄i�kici(0)e�ziFDfD(0)=RT (9)

where DfD(0)�//f̄/(0)�/f(0) is the Donnan potential at

this interface, ki is the partition coefficient of species i ,

R is the gas constant, and T is the absolute temperature.

Eliminating DfD(0) from Eq. (9) for HCO3
� and CO3

2�

ions, it is obtained that:

c̄2

(c̄1)2
�

k2c2(0)

[k1c1(0)]2
�K21

c2(0)

[c1(0)]2
: (10)

The ratio K21�/k2/k1
2 needs then to be known for the

determination of c̄1 and c̄2 from Eqs. (8) and (10). Since

c̄3/�/cm , the concentration of the OH� ions inside the

membrane can be calculated from Eqs. (5) and (6) as

c̄3� c̄2K̄w=c̄1K̄2: Note that when partition coefficients ki

are introduced, the equilibrium constants of the chemi-
cal equilibria (1)�/(3) take the values K�K

Q
i k

ni

i in

the membrane phase, where ni is the stoichiometric

coefficient of species i .

The electrochemical equilibrium established at the

membrane j concentrated solution interface, which is

denoted as x�/d , is only relevant to the proposed

simplified approach in relation to its contribution to
the electric potential drop across the system. The

Donnan potential at this interface, DfD(d)�//f̄/(d )�/

f(d ), can be obtained from an equation similar to Eq.

(9), and the sum of the interfacial potential drops can be

calculated as:

DfD(0)�DfD(d):
RT

F
ln

c1(d)

c1(0)
: (11a)

The potential drop inside the membrane is rather

small and approximately ohmic. Thus, under the

assumption of zero concentration gradients, it can be

estimated as:

Df̄� f̄(d)�f̄(0):�
RT

F 2

idP
j z2

j D̄j c̄j

(11b)

where d is the membrane thickness.

2.3. Transport in the concentrated DBL

The concentrated DBL extends from x�/d to d�/d.

Even though the increase in concentration of HCO3
�

ions raises the pH in this layer, it can still be assumed

that the concentration of CO3
2� ions is negligible when

the bulk solution has neutral or moderately acidic pH.

In this case, the local electroneutrality condition can be
approximated by:

c1:c5 (12)

and, since j5:/0, this implies that:

F

RT

df
dx

:�
d ln c5

dx
:�

d ln c1

dx
: (13)

The flux density of HCO3
� ions is then given by;

j1��2D1

dc1

dx
:�

i

F
(14)

The HCO3
� ion concentration profile in the concen-

trated DBL is linear and the interfacial concentration

c1(d ) is determined by:

c1(d)�cb
1(1� i=iL) (15)

where iL �/�/2FD1c1
b /dB/0 would be the electrodiffusion

limiting current density in the case of a non-reactive 1:1

binary electrolyte solution; note that in the present
reactive system c1(0) is different from zero when i�/iL .

The potential drop in this layer can be obtained from

Eq. (13) as:
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Dfc�f(d�d)�f(d)�
RT

F
ln

c1(d)

cb
1

: (16)

2.4. Transport in the depleted DBL

The depleted DBL extends from x�/�/d to 0, and the

solution of the transport equations needs to be accurate

in this layer because the homogeneous reactions (1)�/(3)

are expected to proceed at a significant rate in this layer.
The flux density of species i is given by the Nernst�/

Planck equation:

ji��Di

�
dci

dx
�zici

F

RT

df
dx

�
(17)

where the electric potential gradient df/dx can be
determined from the local electroneutrality assumption:X

i

zici�0 (18)

as:

F

RT

df
dx

��
P

i ziji=DiP
j z2

j cj

: (19)

Since the transported species participate in chemical

reactions, their steady-state flux densities are position
dependent. It is possible, however, to calculate them

from the following five equations; remember that j5:/0.

The fast chemical reaction assumption (see Appendix A)

allows the following relations to be derived from Eqs.

(4)�/(6) and (17)

j1

D1c1

�
j4

D4c4

�
j0

D0c0

(20)

j2

D2c2

�
j4

D4c4

�
j1

D1c1

(21)

j3

D3c3

�
j4

D4c4

�0: (22)

The electric current density:

i�F
X

i

ziji�F
X

i

zi j̄i (23)

and the total carbon flux density;

jT � j0� j1� j2� j̄0� j̄1� j̄2 (24)

are both independent of position x because chemical

reactions conserve electric charge and the total carbon

amount. From Eq. (7), and neglecting j̄0 because the

H2CO3 concentration is negligible in the membrane, the
total carbon flux density can be written as:

jT ��
�

t̄1�
t̄2

2

�
i

F
: (25)

Finally, the potential drop Dfd across the depleted

DBL can be obtained from the Nernst�/Planck equation

and the fact that j5:/0 as:

Dfd �f(0)�f(�d)�
RT

F
ln

cb
5

c5(0)
(26)

where the condition c5(�/d)�/c5
b has been used.

