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This paper aims to numerically study the steady-state electrical response of ion-exchange membrane systems
under bi-ionic conditions. The considered particular system is constituted by a membrane with negative fixed
charge and two diffusion boundary layers on both sides of themembrane. The system is bathed by two solutions
with a common co-ion but different counter-ion. The ionic transport processes of a ternary electrolyte are de-
scribed by theNernst-Planck-Poisson equations not only in themembrane but also in the diffusion layers, includ-
ing the electric double layers at the interfaces. The numerical results are obtained by using the network
simulationmethod. The steady-state voltage-current characteristics are analysed for cation-exchangemembrane
systems with monovalent ions and systems with a divalent counter-ion. The co-ion concentration polarization
phenomena in the electroneutral regions of the diffusion boundary layers of these systems are analysed and
discussed in detail. The electroneutral profiles of the counter-ionic concentrations inside the membrane and
the counter-ionic fluxes are also analysed for different values of the electric current through the systems.
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1. Introduction

Nowadays, studies on electrochemical properties of ion-exchange
membranes are receiving considerable attention because of the inter-
esting applications of these systems not only in the field of mass separa-
tion technology, such as electrodialysis [1] or capacitive deionization
[2], but also in that of renewable energy harvesting [3]. The steady-
state, transient and small-signal ac electrical responses of ion-exchange
membrane systems are now well-known [4].

Although the most attention has been paid to systems bathed in bi-
nary electrolyte solutions, multi-ionic transport in ion-exchange mem-
brane systems has taken special relevance not only in the classical
field of chemical analysis but also in separation techniques such as
Donnan dialysis [5]. In addition, a growing interest in transport process-
es of multi-ionic systems has emerged in the fields of electrodialysis for
desalination because of necessity of describing the water splitting phe-
nomena at the over-limiting current regime in addition to the salt trans-
port [6], and that of the energy harvesting under salinity gradients
because the significant effect of the uphill transport associated to diva-
lent ions which are present in a small concentration [7]. A special case
within multi-ionic systems is that where the ion-exchange membrane
is under bi-ionic conditions, i.e., the bathing solutions present a com-
mon co-ion but different counter-ion at identical concentration. Bi-
ionic systems have received special attention in literature and interest-
ing studies dealingwith them have been already reported [8–18]. These

studies have focused on the equilibrium state of the systems where a
cross flux of counter-ions is established, because the equilibriummem-
brane potential provides a value for the ratio of the diffusion coefficients
of the univalent counter-ions inside the membrane. Moreover, they
have not only dealt with univalent ions but also with divalent ones
[19–20] and variations in concentration in the bathing solutions [21].
However, theoretical studies on non-equilibrium ionic transport pro-
cesses through bi-ionic ion-exchangemembrane systems are rare in lit-
erature, are highly dispersed and usually include a large number of
mathematical simplifications.

This manuscript revisits the transport processes through bi-ionic
systems and it aims to study in detail the steady-state electrical re-
sponse of ion-exchange membrane systems under bi-ionic conditions.
The particular system under study is constituted by a membrane with
negative fixed charge and two diffusion boundary layers (DBLs) on
both sides of the membrane. The system is bathed by two solutions
with a common co-ion but different counter-ion, the transport of a ter-
nary electrolyte being considered because of the ionic inter-diffusion
processes between the two counter-ions due to their concentration gra-
dients. The ionic transport processes are described by the Nernst-
Planck-Poisson equations not only in the membrane but also in the
DBLs, including the electric double layers at the interfaces. The numeri-
cal results are obtained by using the network simulation method [22],
which is based on a finite differences scheme. The steady-state volt-
age-current characteristics are numerically obtained for cation-ex-
change membrane systems with monovalent ions and systems with a
divalent counter-ion. The co-ion concentration polarization phenomena
in the electroneutral regions of the DBLs of these systems are analysed
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and discussed in detail. The electroneutral profiles of the counter-ionic
concentrations inside the membrane and the counter-ionic fluxes are
also analysed for different values of the electric current through the
systems.

