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A B S T R A C T

Ion-exchange membranes (IEMs) are used in environmental and energy technologies of electrodialysis (ED)
desalination and reverse electrodialysis (RED) power generation, respectively. Recent studies reported empirical
evidence that the conductivity and permselectivity of IEMs are bound by a tradeoff relationship, where an
increase in ionic conductivity is accompanied by a decrease in counterion selectivity over co-ion. A fundamental
understanding of this conductivity-permselectivity tradeoff is principal to inform membrane development. This
study presents an IEM transport model to analytically relate conductivity and permselectivity to intrinsic
membrane chemical and structural properties. The model employs the Nernst-Planck transport framework and
incorporates counterion condensation theory to simulate the performance of IEMs in a range of ED and RED
operations. The analysis revealed the mechanism for the tradeoff induced by bulk solution concentration: a
higher salinity suppresses IEM charge-exclusion, thus lowering permselectivity, but elevates mobile ion con-
centration within the membrane matrix to improve conductivity. As such, IEM applications are practically
confined to sub-seawater salinities, i.e., RED using hypersaline streams will not be efficient. In another tradeoff
driven by IEM water sorption, increasing membrane swelling enhances effective ion diffusivity to raise con-
ductivity, but diminishes permselectivity due to dilution of fixed charges. The transport model indicates that
increasing membrane ion-exchange capacity and reducing thickness can yield highly selective and conductive
IEMs.

1. Introduction

Ion-exchange membranes (IEMs) are charged polymeric films that
allow the selective transport of oppositely-charged species (counter-
ions), while retaining the like-charged ions (co-ions) and water [1].
IEMs are employed in environmental and energy technologies, such as
desalination, fuel cells, and salinity gradient power generation [2–5],
and also chemical production by the chloralkali process [6]. In elec-
trodialysis (ED) desalination, the application of an electric current
drives the separation of ions from saline brackish water, across the
IEMs, to produce freshwater [2,7]. Reverse electrodialysis (RED), the
power generation analog of ED, converts the chemical potential energy
stored in salinity gradients to useful electrical work by the directional
permeation of ions across the charge-selective membranes [8,9]. In
both ED and RED, permeability of the IEM to ions and charge selectivity
are principal parameters that determine performance.

A tradeoff relationship between permeability and selectivity exists
for membrane processes of gas separation, reverse osmosis, and ultra-
filtration [10–14]. Empirical evidence from recent studies indicates
IEMs are also bound by a similar constraint — an increase in ionic
conductivity (i.e., permeability) is almost inevitably accompanied by a
decrease in selectivity for counterions over co-ions, termed perms-
electivity [5,15,16]. Because of this conductivity-permselectivity tra-
deoff for ion-exchange membranes, any efforts to improve separation
will be at the expense of reduced kinetics, thus restricting overall ED
and RED performance and energy efficiency [5,15–17]. As such, the
tradeoff phenomenon has profound impacts on ED, RED, and other
IEM-based processes.

Fundamental understanding of the tradeoff and its intrinsic relation to
membrane properties is crucial to inform the development of better mem-
branes. However, while theoretical explanations for the tradeoff of other
membrane processes are available [10–14], a complete fundamentals-based
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framework to describe the IEM conductivity-permselectivity relationship is
lacking. Although recent experimental studies demonstrated that membrane
water uptake and bulk solution concentrations can induce the tradeoff be-
tween IEM conductivity and permselectivity, the qualitative explanations
provided do not give a rigorous mechanistic explanation of the phenom-
enon [15,18]. Analytical approaches to describe the effects of membrane
property on IEM transport are almost always focused on quantifying iso-
lated property-performance relationships [19–21] (such as, ionic con-
ductivity dependence on bulk concentrations) and oftentimes adopt semi-
empirical models, i.e., employ fitting parameters [18,19,22,23]. Hence,
such approaches are unable to elucidate the intrinsic relationship between
membrane properties and the intertwined performance parameters of
permselectivity and conductivity. The Nernst-Planck framework is com-
monly used to describe IEM transport [21,24–27], but requires the activity
and diffusion coefficient of ions within the charged IEM matrix, which are
anticipated to deviate significantly from bulk solution due to non-idealities
and are also not readily accessible by experiments [24,25]. Recently, studies
showed that counterion condensation theory, originally established for
aqueous polyelectrolyte solutions, can be applied to IEM to predict ion
activity and diffusivity with reasonable accuracy [28,29], thus highlighting
the potential to overcome the present limitations of Nernst-Planck transport
models.

This study analyzes ion transport across IEMs to elucidate the de-
pendence of key performance parameters, ionic conductivity and
charge selectivity, on intrinsic membrane chemical and structural
properties. Firstly, the working principles of ion-exchange membranes,
electrodialysis, and reverse electrodialysis are described. The IEM
model is presented and principal governing equations are discussed. In
the model, ion transport is driven by chemical and electrostatic po-
tential, i.e., the Nernst-Planck equation, and counterion condensation
theory is incorporated to account for ion activity and diffusivity within
the membrane matrix. Computational codes numerically solve for the
system of nonlinear differential equations. After the model is validated
with literature data, the effects of operating parameters, electric po-
tential difference and external solution concentrations, on current ef-
ficiency and resistance to ion fluxes are examined. The analysis then
assessed the dependence of permselectivity and conductivity in ED and
RED on the intrinsic membrane properties of ion-exchange capacity,
degree of swelling, and membrane thickness. The underpinning phe-
nomena relating operating conditions and membrane properties to IEM
performance are highlighted and the principal factors governing the
observed conductivity-permselectivity tradeoff are elucidated. Lastly,
the implications for ED desalination, RED salinity gradient power
generation, and membrane development are discussed.

