
Membrane resistance: The effect of salinity gradients over a cation
exchange membrane

A.H. Galama a,b, D.A. Vermaas b,c, J. Veerman d, M. Saakes b, H.H.M. Rijnaarts a, J.W. Post a,b,
K. Nijmeijer c,n

a Wageningen University, Sub-Department of Environmental Technology, P.O. Box 8129, 6700 EV Wageningen, The Netherlands
b Wetsus, Centre of Excellence for Sustainable Water Technology, P.O. Box 1113, 8900 CC Leeuwarden, The Netherlands
c Membrane Science & Technology, University of Twente, MESAþ Institute for Nanotechnology, P.O. Box 217, 7500 AE Enschede, The Netherlands
d REDstack B.V., P.O. Box 199, 8600 AD Sneek, The Netherlands

a r t i c l e i n f o

Article history:
Received 12 March 2014
Received in revised form
21 May 2014
Accepted 23 May 2014
Available online 2 June 2014

Keywords:
Ion exchange membrane
Membrane resistance
Salinity gradient
Electro-osmosis
Osmosis

a b s t r a c t

Ion exchange membranes (IEMs) are used for selective transport of ions between two solutions. These
solutions are often different in concentration or composition. The membrane resistance (RM) is an
important parameter affecting power consumption or power production in electrodialytic processes. In
contrast to real applications, often RM is determined while using a standard 0.5 M NaCl external solution.
It is known that RM increases with decreasing concentration. However, the detailed effect of a salinity
gradient present over an IEM on RM was not known, and is studied here using alternating and direct
current. NaCl solution concentrations varied from 0.01 to 1.1 M. The results show that RM is mainly
determined by the lowest external concentration. RM can be considered as two resistors in series i.e. a gel
phase (concentration independent) and an ionic solution phase (concentration dependent). The
membrane conductivity is limited by the conductivity of the ionic solution when the external
concentration, cexto0.3 M. The membrane conductivity is limited by the conductivity of the gel phase
when cextZ0.3 M, then differences of RM are small. A good approximation of experimentally determined
RM can be obtained. The internal ion concentration profile is a key factor in modeling RM.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ion exchange membranes are widely used for concentrating and/or
selective transport of dissolved charged particles, for example in
electrodialysis (ED) for desalination purposes [1–3]. Although ED is
in practice most used for brackish water desalination, it recently
gained interest as a seawater (pre) desalination technology [4,5]. In
addition, an electrodialysis stack can be used for the production of
salinity gradient energy in the opposite process i.e. reversed electro-
dialysis (RED), by mixing river water and seawater [6–9]. The salt
concentrations of the solutions in a RED stack are comparable to those
in a seawater ED stack. In the ED process low energy consumption is
desired and in RED high power production is targeted. In both
situations low stack resistances are a prerequisite.

Generally, membrane resistances are determined at an external salt
concentration of 0.5 M NaCl and a temperature of 25 1C. Literature
shows that membrane resistance depends on the concentration of the
external solution [10–16]. In practical applications of ED or RED, the

concentration at either side of the ion exchange membrane differs. It
is, however, unknown how this determines the membrane resistance.
Recent research indicated that the membrane resistance is signifi-
cantly higher compared to high salinities at both sides of the
membrane when a solution low in salinity is present at one side of
the membrane and liquid with a high salinity at the other side [16].
This previous research indicated that the actual membrane resistance
in practical applications may be an order of magnitude higher than
specified in standard resistance characterization measurements with
0.5 M solutions at both sides of the membranes.

Although the membrane resistance between external solutions
of unequal concentration is particularly interesting for many
practical applications, no systematic quantitative experimental
research has been performed on this topic. Veerman et al.
attempted to model the membrane resistance in cases with
different salinity at both sides quantitatively [8]. To validate this
model, and gain fundamental knowledge on membrane resistance
in practical applications, this paper presents experimental results
on the resistance of ion exchange membranes, having different
salinities at both sides (0.01–1.1 M NaCl). This experimental data
provides a solid fundament for a model, presented in this research,
to estimate the (cat-) ion exchange membrane resistance, even
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when using different salt concentrations at either side of the
membrane. This knowledge improves the modeling of processes in
ED and RED [17,18] and furthermore provides insight in how to
influence the membrane resistance for practical applications.

2. Theory

Determination of the ‘membrane resistance’ is not straightforward
as the measurement is influenced by changes in the membrane
environment. Długołęcki et al. [11,12] investigated single membranes
at several NaCl concentrations (range 0.017–0.5 M) and distinguished
the ohmic (true) membrane resistance (RM), the resistance of the
electric double layer (RDL), and the resistance of the diffusional
boundary layer (RDBL). Długołęcki et al. [11,12] showed that, at low
external NaCl concentrations (o0.1 M), the diffusion boundary layer
resistance (RDBL) is the main resistance, while at 0.5 M the true
membrane resistance (RM) accounts for the largest part of the
observed membrane resistance [11,12].