2.5. Solution procedure

For every value of the electric current density i , and

starting from x�/�/d, the transport equations are

integrated numerically by using a second-order Euler

finite-difference formula. A shooting procedure is used

to determine jT . Starting with a guess value of jT , the

integration is performed up to the membrane j solution
interface at x�/0. Then, the molar concentrations in the

membrane phase are obtained from Eqs. (8) and (10).

The transport numbers t̄1 and t̄2 are calculated, and Eq.

(25) is used to estimate a new value of jT . The procedure

is repeated until Eq. (25) is satisfied to the accuracy

required. Then the potential drops are calculated from

Eqs. (11a), (11b), (16) and (26) and the total potential

drop U across the membrane system is evaluated as
their sum:

U �Dfd �DfD(0)�Df̄�DfD(d)�Dfc: (27)

Thus, the transport numbers in the membrane, the

total potential drop and the distribution of concentra-

tions, flux densities and electric potential are calculated
as functions of the current density. The diffusion

coefficients Di and D̄i; the ratio of partition coefficients

K21, the fixed charge concentration cm , the bulk solution

concentrations ci
b , and the thickness d of the DBLs and

d of the membrane are considered as fixed parameters.

Most of the results presented below have been obtained

with the following parameter values, which are typical

for an AEM in contact with drinking water: 2D0�/D1�/

D2�/D3/5�/D4/10�/D5�/10�5 cm2 s�1; c1
b :/c5

b �/10

mM; pHb �/7, D̄i/�/10�6 cm2 s�1, K21�/1; ki �/1;

cm �/1 M, d�/0.05 cm, and d�/0.01 cm. The bulk

concentrations of H2CO3 and CO3
2� under these condi-

tions are c0
b �/2.22 mM and c2

b �/0.87 mM.

3. Results and discussion

One interesting result, which is common to both

underlimiting and overlimiting current regimes, is that,

under the conditions considered in the present calcula-

tions, the contribution of OH� ions to the electrical

current transport inside the membrane is negligible.
Therefore, it can be considered that there are only two

charge carriers, HCO3
� and CO3

2�, in the membrane

phase and their transport numbers satisfy the relation
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t̄1� t̄2:1: Then, according to Eq. (25), the total carbon

flux density is jT �/�/i /t1F where t1�/2/(1�//t̄1)/�/1. The

variable t1 is defined as the ratio between the HCO3
� ion

flux density in the DBL and the total carbon flux
density, t1�/j1/jT . Table 1 shows the relations between

flux densities of the different species in the DBL and in

the membrane phase, the total carbon flux jT and the

electric current density i for the cases i /iL B/1 and i /iL �/

1.

3.1. Transport mechanism in the underlimiting current

regime

The transport mechanism taking place in the under-

limiting current regime, i /iL B/1, is schematically shown
in Fig. 1 and has been denoted as mechanism A. The

description of transport in the depleted DBL closely

resembles that presented in Section 2.3 for the concen-

trated DBL. The majority ions are HCO3
� and Na� and

the local electroneutrality condition can be approxi-

mated by c1:/c5. Their flux densities are j5:/0 and j1:/

�/i /F , the concentration profiles are linear, the inter-

facial concentrations are c5(0):/c1(0)�/c1
b(1�/i /iL), and

the potential drop is Dfd :/�/(RT /F )ln(1�/i /iL).

In addition to the transport of HCO3
� and Na� ions,

there is also a transport of H2CO3 molecules in the

DBL. Since jT :/j0�/j1�/�/i /t1F B/�/i /F�/j1 the flux

density of H2CO3 molecules must take place in opposite

direction to the HCO3
� ions flux density. Indeed, it can

be easily shown that j0�/jT�/j1�/�/(t1�/1)jT B/0, that

is, the H2CO3 molecules move from the membrane
towards the depleted DBL. It should be observed,

however, that the flux density of H2CO3 molecules in

the membrane phase is negligible.