Nomenclature

Acronyms

IEM ion-exchange membrane
CEM cation exchange membrane
AEM anion exchange membrane
ED electrodialysis
RED reverse electrodialysis
HC high concentration
LC low concentration

Symbols

a activity
b distance between fixed charges on the polymer chain
c molar concentration
cfix

m fixed charge density of membrane
c̄m concentration normalized by unit volume of solution

sorbed by membrane (excluding polymer volume)
e elementary charge
fw volume fraction of water
kB Boltzmann constant
l membrane thickness
î current density
îtot net current density
t transport number
z ion valence
A function for counterion condensation effect, defined by

Eq. (14c)
ASR area specific resistance
ASC area specific conductance
CE current efficiency
D diffusion coefficient
F Faraday constant
IEC ion-exchange capacity
J mass flux
K partition coefficient
OCV open-circuit voltage
P hydrostatic pressure
Rg gas constant

SD swelling degree (volume of water sorbed per unit dry
polymer weight)

T absolute temperature
V̄ partial molar volume
ΔVm external membrane potential drop including Donnan po-

tentials at membrane-solution interface
Ζ ratio of zco/zct
α permselectivity measured by transport number
αapp apparent permselectivity measured by OCV
β membrane activity correction factor for Nernst-Planck

equation, + c d dc1 ( ln / )i i i
m m m

γ activity coefficient
±
s salt activity coefficient in bulk solution

ε0 vacuum permittivity
εr solvent dielectric constant
λB Bjerrum length
µ̄ electrochemical potential
μ chemical potential
μ° standard state chemical potential
ν dissociation number
ξ dimensionless linear charge density of the polymer
ρ resistivity
ρp mass density of dry polymer
σ conductivity
τ tortuosity
φ electric potential
ΔφDonnan Donnan potential
Δφm internal membrane potential drop excluding Donnan po-

tentials at membrane-solution interface
χ ratio of equivalent mobile co-ion concentration to fixed

charge density, c c( )co
m

co fix
m 1

Superscripts and subscripts

i mass species
s bulk solution phase
m membrane phase
ct counterion
co co-ion
w water
P polymer
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2. Working principles of ion-exchange membranes and IEM
processes

2.1. Working principles of ion-exchange membranes

Ion-exchange membranes are water-swollen polymeric films of ty-
pically 50–200 μm thickness, with a high density of charged ionic
functional groups fixed to the backbone chains [1,30,31]. The selective
transport of IEMs is achieved by the charge exclusion principle: the
fixed functional groups exclude like-charged co-ions and the membrane
preserves electroneutrality by having a high concentration of counter-
ions (opposite charge to fixed moieties). Ion transport is driven by
electrochemical potential, and the comparatively greater concentration
results in a larger flux of counterions than co-ions. Hence, IEMs allow
the preferential permeation of counterions over co-ions, but because co-
ions are not completely excluded from the membrane matrix, the
charge selectivity of IEMs is imperfect. Cation exchange membranes
(CEMs) with fixed negatively charged functional groups, such as, sul-
fonic acid, phosphoric acid, and derivatives of sulfonamide and azole,
selectively favor cations permeation; whereas anion exchange mem-
branes (AEMs) possess cationic functional groups, e.g., quaternary
ammonium, to facilitate transport of anions over cations [32,33].

2.2. Electrodialysis desalination

Electrodialysis (ED) is an IEM-based desalination technology that
utilizes an electric current to separate charged ions from a saline stream
and produce freshwater [2,7]. In ED, an external electric potential is
applied across a stack comprising repeating pairs of CEM and AEM.
Saline feed stream flows through each compartment channel between
the membranes. Fig. 1A shows one CEM-AEM pair of the stack and the
adjacent solution compartments. The external electric potential drives
the permeation of cations towards the cathode and the anions towards
the anode. As the IEMs selectively allow the permeation of counterions
and retain co-ions, cations and anions permeate into the concentrate
compartment from the abutting diluate streams, across the CEM and
AEM, respectively, but ions in the concentrate stream are hindered from
crossing into the diluate compartment (Fig. 1A). This selectivity for
current carriers generates alternating diluted and concentrated flows
across the stack. For converting the ionic current to an electric current,
a reversible redox couple (e.g., Fe2+/Fe3+ or Fe(CN)6]4−/[Fe
(CN)6]3−) is circulated between the end electrodes, thereby closing the
circuit [2,7].

2.3. Reverse electrodialysis energy production

Reverse electrodialysis (RED) produces useful work from salinity
gradients by inverting the operating principles of ED separation [9,34].
Instead of supplying external electrical energy, RED generates power
from the controlled mixing of high and low concentration solutions. A
similar membrane stack configuration as ED is utilized (Fig. 1B): a re-
peating cell consists of, in spatial order, a CEM, a high concentration
(HC) solution compartment, an AEM, and a low concentration (LC)
solution compartment (which is bordered by the CEM of the next cell).
This alternating structure enables the series addition of Nernst poten-
tials arising from the concentration difference across the IEMs. Selective
transport of anions and cations in the HC solution, across the AEM and
CEM, respectively, to the adjacent LC chambers produces a net charged
ion flux. Like ED, a reversible redox couple is circulated between the
two end electrode chambers to transform ionic current in the stack to an
electric current that powers the load in the external circuit.