In the present article, the electric double layer resistance as
defined in [12,19] is not included as a separate resistance, as there
is no convincing evidence for it to be significant; the effect is
considered here to be part of the diffusion boundary layer, which
is further referred to as stagnant diffusion layer (SDL) [20,21].
Consequently the observed membrane resistance is given by the
summation of the true membrane resistance and the resistance of
the SDL:

RMþSDL ¼ RMþRSDL ð1Þ
Ion exchange membranes (IEMs) contain a fixed charge, which

stems from the ion exchange groups covalently bound to the
membrane polymer. For cation exchange membranes e.g. sulfonic
acid groups are used, while for anion exchange membranes e.g.
quaternary ammonium groups are used [1,2]. Ions with a charge
opposite to the fixed membrane charge density, X (mol/m3 of
internal solution [22]) are called counterions, while ions with a
charge similar to X are called co-ions. So for a cation exchange
membrane Naþ ions are the counterions and Cl� ions are the co-
ions. The degree to which counterions can pass the membrane and
the passage of co-ions is prevented, is reflected by the permselec-
tivity (ψm), which was defined by Winger et al. [23] as

ψm ¼ Tm
cou�Ts

cou

Ts
co

ð2Þ

where, Tm
cou, T

s
cou and Ts

co are the transport numbers (dimensionless) of
respectively the counterions in the membrane, the counterions in
solution and the co-ions in solution. Assuming electro neutrality
within the membrane, the fixed membrane charge density, the
counterion concentration in the membrane (ccounterion) and the co-
ion concentration in the membrane (cco� ion) are related according to
Eq. (3):

Xþcco� ion ¼ ccounterion ð3Þ
The counterion concentration in excess to the membrane

charge is referred to as ‘free ion concentration’ and is equal to
the co-ion concentration, therefore cco� ion � cf ree. These free ions
could be of particular interest to model membrane conductance, as
these ions are not associated with a fixed charge and depend on
the external concentration [24]. Previously, the relation between
the external NaCl concentration and the internal concentration
was investigated [22]. This research concluded that the Boltzmann
equation underlying the classical Donnan theory is valid to use for
densely charged ion exchange membranes. In the original Boltz-
mann theory ions are regarded as point charges, in very narrow
pores (�1 nm), ion size is no longer completely negligible. There-
fore it is necessary to include a small (energetic) size exclusion

term (μn¼0.2 kT), leading to the relationship given by Eq. (4) [22]

ccounterionþcco� ion ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2þð2cextexpð�μnÞÞ2

q
ð4Þ

where, cext is the external salt concentration (mol/m3). The fixed
membrane charge density, X is not a constant because it is
expressed per unit volume and therefore changes with the swel-
ling degree of the membrane according to Eq. (5) [22]:

X ¼ X0
w0

w
ð5Þ

where, X0 is the fixed membrane charge density estimated at an
external NaCl solution concentration of zero (¼5.7 M, in case of a
Neosepta CMX membrane [22]), w0 is the accompanying CMX
membrane water content (0.3113 g/g [22]), and w is the actual
water content (¼w0–0.0167cext g/g [22]) of a CMX membrane at
the given external solution concentration, cext (M).

By combining Eqs. (3) and (4), the equation to determine the
co-ion (or free ion) concentration becomes

cco� ion ¼
1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2þð2cextexpð�μnÞÞ2

q
�X

� �
ð6Þ

Eq. (6) shows that, due to the Donnan equilibrium, a decrease
in ion concentration of the external solution (cext) leads to a
decrease of the (free) ion concentration of the internal membrane
solution [22,24–27]. If the ion concentration of a solution
decreases, the conductivity of the solution decreases proportion-
ally (and almost linear below 1.0 M). Resistance of a salt solution
(R, Ω) is related to the conductivity (s, S/m) as shown in Eq. (7)

R¼ 1
G
¼ δ
sA¼ δ

ΛcA
ð7Þ

where, G is the conductance (S), A is the area (m2), δ is the
thickness (m), s is the conductivity (S/m), Λ is the molar
conductivity (S m2/mol), and c is the concentration (mol/m3).
The conductivity of a material is defined by the concentrations
and mobilities of the charge carriers it contains [25]. In ion
exchange membranes, the charge is carried by ions. The mobility
of these ions is expressed by their diffusion coefficient (related
through the Einstein–Smoluchowski equation [28,29]). As
described by Helfferich [25], a high membrane conductivity is
favored by: (i) a high membrane charge density, (ii) low degree of
cross-linking, (iii) small ion size, (iv) low ion valence, (v) high
external solution concentration and (vi) elevated temperature.

The membrane resistance is only one part of the total ED/RED
stack resistance. Additional resistance is created by electrodes and
liquid phase. By adjusting the electrolyte system or the electrode
coating, the overpotential (due to concentration polarization) and
the electrode resistance can be minimized [8,30,31]. Channel
thickness, and consequently liquid resistance, can also be opti-
mized for the system. Membrane resistance especially becomes
important for processes where electrode and flow channel resis-
tances are minimized, or when the membrane resistance is
relatively large compared to the other resistances, e.g. when very
thin flow channels or profiled membranes are used [7,32].

NaCl concentrations of the external solutions, which are
unequal at both sides of an ion exchange membrane result in a
chemical potential gradient over the membrane. This induces ionic
diffusion and osmotic water transport. In electrochemical systems
such as ED and RED, water transport can take place due to osmosis
(free water) or due to electro-osmosis (water transport together
with the ion, as its hydration sphere) [1,2,33–35]. In electrodia-
lysis, the osmotic and electro-osmotic water flux are in the same
direction (towards the concentrate) and can have a large influence
on the separation process [2,5,33,34,36]. For RED, water transport
is of less influence as electro-osmosis and osmosis are in opposite
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