In the membrane phase there are two charge carriers,

HCO3
� and CO3

2�, moving from the surface facing the

depleted DBL to that facing the concentrated DBL. It

should be observed that the flux density of CO3
2� ions in

the depleted DBL is practically zero, and that the flux
density of HCO3

� anions in the membrane phase is

lower than in the depleted DBL (that is, j̄1: t̄1j1B j1):

This means that only a fraction t̄1/B/1 of the HCO3
�

anions that reach the depleted interface of the mem-

brane cross it, and the rest of the anions must undergo a

chemical transformation into CO3
2� and H2CO3.

Referring the flux densities to jT , the flux density of

HCO3
� anions in the membrane phase is j̄1/:/(2�/t1)jT

and the fraction of anions that undergo a chemical

transformation is j1�//j̄1/�/2(t1�/1)jT . Half of them, that

is, a flux density (t1�/1)jT crosses the membrane as

CO3
2� ions, while an equal amount goes back into the

depleted DBL as H2CO3 molecules. These important

changes in the flux densities of these three species take
place in a very narrow interfacial reaction zone (i.e. a

region of thickness much smaller than d, and hence

taken to be zero). In the membrane side of this reaction

zone, the concentration of CO3
2� and OH� ions is

relatively high, and so is the pH. Contrarily, in the DBL

side of this reaction zone, the concentration of H2CO3

and H� is high, and the pH is low. The high interfacial

concentration of H� ions and H2CO3 molecules ex-
plains the direction of the flux density of H2CO3

molecules in the depleted DBL.

3.2. Transport mechanism in the overlimiting current

regime

The present model allows the current density to be

higher than its limiting value, where the concentration of

Na� ions becomes negligible in a depleted solution

region close to the interface. Hence, other positive ions

(H� ions) should compensate the charge of anions in
this region, and an additional transport mechanism

must occur. This mechanism has been denoted as

mechanism B in Fig. 1.

When i /iL �/1, the depleted DBL can be divided in

two regions, in addition to the above-mentioned inter-

facial reaction zone, the thickness of which is supposed

zero in this model. The properties of the outer region,

�/dB/x B/�/dr , are similar to those of the whole DBL,
�/dB/x B/0, in the underlimiting current regime, i /iL B/

1. In this outer DBL region, the reaction rates are

Table 1

Flux densities of carbonic acid, carbonic anions and hydrogen ions in the different regions of the membrane system in the underlimiting and

overlimiting current regimes

Regime Species DBL (outer region) DBL (reaction zone) Membrane

i /iL B/1 H2CO3 j0:/�/(t1�/1)jT /j̄0/:/0

HCO3
� j1:/�/i /F�/t1jT /j̄1/://�t̄1/i /F�/(2�/t1)jT

CO3
2� j2:/0 /j̄2/:/�/(/t̄2//2)i /F�/(t1�/1)jT

i /iL �/1 H2CO3 j0:/�/(t1�/1)jT j0
r :/(1�/t1t1

r )jT /j̄0/:/0

HCO3
� j1:/�/i /F�/t1jT j1

r :/�/t1
r i /F�/t1t1

r jT /j̄1/://�t̄1/i /F�/(2�/t1)jT
CO3

2� j2:/0 j2
r :/0 /j̄2/:/�/(/t̄2//2)i /F�/(t1�/1)jT

H� j4:/0 j4
r :/t4

r i /F /j̄4/:/0

The conditions jT �/j0�/j1�/j2 and �/i /F :/j1�/2j2�/j4 are satisfied in every region. Variables t1, t1
r and t4

r are defined as follows: t1�/j1/jT , t1
r �/�/

Fj1
r /i , and t4

r �/�/Fj4
r /i .
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negligible, HCO3
� and Na� are the majority ions and

the local electroneutrality condition can be approxi-

mated by c1:/c5. Their flux densities are j5:/0 and j1:/

�/i /F , and their linear concentration profiles are given

by c5(x ):/c1(x)�/c1
b [1�/(i /iL)(1�/x /d)]. In this region

the H2CO3 flux density is directed towards the outer

limit of the depleted DBL because j0:/jT�/j1�/�/(t1�/

1)jT B/0.

In the inner region, �/dr B/x B/0, the concentration of

Na� ions is negligible, the majority ions are HCO3
� and

H�, and the local electroneutrality condition can be

approximated by c1:/c4. The reason why the concen-

tration of HCO3
� ions does not vanish in this region is

because reaction (1) proceeds at a significant rate r1.

Hence, this region is denoted as the DBL reaction zone.