3. Transport model for ion-exchange membranes

In this section, the transport model for ion permeation in IEMs is
presented and key equations are listed. The model considers the

solution-membrane interface to be at quasi electrochemical equilibrium
and uses the modified Nernst-Planck equation to describe ion fluxes
within the membrane matrix under an electrochemical potential gra-
dient. Manning’s counterion condensation model is utilized to account
for ion activities and diffusion coefficients within the membrane matrix,
which differ significantly from bulk solution. Membrane performance
parameters in ED and RED are then introduced and their significance is
discussed.

3.1. Equilibrium concentrations at solution-membrane interface

Fig. 2A shows an IEM of homogenous fixed charge density, cfix
m

(dotted horizontal green line), separating high and low concentration
solutions of cs,HC and cs,LC, respectively. At equilibrium at the solution-
membrane interfaces, the electrochemical potential, µ̄i, of species i=
counterions, co-ions, (or water) in solution and membrane are equal:

=µ µ¯ ¯i i
m s (1)

where superscripts m and s denote membrane and solution phase, re-
spectively. The electrochemical potential is the sum of the chemical
potential, µi, and the electrical potential, = +µ µ z F¯i i i (z is the va-
lency of the ion, F is the Faraday constant, and φ is the local electro-
static potential at the solution-membrane interface) [35]. Chemical
potential, µi, can be further expressed by the standard state chemical
potential, µi

0, activity of species, ai, and hydrostatic pressure, P:
= + +µ µ R T a V Pln ¯i i i i

0
g [36]. Here, Rg is the gas constant, T is the

absolute temperature, and V̄ is the partial molar volume of i. Thus, the
electrochemical potential of species i is

= + + +µ µ R T a V P z F¯ ln ¯i i i i i
0

g (2)

As both ED and RED operate at practically ambient hydraulic
pressures, the hydrostatic pressure difference between the membrane

Fig. 1. Schematic of A) electrodialysis (ED) and B) reverse electrodialysis
(RED). The arrows indicate direction of cation (+) and anion (−) permeation.
Repeating pairs of negatively charged cation exchange membranes (CEM) and
positively charged anion exchange membranes (AEM) allow the selective per-
meation of oppositely charged counterions (cations and anions, respectively),
while rejecting co-ions. Only one IEM pair and the end electrodes are shown. A
reversible redox couple is circulated at the end electrodes to convert between
the ionic and electric current. In ED, ion separation is achieved by applying an
external voltage to drive the permeation of ions against the concentration
gradient, i.e., from the diluate to concentrate stream. Conversely in RED, the
concentration gradient across the IEM results in a Nernst potential that drives
the transport of ions. The net ion flux is transformed to an electric current and
powers a load in the external circuit, thereby producing useful work.
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and solution phases can be approximated to zero: Pm− Ps = 0. By se-
lecting the same standard state chemical potential for both phases, µi

m,0

= µi
s,0[24], Eqs. (1) and (2) combined reduces to just the activity and

electrostatic terms:

+ = +R T a z F R T a z Fln lni
m

i i
s

ig
m

g
s (3)

Activity, a, can be replaced with the product of the concentration, c,
and activity coefficient, γ, which is a function of concentration. Here,
concentration is moles of solute per unit volume of solution. However,
the membrane matrix comprises both solution and polymer.

Multiplying c̄m, the concentration normalized by unit volume of solu-
tion sorbed in the membrane matrix (i.e., excluding the polymer vo-
lume) by the volume fraction of water in the IEM, fw, gives the con-
centration normalized by total volume of the water-swollen membrane,

=c f c̄m
w

m (i.e., includes volume of solution and polymer). For the co-
ions and counterions (subscripts co and ct, respectively), Eq. (3) can be
correspondingly rearranged to

=
c

f c
z F
R T

exp
m m

s s
co co

w co co

co

g
Donnan

(4a)

=
c

f c
z F
R T

exp
m m

s s
ct ct

w ct ct

ct

g
Donnan

(4b)

The difference in electrostatic potential across the solution-membrane
interface, φm−φs, is defined as the Donnan potential, Δφ Donnan

[1,37,38].
Equating the Donnan potentials of Eqs. (4a) and (4b) yields Eq. (5)

after reordering:

=c f c c c( ) ( ) ( )m s s s s m m m
co w

1
ct ct co co co

1
ct ct (5)

where Ζ is zco/zct. Counter- and co-ion activity coefficients within the
membrane, m

ct and m
co , respectively, can be predicted using Manning's

counterion condensation model with good agreement with experi-
mental data [28,39]:

= + +{ }zexp 1
2

[1 ( ) ]m
co

2
ct ct co ct

1
(6a)

= +
+

+ +{ }z z
z

z
1

exp 1
2

[1 ( ) ]m
ct

ct
1 1

ct ct

ct ct
ct ct co ct

1
(6b)

with = c c( )co
m

co fix
m 1 and ξ being the dimensionless linear charge

density of the polymer:

= =
b

e
k Tb4 r

B
2

0 B (6c)

where λB is the Bjerrum length, b is the distance between fixed charges
on the polymer chain, e is the elementary charge, ε0 is the vacuum
permittivity, εr is the solvent dielectric constant, and kB is the Boltz-
mann constant. Eqs. (6a) and (6b) are applicable for ξ > |zct|−1; this
condition is readily satisfied for the high density of fixed charges within
an IEM [40].