2. Steady-state ionic transport in ion-exchange membrane systems

Let us consider an ion-exchangemembrane that extends from x=0
to x= d, and twoDBLs adjacent to themembrane lying from x=−δL to
x=0and from x= d to x= d+ δR, such as shown in the sketch of Fig. 1.
Themembrane is bathed by two different bulk solutions each consisting
in a binary electrolyte with common anion. The membrane will be as-
sumed to have a negative fixed-charge. Ionic transport process is sup-
posed to be one-dimensional and perpendicular to the membrane-
solution interface, with x the direction of transport. The dimensionless
equations (see Appendix A) determining the steady-state behaviour of
the system are the laws of mass conservation or continuity equations
[23]:

dJi
dx

¼ 0; i ¼ 1;2;3 ð1Þ

the Nernst-Planck flux equations written for dilute solutions:

Ji ¼ − Dip
dci xð Þ
dx

þ zi ci xð Þ dϕ xð Þ
dx

� �
ð2Þ

and the Poisson equation:

dD xð Þ
dx

¼ ∑
3

i¼1
zi ci xð Þ

" #
− θ xð Þ ð3Þ

where

D xð Þ ¼ ε E xð Þ ¼ − ε
dϕ xð Þ
dx

ð4Þ

Here Ji, Dip, ci(x) and zi denote the ionic flux, the diffusion coefficient,
the molar concentration and the charge number of ion i, respectively.
We consider the ions i = 1 and i = 2 as the cations while i = 3 is the
anion. In this work, the ionic diffusion coefficients are different in the
DBLs and in the ion-exchange membrane, and DiS and DiM stand for
the diffusion coefficients of ion i in the solution (p= S) and membrane
(p = M) phases, respectively. The electric potential is represented by
ϕ(x), the electric permittivity by ε, the electric displacement by D(x),
and the electric field by E(x). θ(x) is the fixed-charge concentration,

which is known and expressed in a generalway as a function of position,
x. It is given by:

θ xð Þ ¼
0; −δL ≤xb0
X; 0≤x≤d
0; dbx≤dþ δR

8<
: ð5Þ

where the membrane fixed-charge concentration, X, is assumed to be
homogeneously distributed inside the membrane.

On the other hand, the faradaic electric current density, I, is:

I ¼ ∑
3

i¼1
zi Ji ð6Þ

and the boundary conditions for the ionic concentrations can be
expressed as:

c1 −δLð Þ ¼ −
z3
z1

c0L ð7aÞ

c1 dþ δRð Þ ¼ 0 ð7bÞ

c2 −δLð Þ ¼ 0 ð8aÞ

c2 dþ δRð Þ ¼ −
z3
z2

c0R ð8bÞ

c3 −δLð Þ ¼ c0L ð9aÞ

c3 dþ δRð Þ ¼ c0R ð9bÞ

where c0L and c0R respectively are the total concentrations of the com-
mon co-ion into the left and right bathing solutions. In this way, Eqs.
(7a)–(9b) indicate that the system is electrically neutral at the outer
boundaries of the DBLs. The reader must note that the above formula-
tion includes the electrical double layers at the interfaces and the equa-
tions modelling ionic partitioning, i.e., the relationships between the
concentrations of each ion inside and outside the membrane, are not
necessary.

3. Results and discussion

In this paper, the numerical results are obtained by using the net-
work simulation method, which has been briefly described elsewhere
[22], and they are presented for cation-exchange membranes with
X = 50 and d = 105 placed between two solutions with identical DBL
thickness δL = δR = 105, and identical salt concentration c0L = c0R =
1. We have considered a fixed salt in the right bathing solution with
z2= 1, z3=1,D2S=1 · 104, andD3S=2 · 104, which could correspond
to a LiCl solution. In the left bathing solutions two different systems
have been considered with z1 = 1 and D1S = 1.3 · 104, and z1 = 2
and D1S = 0.8 · 104, which respectively could correspond to NaCl and
CaCl2 solutions. In all the cases, the ionic diffusion coefficients in the
membrane have been chosen as a tenth of those in the solutions for
the sake of simplicity. In particular, this choice involves that the ratio
of the diffusion coefficients of the ions in the membrane take the same
value as in the solutions. If one takes into account that the length unit
is approximately 1.37 nm (see Appendix A), the chosen system param-
eters could correspond to membranes of width 137 μm and fixed-
charge concentration 5M immersed in 100mMbathing concentrations,
being 137 μm the thickness of each DBL.

Fig. 2 shows the voltage-current characteristics of bi-ionic ion-ex-
change membrane systems with NaCl and CaCl2 solutions in the left
compartment by denoting ϕM = ϕ(x = −δL) − ϕ(x = d + δR) the
membrane system potential. These curves are typical of ion-exchange
membrane systems [24–28]. The electric potential linearly varies with
current for the smallest values of the current. However, the electric po-
tential strongly varies with a small changing in current as the electricFig. 1. Sketch of the ion-exchange membrane system under study.

10 A.A. Moya / Journal of Electroanalytical Chemistry 789 (2017) 9–16



Download English Version:

https://daneshyari.com/en/article/4908015

Download Persian Version:

https://daneshyari.com/article/4908015

Daneshyari.com

https://daneshyari.com/en/article/4908015
https://daneshyari.com/article/4908015
https://daneshyari.com