From the condition c5(�/dr ):/0 and the above linear

concentration profile, the thickness of the reaction zone

can be estimated as dr :/d(1�/iL /i), which increases with

the current density ji j.
In the reaction zone, the HCO3

� and H� ions move in

opposite directions to carry the electric current density

and their flux densities satisfy the equation j4
r�/j1

r :/i /F .

These flux densities can be conveniently expressed as

j1
r �/�/t1

r i /F and j4
r �/�/t4

r i /F , where the local effective

transport numbers in the reaction zone satisfy the

relation t1
r�/t4

r �/1. Since the flux density of HCO3
�

ions is j1�/t1jT in the outer region of the DBL and j1
r �/

t1t1
r jT �/t1jT�/t1t4

r jT in the inner region (transport

mechanism A), it must be concluded that a flux density

t1t4
r jT of HCO3

� ions must recombine with H� ions

moving in the opposite direction to form H2CO3

molecules (transport mechanism B). Then, in the vicinity

of the zone boundary, x :/�/dr , the rate of reaction (1)

is r1�/�/dj0/dx :/dj1/dx :/dj4/dx B/0 and the concentra-

tion of H2CO3 molecules must show a maximum.

Interestingly, as the membrane j solution interface

located at x�/0 is approached, the rate r1 of reaction

(1) changes from negative to positive values. In this

region, the electric field is very large, the electric current

is mostly driven by H� ions (note that D4:/10D1), and

there is a large flux of H2CO3 molecules towards the

membrane. However, since these molecules cannot cross

the interface, there must be a net dissociation of H2CO3

molecules into HCO3
� and H� ions and, therefore, r1�/

dj0/dx :/dj1/dx :/dj4/dx �/0. The HCO3
� ions cross the

membrane and contribute a fraction t1t4
r jT to j̄1/:/(2�/

t1)jT . The H� ions are transported towards the depleted

DBL and their flux density is j4
r �/t4

r i /F�/�/t1t4
r jT (note

that the transport numbers t1
r and t4

r are position

dependent).
The difference between j̄1/:/(2�/t1)jT and the con-

tribution t1t4
r jT mentioned above is associated to the

transport mechanism A and the flux density j1
r �/t1t1

r jT
in the inner region of the DBL. When the HCO3

� anions

reach the interface from the depleted DBL, a fraction of

them must undergo a chemical transformation through

reaction (2) into CO3
2� ions, which cross the membrane,

and H2CO3 molecules, which go back into the depleted

DBL. Since j̄2/:/(t1�/1)jT , and given the reaction

stochiometry, the fraction of j1
r that undergo the

chemical transformation is 2(t1�/1)jT , and the rest of

the HCO3
� anions cross the interface and add to the

t1t4
r jT coming from mechanism B to make the total j̄1/:/

(2�/t1)jT . Table 1 shows the total flux densities as the

sum of transport mechanisms A and B (compare Table 1

and Fig. 1).

Note, finally that the rates of reactions (1) and (2) are

very large in the interfacial reaction zone of negligible

thickness, and they both contribute to make maximum

the concentration of H� ions in the DBL region close to

the interface x�/0. These ions move towards the

depleted solution, thus decreasing the pH of this

solution.

Fig. 1. Schematic representation of the electrodiffusion-reaction mechanisms that operate in the underlimiting and overlimiting current regimes. The

contributions of these mechanisms to the flux densities of the species involved as shown in jT units. For instance, the value t1�/1 corresponding to the

CO3
2� ions in the membrane phase means that j̄2//jT �/t1�/1.
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3.3. Current�/voltage curve

Fig. 2 shows the current�/voltage curves of the system.

Most of the potential drop across the membrane system

is expected to occur in the depleted DBL under over-

limiting current conditions because, according to Eq.

(26), c5(0) becomes negligible then. Thus, the total

potential drop U has been decomposed in two contribu-

tions, namely, the potential drop Dfd in the depleted
DBL given by Eq. (26), and the other four contributions

DfD(0)�/D/f̄/�/DfD(d )�/Dfc shown in Eq. (27).

In a non-reactive 1:1 binary electrolyte solution, the

potential drops across the whole membrane system and

in the depleted DBL are given by Ubin�/(RT /F )

arctanh(i /iL ) and Dfd
bin�/�/(RT /F )ln(1�/i /iL), respec-

tively, and both diverge when i 0/iL . In the present

system, however, since the electric current can also be
transported by H� ions in the depleted DBL when i /

iL �/1, the potential drops U and Dfd are smaller Ubin

and Dfd
bin, respectively, and do not diverge.