For 1:1 electrolytes, such as NaCl and MgSO4, zco =− zct and,
hence, Ζ is − 1. Additionally substituting in =c cco

s
co

s, =c cct
s

ct
s, and

= ±( )co
s

ct
s s 2 [41] further reduces Eq. (5) to

= ±c
f c

c
( )m

s

m m mco
co ct w

2 s 2

co ct ct (7)

where ν is the number of counter- or co-ions each electrolyte molecule
dissociates into (i.e., νco = νct = 1 for NaCl). The salt activity coeffi-
cient in bulk solution, ±

s, can be predicted using theoretical models; in
this study the Pitzer equations are employed for NaCl [42,43]. Eqs.
(1)–(5) are general equations for all electrolytes, whereas Eq. (7) is
specific to 1:1 electrolytes. The equations are applicable for equilibrium
at both HC and LC solution-membrane interfaces (Fig. 2A).

Besides the condition of electrochemical potential equilibrium be-
tween the solution and membrane phases, charge balance also needs to
be preserved at all points within the membrane, including the inter-
faces:

+ =z c c z cm m
co co fix ct ct (8)

Rearranging Eq. (8) yields

=c z c c
z

m
m

co
ct ct fix

co (9)

which can be solved simultaneously with Eq. (5) (general case) or 7 (1:1

Fig. 2. A) Schematic depicting counter- and co-ion fluxes, Jct and Jco, respec-
tively, in ED and RED. Also indicated are representative bulk, counterion, and
co-ion concentrations at the solution-membrane interfaces, cs, cct

m, and cco
m, re-

spectively, and uniform fixed charge density, cfix
m , across the membrane. Electric

potentials, V, at the solution and membrane sides of the HC and LC interfaces
are denoted (superscripts s, m, HC, and LC) for an illustrative RED process. The
external and internal electric potential difference across the IEM, ΔVm and Δφm,
are related through the Donnan potentials of the solution-membrane interfaces,
ΔφDonnan. B) Concentration profiles of counterion, co-ion, and fixed charge
within the IEM for an illustrative RED process (blue solid, red solid, and green
dotted lines, respectively). Electric potential profile within the membrane is
depicted by orange line. For the RED example shown here, Δφm is< 0, but is
positive for ED. Membrane properties cfix = 1.68 eq/L, fw =0.30, and l
=100 μm; bulk solutions cs,HC and cs,LC are 600 and 17mM NaCl, respectively.
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electrolytes) to determine cco
m and cct

m. The counter- and co-ion con-
centrations at the HC and LC solution-membrane interfaces are in-
dicated in Fig. 2A as c m

ct
,HC, c m

co
,HC, c m

ct
,LC, and c m

co
,LC, respectively. The

Donnan potential, ΔφDonnan =φm− φs, is calculated using Eq. (4) with
the membrane and solution activities, ci i

m m and ci i
s s, and approx-

imating the activity coefficient of counter- and co-ions in bulk solution
to be effectively the same, i.e., ct

s = co
s = ±

s. Indicated in Fig. 2A are
φs, φm, and ΔφDonnan for the HC and LC solution-membrane interfaces.
For this study, NaCl, a 1:1 electrolyte, is employed. The effect of pH is
negligible, since the contribution of H+ and OH− to the electrolyte
composition is small (< 10−4 M) compared to Na+ and Cl− con-
centrations (> 10−2 M) across the environmentally-relevant pHs of
4–10.

3.2. Nernst-Planck equation for transport across membrane

During electrodialysis separation or reverse electrodialysis energy
production, a net driving force is present for transport of species across
the ion-exchange membrane. At steady state, the molar ion flux is
governed by [44]:

=J D c
R T

dµ
dx
¯

i
i i i
m m

g

m

(10)

where Dm is the ion diffusion coefficient and x is the flux direction, i.e.,
across membrane thickness. The electrochemical potential of counter-
or co-ions in the membrane, µ̄i

m, is described by Eq. (2) and includes the
electrical potential and activity terms, ziFφ+RgTlnγc, assuming no
hydraulic pressure gradient within the membrane matrix. Substituting
the terms into Eq. (10) yields the Nernst-Planck equation (modified to
account for activity coefficient):

= +J D c
d c

dx
z F
R T

d
dx

ln( )
i i i

i i im m
m m

g

m

(11)

The first term of Eq. (11) denotes Fickian diffusion of ions down an
activity or, effectively, concentration gradient whereas the second term
signifies migration of the charged species under an electric field within
the membrane. Expressions for the local concentration and electric
potential gradients within the membrane can be derived by combining
Eq. (11) for counter- and co-ions:

=dc
dx

J
z D c

J
z D c z c z c

m
co

co co
m

co
m

ct

ct ct
m

ct
m

ct

ct ct
m

co

co co
m

1

(12)

=d
dx

R T
F

J
D

J
D

z c z cm g co

co
m

co
m

ct

ct
m

ct
m

ct ct
m

ct

co co
m

co

1

(13)

where = + c d dc1 ( ln / )i i i i
m m m . The concentration and electric po-

tential gradients are functions of the ion fluxes and local membrane
concentrations. It is instructive to note that, because of the electro-
neutrality constraint, the slopes of counter- and co-ion concentrations
are identical and dcm/dx of Eq. (12) is applicable to both cct and cco.
Summing the two Donnan potentials at the solution-membrane inter-
faces and the internal electric potential difference within the IEM, Δφm,
yields the external electric potential difference across the membrane,

= +V m m
Donnan
HC

Donnan
LC (Fig. 2A).

Numerical solutions for Jco and Jct can be obtained using the finite
difference method: the membrane thickness is discretized into one-di-
mensional finite elements, across which Eqs. 12 and 13 are simulta-
neously solved to satisfy both charge balance along the entire mem-
brane thickness (i.e., local electroneutrality, Eq. (8)) and boundary
conditions determined in the preceding section, i.e., =c ci i

mm ,HC and
= mm ,HC at x=0, and =c ci i

mm ,LC and = mm ,LC at x= l. Python
codes are used to converge on the pair of ion fluxes that meets all
constraints: the interfacial ion concentrations, ci

m,HC and ci
m,LC (which

are at equilibrium with external bulk concentrations) and the ΔVm

specified (or the equivalent Δφm).
Effective ion diffusivities within the membrane matrix of polymer

and sorbed solution account for the lengthened diffusional pathway,
i.e., increased tortuosity and fraction of free volume (equivalently,
water volume fraction, fw)< 1, and are modeled using the lattice ap-
proach by multiplying the diffusion coefficient in free space with the
factor fw2/(2−fw)2 [45,46]. The diffusion coefficient of counter- and
co-ions under the locally inhomogeneous electric field of a charged ion-
exchange membrane can be predicted using the counterion condensa-
tion model [29,39]. Incorporating the tortuosity factor and fraction of
free volume, Dco

m and Dct
m can be described by

=D D
f

f
z A

2
1

3
m s
co co

w

w

2
co

2

(14a)

= +
+

D D
f

f
z z

z
z A

2 1
1

3
m s
ct ct

w

w

2
ct

1 1
ct ct

ct ct

ct
2

(14b)

= + + + +

+ + +
= =A z m m z z

A z z z

[1 ( ) ( ) ]

[1 ( ) ]
m m m mct 2

1 2 12 22 co ct co ct
2

( 1, 2) (0,0)

ct 2 co ct co ct 1

(14c)

Eqs. (14a)–(14c) are applicable for ξ > |zct|−1. Note that in ED, the
counterion flux, Jct, is against the concentration gradient and co-ion
flux, Jco, is in the opposite direction, whereas both Jct and Jco are down
dc/dx for RED (Fig. 2A). Additionally, the flux of water can be neglected
as it is relatively small compared to the ion fluxes [1].

The transport model presented here bears analogous similarity to
the solution-diffusion transport mechanism across dense nonporous
membranes [47,48], as mentioned in a recent study [29]. In the solu-
tion-diffusion model, species partition or sorb from the bulk solution
into the membrane at the interface and =c c K/i i i

m s where Ki is the
partition coefficient. Correspondingly, in IEM transport, the distribu-
tion of ion concentrations in the solution and membrane at the interface
is governed by the Donnan potential, Eqs. (4a) and (4b), and the
equivalent partition coefficient is =K f z F R Texp[ / ]/i i

s
i i

m
w Donnan g .

Species diffuse across the dense membrane driven by a chemical po-
tential gradient in the solution-diffusion mechanism. This is paralleled
by species transport under an electrochemical potential across the ion-
exchange membrane in ED and RED.

3.3. Performance parameters for ED and RED

3.3.1. Current efficiency
Current efficiency, CE, is a measure of ionic current utilization in ED

and RED for separation and energy production, respectively:

=
+

z J
z J z J

CEED
ct ct

co co ct ct (15a)

= +z J z J
z J

CERED
co co ct ct

ct ct (15b)

where z is the ion valence, J is the ion flux, and subscripts ct and co
denote counter- and co-ions, respectively. Note that z and J can be
positive or negative, depending on charge and direction, and the pro-
duct zJ gives the ionic current. In ED desalination, the electric current
drives counter- and co-ion fluxes. These two ion fluxes flow in opposite
directions and are of different charge (Fig. 1A), with only the coun-
terion flux performing the desired function of desalinating the saline
feed, whereas co-ion flux is an unwanted leakage of ions to the diluate
stream that actually compromise desalination performance. Current
efficiency for ED desalination is, thus, the ratio of the current due to
counterion flux to the total ionic current, Eq. (15a). Conversely, the aim
of RED is to generate an ion flux that can then be used to drive an
external circuit and, hence, CERED is defined differently from ED
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desalination. Because both fluxes are in the same direction (Fig. 1B), the
current from counterion flux is partly negated by co-ion flux. The RED
current efficiency, Eq. (15b), is the net ionic current divided by the
current due to counterion flux. Note that equation for CERED is the re-
ciprocal of CEED. Current efficiency of ED and RED is analogous to the
Faradaic efficiency of electrochemical processes, which quantifies the
percentage of charge utilized for the desired electrochemical reaction.

3.3.2. Permselectivity
Permselectivity, α, describes the selectivity for counterion transport

and is defined as the ionic current carried by counterion flux less the
current from co-ion flux, normalized by the total ionic current [1,31]:

= =z J z J
z J

t t
i i

ct ct co co
ct co

(16)

Note that the sign conventions of z and J are neglected and only the
magnitude of the ionic currents are used to calculate α. Further, the
fraction of total ionic current carried by species i is the transport
number, ti, and, hence, permselectivity is also the counterion transport
number less the co-ion transport number, Eq. (16)[1]. An IEM with
perfect charge selectivity is only permeable to counterions but not co-
ions and, therefore, permselectivity equals to one.