3.4. Transport numbers

Fig. 3 shows the transport number of HCO3
� ion in

the membrane phase and evidences the different trans-

port mechanisms discussed in Sections 3.1 and 3.2. The

transport number t̄1 increases with increasing ji j when i /

iL B/1, while it decreases with increasing ji j when i /iL �/

1. By writing Eq. (10) in the form c̄2=(c̄1)2
/�/K21K2/

K1c0(0) and differentiating this and Eq. (8), it is easy to

show that d/c̄2//dc0(0)B/0 which means that t̄1 increases

with increasing c0(0). In the underlimiting current
regime, the H2CO3 molecules are produced at the

depleted interface, the local pH (at the DBL side of

the interface) is low. The flux density of H2CO3

molecules towards the bulk solution is j0:/(1�//t̄1)/i /

2F�/�/D0[c0(0)�/c0
b ]/d and, therefore, c0(0) increases

with increasing ji j, thus explaining the observed trend

for t̄1: The concentration of CO3
2� ions in the membrane

is small and decreases with increasing current density ji j,
and so does t̄2:/

The above arguments also imply that the observed

decrease in t̄1 with increasing ji j when i /iL �/1 must

correspond to a decrease in c0(0). In this regime,

mechanism B becomes operative and consumes H2CO3

molecules at the depleted interface, thus decreasing their

concentration there. This mechanism increases the local

pH (at both sides of the interface) and hence the

concentration of CO3
2� ions inside the membrane. As

a result, t̄1 decreases with increasing ji j (Fig. 3).
Note also that the Donnan potential drop at the

membrane j depleted solution interface DfD(0)�//f̄/(0)�/

f(0) becomes large (and positive) when i /iL �/1. Thus,

the concentration of the double charged CO3
2� ions

becomes large inside the membrane even though their

Fig. 2. Current�/voltage curves showing the contributions Dfd (*/ */ */, Eq. 26) and U�/Dfd �/DfD (0)�/D/f̄/�/DfD (d )�/Dfc (- - - - -, Eqs. 11a,

11b, and 16) to the total potential drop U (*/, Eq. 27). The parameters values used in the calculations are; 2D0�/D1�/D2�/D3/5�/D4/10�/D5�/

10�5 cm2 s�1; c1
b :/c5

b �/10 mM; pHb �/7, D̄i/�/10�6 cm2 s�1, ki �/1; cm �/1 M, d�/0.05 cm, and d�/0.01 cm.

Fig. 3. Transport number t̄1 of HCO3
� ions in the membrane as a

function of i /iL . The transport numbers of Na�, H�, and OH� ions

in this phase are negligible, while that of CO3
2� ions is approximately

equal to 1�//t̄1: Parameter values are the same as in Fig. 2.
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external concentration is very small. For instance, when

i /iL �/1.1, for a membrane system characterised by the

parameters specified in Section 2.5, DfD(0)�/270 mV,

the transport number of CO3
2� ions in the membrane

phase is t̄2/:/0.234, the internal concentration is c̄2/�/

66.08 mM and the external concentration (close to the

interface) is only c2(0)�/48.62�/10�12 M, to be com-

pared with the concentrations of HCO3
� and H� ions at

this same location which are c1(0)�/23.54 mM and

c4(0)�/23.13 mM, respectively.

3.5. Concentration profiles and flux densities in the

depleted DBL

Fig. 4a shows the calculated concentration profiles

corresponding to i /iL �/0.2. As described in Section 3.1,

the concentration profiles of the majority ions are linear

and their interfacial concentration is determined by

c5(0):/c1(0)�/c1
b (1�/i /iL). At this current density i /

iL �/0.2, the transport number of the HCO3
� anions in

the membrane is t̄1/�/0.872 and, therefore, the flux
density of H2CO3 molecules towards the bulk solution

is j0:/(1�//t̄1)/i /2F�/0.0128iL /F B/0 Since this flux is only

driven by diffusion, the concentration of H2CO3 mole-

cules, and hence that of H� ions, must be maximum at

x�/0. It is observed that the concentration profile of

H2CO3 in the depleted DBL is approximately linear and

its flux density is constant throughout the DBL (Fig.

5a), it can be concluded that the rate of reaction (1) is

negligible in the depleted DBL (outside the interfacial

reaction zone).

Fig. 4b and Fig. 5b show the concentration profiles

and flux densities for the case i /iL �/1.05. The transport

number of the HCO3
� anions in the membrane is t̄1/�/

0.859, as shown in Fig. 3. The thickness of the DBL

reaction zone (i.e. the region where the concentration

profiles are non-linear and the flux densities vary with

position) is of the order of d/10; in rough agreement with

the estimation dr :/d(1�/iL /i ):/d/20.
It is important to remember that the present study

makes use of the local electroneutrality assumption.

Even though the ionic concentrations close to the

membrane j depleted DBL interface are still of the order

of tens or hundreds of mM when 1B/i /iL B/1.1, the

presence of a large electric field in this region might

indicate that this assumption is no longer valid and the

Poisson equation should be used instead. Therefore, the

standard test of local electroneutrality assumption has

been carried out. This test requires evaluating the

Fig. 4. Concentration profiles of the majority species (H2CO3, HCO3
�,

and Na�) and pH variation with x in the depleted DBL; (a) in the

underlimiting (i /iL �/0.2) and (b) overlimiting (i /iL �/1.05) current

regimes. Parameter values are the same as in Fig. 2.

Fig. 5. Position dependence of the dimensionless flux of H2CO3

molecules, J0�/Fj0/iL , and HCO3
� (1), CO3

2� (2), OH� (3), and H�

(4) ions, Ji �/zi Fji /iL , in the depleted DBL; (a) in the underlimiting (i /

iL �/0.2) and (b) overlimiting (i /iL �/1.05) current regimes. Note the

two ordinate scales used in figure (a). Parameter values are the same as

in Fig. 2.
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residual space charge density associated to the electric

potential profile, which is obtained as:

r�o
d2f
dx2

�2Fcb
1k

�2
D

F

RT

d2f
dx2

(28)

where f is the electric potential calculated from the local

electroneutrality assumption, kD �/(2F2c1
b /oRT )1/2 is the

reciprocal Debye length, and o is the dielectric permit-

tivity of the solution. The validity of the local electro-

neutrality assumption requires that this residual space
charge density must be smaller than F aj z2

j cj through-

out the system. It is observed that when i /iL :/1.1 this is

no longer true in the region close to the interface where

r1�/0. For higher currents, the use of the Poisson

equation or the condition of quasi-uniform space charge

density [22] (instead of the electroneutrality condition)

would allow for a more precise calculation of the

concentrations in this region [18,22,23], and this might
affect the shape of the current�/voltage curve in the

overlimiting current regime.

Note also that the DBL thickness can change (but this

change is not considered in the model) with the current

due to coupled convection. The mechanism of this

convection depends on the solution concentration,

flow velocity and the cell geometry [20]. The gravita-

tional convection is more probable in concentrated
solutions and in cells with a great distance between the

membranes [20], while the contribution of the electro-

convection [24] is more important in diluted solutions

and when the DBL thickness is rather small [20].

3.6. The rate of variation of the solution pH

The understanding of the mechanism of pH variation

in the diluting and concentrating streams during ED of

natural waters is very important because it influences
the process performance. Effectively, the experimental

results show that the pH of diluting stream decreases

and that of the concentrating stream increases with the

current [15�/17]. The rate of this variation is not

negligible even when the current density is significantly

less than the limiting one. The decrease in the pH of the

diluting stream is not favourable for the ED process

because HCO3
� ions are then transformed into non-

dissociated H2CO3, thus becoming more difficult their

removal. The increase in the pH of the concentrating

stream makes more likely the precipitation of CaCO3 at

the membrane surface.

A simple way to analyse the pH variation in the

diluting stream consists in considering this stream as a

closed bulk solution of volume V and area A (parallel to

the membrane) of varying composition due to the
exchange of HCO3

� and H2CO3 with the depleted

DBL. Since Eq. (4) is valid within the bulk solution,

the time variations of the concentration of the three

major components of this solution satisfy:

d ln cb
0

dt
�

d ln cb
1

dt
�

d ln cb
4

dt
(29)

The conservation of hydrogen and carbon atoms

requires that their flux across the bulk solution j de-

depleted DBL interface equals their time variation in

the bulk solution, and then:

(2j0� j1)A�
�

2
dcb

0

dt
�

dcb
1

dt
�

dcb
4

dt

�
V (30)

(j0� j1)A�
�

dcb
0

dt
�

dcb
1

dt

�
V (31)

where the flux densities j0 and j1 are to be evaluated at

x�/�/d, and j4 has been neglected because it is much

smaller than j0 and j1. By combining Eqs. (29)�/(31), and

taking into account that j1�/�/i /F and c4
b �/c0

b , c1
b , it can

be shown that:

d ln cb
4

dt
�

�
j0

cb
0

�
j1

cb
1

�
A

V
�

�
J0

cb
0

�
i

iLcb
1

�
AiL

VF
(32)

where J0�/j0F /iL is the dimensionless flux of H2CO3

molecules across the x�/�/d interface. Therefore, it is

concluded that the extent of the pH variation in the
diluted bulk solution depends on the current density i

and the flux J0. An analysis of the variation of J0 with

the different system parameters is presented in Fig. 6.