Experimentally characterized α measurements are commonly re-
ported in literature, but those values are more accurately termed “ap-
parent permselectivity”, αapp, and is the ratio of measured open-circuit
voltage (OCV) to theoretical Nernst potential [1]. Because of the ease of
experimental characterization (one electrochemical reading instead of
tracking counter- and co-ion concentration changes), apparent perms-
electivity is often used as a proxy parameter to approximate the fraction
of ionic current carried by counter- and co-ions during actual ED and
RED operation even though it deviates from the definition of Eq. (16).
Comparison between apparent and real permselectivities are discussed
later in Section 5.

3.3.3. Area specific resistance
Area specific resistance, ASR, is defined in Eq. (17) as the slope of

ΔVm with respect to the net current density, = +i F z J z J^ ( )tot co co ct ct , i.e.,
differential resistance:

= V
i

ASR d
dˆ

m

tot (17)

Because the contribution of IEM to total internal resistance is significant
in ED and RED [17], the membrane ASR should be small to suppress
undesired resistive losses. In IEM processes, steady state current-voltage
response can be described by one of the three regimes: ohmic (or under-
limiting), plateau (or limiting), and overlimiting [49]. The current
analysis will focus on simulating ion-exchange membranes working
within the ohmic regime, which is the common operating conditions for
ED and RED. In this relatively low current regime, i.e., under-limiting
the relation between current density and imposed voltage is linear; ion
depletion in the concentration polarization boundary layer is not
dominant and a limiting current is not reached (i.e., before plateau
regime).

3.3.4. Conductivity
Conductivity, σ, is the reciprocal of resistivity, ρ, and describes the

ability of the IEM to conduct ionic currents:

= × =lASC 1 (18)

where ASC is the area specific conductance of membrane, which is
equal to the multiplicative inverse of ASR, and l is the ion-exchange
membrane thickness. It is instructive to note that conductivity and re-
sistivity are intensive properties, i.e., independent of membrane phy-
sical dimensions, whereas ASC and ASR are extensive properties.
Introducing σ and ASC enables the relationship between conductivity
and permselectivity to be examined in an analytical framework akin to

permeability-selectivity of gas separation and salt-rejecting membranes
[10,11].

4. Model validation

4.1. Concentration and electric potential profile

The boundary concentrations of counter- and co-ions are governed
by chemical potential equilibrium and electroneutrality at the interface
between the membrane and HC and LC solutions, Eqs. 3 and 8, re-
spectively. At steady-state, ion fluxes Jct and Jco are constant, and the
concentration and electric potential profiles can then be numerically
determined using the modified Nernst-Planck equation, Eq. (11), with
the boundary condition concentrations. Fig. 2B shows representative
cct, cco, and φ profiles across a CEM applied to reverse electrodialysis
using HC and LC solutions of 600 and 17mM NaCl, respectively.
Membrane properties are selected to simulate a typical commercial
IEM: cfix = 1.68 eq/L, fw =0.30, l =100 μm, and ξ =1.08 [30,50],
with constant ξ value being used throughout this study (unless speci-
fically stated otherwise).

Under an external electric potential difference, ΔVm, of 39.7mV
between the solutions at the membrane interface, the counter- and co-
ion fluxes are 3.75 and 0.0193mol m−2 h−1, respectively (both in the
direction of HC to LC side). Substituting Jct and Jco into Eqs. (12) and
(13) yields the concentration and electric potential gradients across the
IEM. Within the membrane, the co-ion concentration, denoted by the
red line, drops from 24.5 to 0.0351mM from the HC to LC solution
interface (x=0 and 100 μm, respectively), whereas counterion con-
centration decreases from 1.704 to 1.680M (blue line). Because of the
charge neutrality constraint, local counterion concentration equals co-
ion concentration plus fixed charge density of 1.68 eq/L (horizontal
dashed green line).

The electric potential within the membrane, φm, declines non-
linearly from the HC to LC interface, resulting in a net Δφm of
− 44.1mV (orange line in Fig. 2B). This negative electric potential
gradient across the CEM, along with negative concentration gradient,
drives counterion (positive charges) transport from the HC to LC side
(Eq. (11)), i.e., from left to right in Fig. 2A. For negatively-charged co-
ions, the negative dcm/dx overwhelms the electric potential migration
term of the modified Nernst-Planck equation and, thus, co-ions also
permeate from the HC to LC side, i.e., in the same direction as coun-
terions. Because the counterion concentration within the membrane is
over two orders of magnitude greater than cco due to charge exclusion,
Jct is also 194 fold higher than Jco, thereby giving rise to the selective
transport of counterions over co-ions. The net permeation of positive
charges against ΔVm produces energy in RED.

In ED, the slopes of the concentration profiles remain negative,
while Δφm is switched to positive (modeling results not shown). The
positive electric potential gradient is sufficiently large to overwhelm
the negative counterion concentration gradient (first and second terms
of Eq. (11), respectively). Hence, transport of counterions against dcm/
dx is driven by the electric potential difference and Jct is from the LC to
HC side (as depicted in Fig. 2A). The co-ion flux is still from left to right
and in the opposite direction as Jct. Again, as in RED, Jco is of drastically
smaller magnitude compared to counterions because of charge exclu-
sion by cfix. Overall, the LC solution is, therefore, desalinated and the
HC solution is concentrated. For both ED and RED, the selectivity for
counterion transport by the IEM is always imperfect because co-ions
cannot be completely excluded from the membrane matrix. Hence,
current efficiency and permselectivity, Eqs. 15 and 16, are un-
avoidably< 1.

4.2. Counter- and co-ion fluxes in ED and RED

Current density, î , is ionic current normalized by membrane area
and is calculated from the ion flux, J, using =i z FJî i i. Representative
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current densities of counterion, co-ion, and net fluxes as a function of
external electric potential difference across the membrane, ΔVm, are
presented in Fig. 3 as solid blue, solid red, and dotted orange lines,
respectively. The membrane and solutions properties are identical to
the simulation analyzed in the preceding section (i.e., Fig. 2B): cfix
= 1.68 eq/L, l=100 μm, cs,HC = 600mM NaCl, and cs,LC = 17mM
NaCl.

The regions of RED and ED operation can be discerned by the di-
rection of the net ionic current density, îtot: negative net currents signify
ED desalination, whereas îtot > 0 (and ΔVm>0) indicates RED energy
production. Because counter- and co-ions are oppositely charged, ionic
current from co-ion flux opposes counterion current in RED (i.e., sub-
tracts from net current) although Jco and Jct are in the same direction;
whereas in ED, co-ion current adds to the counterion current while Jco
and Jct are opposing (Figs. 2A and 3). Open-circuit voltage (OCV), de-
fined as ΔVm when net current is zero, delineates RED and ED operation
regions on the I-V curve (Fig. 3) and is determined using an analytical
approach described in a previous study [38]. For the CEM with high
fixed charge density of 1.68 eq/L employed in this simulation, the OCV
is 83.6 mV, slightly below the theoretical Nernst potential of 84.6 mV
between the different HC and LC concentrations of 600 and 17mM
NaCl (αapp = 0.988). To desalinate the LC solution, ΔVm applied should
overcome the OCV between two solutions. Conversely, to generate
useful work from the controlled mixing between the LC and HC solu-
tions, 0 < ΔVm< OCV.

In both RED and ED regions, the counterion current density show
very good linear relationship with ΔVm (solid blue line in Fig. 3). For
the range of ΔVm examined in Fig. 3, linear regression R2> 0.9999 is
obtained. The highly linear dependence of zctFJct on ΔVm is observed for
IEMs with different properties and with different solution concentra-
tions (details of simulation results not shown). Unlike counterion, the
co-ion current density is clearly nonlinear (solid red line). But given
that co-ion flux is only a small portion of the overall ion flux (< 2%),
the effect on net current density is minimal and îtot still behaves linearly
with respect to ΔVm (dotted orange line). Even when the analysis si-
mulates IEM permselectivity dropping significantly below 1, the linear
relationship between îtot and ΔVm still holds (e.g., R2> 0.99 for
α=0.50). This modeling result provides theoretical justification for the
common experimental approximation that IEMs behave as ohmic re-
sistors in typical ED and RED operation.

4.3. Validation of model predictions with empirical data

The IEM transport model was validated using empirical data from
literature [16,33,51]. Fig. 4 shows the simulated and experimental
current density as a function of voltage for a 20-cell RED stack [16].
Literature values of the membrane properties of the commercial CEM
and AEM installed in the RED stack were utilized in the model calcu-
lations [33,51], while an empirical equation was employed to describe
the conductivity-concentration relationship for NaCl solution [41].
Because the spacer shadow effect was not stated, two typical values of
0.65 and 0.8 were assumed (blue circle and violet triangle symbols,
respectively) [52]. Summing the potential drop of the flow channels
and IEMs across the RED stack yields the current density-voltage plot of
Fig. 4. The simulation results are in good agreement with the empirical
data (black square symbols), especially considering a comprehensive
description of the experimental parameters was not available (e.g.,
system design and complete membrane characteristics), thus verifying
the general accuracy of the model.

Fidelity of the transport model was further examined by individual
membrane comparison. Using reported membrane structural proper-
ties, the model predicts the ionic conductivity of a commercial CEM in
1M NaCl solution to be 7.18mS/cm, while direct current experiments
measured 10.9mS/cm [20]. Based solely on first principles and without
additional fitting parameters, the model achieved reasonable accuracy.
The discrepancy between modeling and experimental results could be

attributed to either an incomplete description of the ion transport
presented above, or experimental deficiencies in the measurement
method. A recent study reports that the counterion condensation phe-
nomenon as described by Manning's model potentially underestimates
the observed diffusivity in IEMs [22]. Imprecisions can also creep into
the simulation outcome from simplifying assumptions made in the
transport model, such as the negligible water flux postulation. A pos-
sible shortcoming in experimental method that will have significant
impact on the simulation output is neglect of the dry polymer free
volume. The implicit assumption of volume additivity is commonly
adopted when calculating the water volume fraction of hydrated
charged polymers [53], but ignoring free volume in dry polymer [54]
and volume contraction during water sorption [55] will lead to a
nontrivial underestimation of fw. Because IEM conductivity is highly
sensitive to the volume fraction of water (discussed later), a minute bias
in fw can create a sizable error in simulated conductivity. Furthermore,
experimental measurements of IEM properties from different studies
often yield widely disparate readings. For instance, for the same com-
mercial CEM, Neosepta CMX, ionic conductivities of 2, 5 and 7.3 mS/
cm in 1M NaCl electrolyte have been separately reported [20,56,57].
The inconsistency in measured values is likely due to differences in the
experimental setup and difficulty in isolating the contribution of the
diffusion layer resistance. Despite these limitations, the transport model
presented here shows satisfactory reliability in estimating IEM perfor-
mance parameters solely from intrinsic membrane properties.