The flux of H2CO3 is due to the fact that this acid is

formed inside the solution reaction zone (in the depleted

DBL) and moves towards the diluting bulk solution

Fig. 6. Dimensionless flux of H2CO3 molecules, J0�/Fj0/iL , at x�/�/d
as a function of i /iL . Curve (a) has been calculated using the following

parameter values 2D0�/D1�/D2�/D3/5�/D4/10�/D5�/10�5 cm2

s�1; c1
b :/c5

b �/10 mM; pHb �/7; D̄i/�/10�6 cm2 s�1; K21�/1, other

ki �/1; cm �/1 M; d�/0.05 cm and d�/0.01 cm. The other curves have

been calculated using the same parameter values as in the case of curve

(a) except for the one specified; (b) D̄2/�/5�/10�6 cm2 s�1, (c) D̄2/�/

2�/10�7 cm2 s�1, (d) K21�/5, (e) pHb �/7.5, (f) pHb �/6.5 and (g)

c1
b :/c5

b �/1 mM.
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down its concentration gradient. It should be apparent

that the flux J0 must be greater under those conditions

that increase the generation rate of H2CO3 in the

reaction zone, and hence the concentration gradient
dc0/dx . It was shown above that, when i /iL B/1, the

transformation of some HCO3
� ions into H2CO3 and

CO3
2� ions in the reaction zone can be associated to the

fact that CO3
2� ions carry a fraction of the current

density in the membrane phase. It should then be

expected that an increase in t̄2; due to either an increase

in D̄2 or an increase in c̄2; must lead to an increase in J0.

This is confirmed by the numerical results presented in
Fig. 6 (compare curves a, c, e for the effect of D̄2; and

curves c, f for the effect of K21).

The generation rate of H2CO3 in the reaction zone

can also be increased by increasing the solution pH. An

increase in the external pH causes an increase in the

internal pH, and hence an increase in c̄2: In addition, an

increase in the external pH causes a decrease in the bulk

H2CO3 concentration (at fixed c1
b ), and therefore, an

increase in its concentration gradient in the depleted

DBL. This is confirmed by curves b and c in Fig. 6.

The H� ions generation at the membrane j depleted

solution interface occurs more intensively in diluted

solutions. In this case the interfacial concentrations of

HCO3
� and Na� ions get comparable to that of H�

ions at lower potential differences. Hence, the contribu-

tion of these ions in the charge transfer as well as the
relative rate of H2CO3 transport into the bulk is greater.

This can be illustrated by comparison of curves a and g

in Fig. 6.

4. Conclusions

The model considered is based on the well known
assumptions of the local electroneutrality, chemical and

thermodynamic equilibrium. The account of the trans-

port in three layers being an anion exchange membrane

and two adjoining diffusion layers allowed a new insight

in the understanding of the mechanism of weak-acid

anions transfer through anion exchange membranes

taking as example (bi)carbonate ions. The mechanism

may be described as follows. Due to Donnan exclusion
of H� ions from the membrane, the membrane inter-

stitial solution should have a higher pH value than the

external solution and be enriched with CO3
2� anions. It

is shown that a fraction 1�//t̄1 of the HCO3
� anions

reaching the membrane j depleted solution interface

transforms to CO3
2� and H2CO3. The former migrate

across the membrane, while the latter go back into the

depleted DBL towards the diluting bulk solution. Thus,
during the ED of (bi)carbonate-containing solutions, the

pH of the depleted solution decreases, while that of the

concentrated one increases.

The theoretical analysis may help to understand

which membrane parameters should be varied to change

the ratio between the competitive fluxes of single

charged and bi-charged anions through the membrane
as well as to increase or decrease the rate of the pH

variation in diluting or concentrating streams.
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Appendix A

The theoretical modelling presented is based on the

local chemical equilibrium assumption. The possibility

of eventual deviations from this assumption is critically

analysed in this appendix. These deviations may appear

when the kinetic limiting current density ik becomes
comparable to the electrodiffusion limiting current

density jiL j. It is known [9,25] that the formation of a

‘‘normal’’ acid [25] (for example, the formation of

H2CO3 as the backward recombination half-reaction

(1)) is fast. This reaction takes place in the outer region

of the DBL reaction zone when i /iL �/1. This recombi-

nation process has a large kinetic rate constant kr 1�/

4.7�/1010 M�1 s�1 [25], and therefore, the assumption
that it is not a rate-determining step is justified.

However, three rate-determining steps controlled by

chemical reactions may be envisaged: the reactions of

dissociation of H2CO3, HCO3
� and H2O, which occur in

the very thin interfacial reaction zone.

Following Ref. [9], the kinetic limiting current density

for dissociation half-reactions is evaluated as:

ik�Fkdc�l (33)

where kd is the dissociation rate constant, c* is the

typical concentration of the dissociation species in the

interfacial reaction zone, and l:/2 nm is the thickness

of this zone [9]. This estimation of ik assumes that the

dissociation products are ionic and leave the reaction

zone under the influence of a very strong electric field

existing in this zone.

Consider first the dissociation half-reaction of Eq. (1).
As shown in Fig. 1, this half-reaction takes place at x :/

0 when i /iL �/1. The dissociation rate constant may be

calculated as [25]: kd 1�/K1kr 1�/2.1�/10�4 s�1. Using
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c0 �:/5 mM, Eq. (33) yields ik 1�/Fkd 1c0 �l:/2 mA

cm�2, which is of the same order of magnitude that jiL j,
as estimated for D1�/10�5 cm2 s�1, c1

b �/10 mM, and

d�/10�2 cm.
The dissociation half-reaction of Eq. (2) takes place at

x :/0 at all current densities. Assuming that kr 2:/kr 1�/

4.7�/1010 M�1 s�1, the dissociation rate constant can

be estimated as kd 2�/K2kr 2:/2 s�1. Application of Eq.

(33) with c1 �:/cm �/1 M gives ik 2�/Fkd 2c1 �l:/0.04

mA cm�2 which would lead to the conclusion that this

is the rate-determining step and not the electrodiffusion

through the depleted DBL. However, it is rather
unlikely that the dissociation takes place as described

in Eq. (2). Alternatively, the actual process occurring at

x :/0 at all current densities can be described as (see

Section 3.1 and Fig. 1):

HCO�
3 �H2OUH2CO3�OH� (34a)

HCO�
3 �OH�UCO2�

3 �H2O (34b)

The forward rate constant of reaction (34b) (proton-
transfer reaction) is known to be very large, kf 3b�/6�/

109 M�1 s�1 [25], so that the formation of CO3
2� ions is

not rate determining provided that the forward rate step

of reaction (34a) produces enough OH� ions. This latter

requirement is also satisfied because the equilibrium

constant of reaction (34a) is Kw /K1�/2.2�/10�8 M�1

and the backward rate constant of this reaction (being

also proton-transfer one) can be approximated by
kb 3a�/6�/109 M�1 s�1 thus yielding a large forward

rate constant (of the order of 2�/102 s�1), and hence a

large kinetic limiting current density (of the order of 2

mA cm�2).

It should be mentioned that equilibrium between

OH� and H� ions and water molecules, Eq. (3), is

also assumed in the model and that there is experimental

evidence that the water dissociation may be slow in bulk
solution and in strong acid or basic ion-exchange

membranes, the rate constant being of the order of 1

s�1 [9�/13]. However, this is not likely to introduce any

kinetic limitations in the present system because of the

two following facts. First, the H� ions that transport

the electric current in the depleted DBL in the range of

the currents studied, i /iL 5/1.1, do no originate from the

water dissociation but from the dissociation of H2CO3

and HCO3
� ions; note also that the concentration and

transport number of OH� ions in the membrane phase

is always negligible. Second, it is well known that the

water dissociation may be sufficiently fast in the

presence of weak acidic or basic groups because it is

catalysed, e.g. by weak-base amines in AEMs. The

catalytic mechanism is similar to that presented in

reactions (34a) and (34b) [9,11,13]. It is clear that the
HCO3

� anions present in the AEM play the same role as

fixed weakly basic anions in relation to water dissocia-

tion. Reactions (34a) and (34b) explain also the experi-

mental fact of the water ‘‘splitting’’ reaction acceleration

by the presence of HCO3
� anions in the depleted

solution in contact with the AEM.

Finally, when evaluating reaction rates, it has to be
taken into account that the electric field in the interfacial

region can accelerate these reactions by at least a factor

6�/50 [9�/13]. This means that the kinetic limiting current

densities estimated above are lower bounds, and the

assumption of the local chemical equilibrium in con-

sidered cases becomes further justified.
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