5. Influence of operating parameters on resistance and current
efficiency

Here, the effects of operating parameters, applied voltage and bulk
solution concentrations, on membrane performance in ED and RED are
examined. Simulated membrane properties of cfix = 1.68 eq/L, fw
=0.30, l =100 μm, and ξ =1.08 are held constant throughout this
section.

5.1. Electric potential across membrane affects current efficiency and
permselectivity

Current efficiency, CE (Eqs. (15a) and (15b)), and area specific

Fig. 3. Representative counterion and co-ion current densities, =i zFJˆ , as a
function of external electric potential difference across the IEM, ΔVm. The
process is in reverse electrodialysis power generation for ΔVm between zero and
the Nernst potential of the HC-LC solutions, while electrodialysis desalination
occurs when ΔVm exceeds the Nernst potential. Note that undesired co-ion flux
is in the same direction as counterion transport in RED (i.e., co- and counterion
currents are in opposite directions) and is against counterion flux in ED (that is,
both currents are in same direction). Simulation conditions: membrane prop-
erties cfix = 1.68 eq/L, fw =0.30, and l =100 μm; bulk solutions cs,HC

= 600mM NaCl and cs,LC = 17mM NaCl.
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resistance, ASR (Eq. (17)), as a function of ΔVm for ED and RED are
shown in Fig. 5A and B, respectively. Concentration of the LC and HC
solutions are 17 and 200mM NaCl for ED to represent brackish water
desalination to 1000 ppm TDS product water, and 17 and 600mM NaCl
for RED to simulate salinity gradient power generation with seawater-
river water. The virtually constant ASR (red triangle symbols) further
verifies that the effect of voltage on membrane resistance is negligible
for both ED and RED, reinforcing earlier discussion on the effectively
linear voltage-current relationship (Fig. 3) and is in agreement with
reported empirical results of ohmic behavior of IEMs in under-limiting
region [58].

While ASR remains practically constant, current efficiency and,
equivalently, permselectivity are dependent on ΔVm, especially as ΔVm

→ OCV (58.5 and 83.6mV for the ED and RED scenarios, respectively).
Similar CE trends were exhibited for ED and RED, with symmetry about
the OCV. Current efficiency dips drastically around the transition re-
gion between RED and ED, to around 90%. As higher voltage is applied
in ED desalination, CE increases but eventually levels off (≈99.6% for
the scenario simulated in Fig. 5A). This has been observed in a recent
experimental study, where counterion transport number increased and
plateaued as applied voltage rose [59]. RED power generation shows a
similar trend to ED, but mirrored about the OCV (Fig. 5B). Current

efficiency reaches the highest at zero ΔVm (≈99.9%), but drops sig-
nificantly as ΔVm approaches OCV. The decline in IEM selectivity
around the OCV is due to the diminished driving force for counterion
transport, Eq. (11), and is readily evident from Fig. 3: around the OCV,
the electric potential difference within the membrane, Δφm, is sub-
stantially lowered, resulting in reduced Jct. Because, the magnitude of
Jco relative to Jct is now significantly elevated, CE and α are, therefore,
compromised.

The dependence of CE and permselectivity on voltage has important
implications for ED and RED operation. A previous analysis suggests
that higher RED energy efficiencies can be obtained at lower current
densities because internal resistance losses are suppressed, i.e., operate
close to OCV [51]. However, this transport model indicates that
permselectivity will be reduced, likely resulting in the overall energy
efficiency being detrimentally affected. For accurate projections of RED
performance, the voltage-dependent relationship of permselectivity
should be included.

Membrane specifications provided by IEM manufacturers typically
list the area specific resistance and permselectivity or, more precisely,
the apparent permselectivity (αapp = OCV divided by Nernst potential);
such practice is also common in IEM studies [15,16,60]. However, both
ASR and apparent permselectivity are not intrinsic membrane proper-
ties but, rather, dependent on the operating conditions. This analysis
and also previous studies indicate ASR is effectively constant across the
typical voltage range, but variation in permselectivity is significant and
non-negligible. Hence, substantial error may be incurred if apparent
permselectivity is used to approximate actual α during operation, be-
cause typical ED and RED processes utilize ΔVm significantly far away
from the OCV. For the rest of the simulations in this study, ΔVm is 50%
of OCV in RED to yield high power density [17], and set at 200% OCV
for ED to enable consistency in comparison.

5.2. Influence of external solution concentrations

Current efficiency and area specific resistance in RED are in-
vestigated for a range of bulk solution concentrations. Fig. 6A shows CE
and ASR (green square and red triangle symbols, respectively) as a
function of cs,HC (0.6–3.0M NaCl, simulating salinity gradient power
generation with seawater to hypersaline brines [9]). Concentration of
LC solution is 17mM NaCl to represent river water and ΔVm is 2×OCV
(as stated earlier).

5.2.1. Increasing solution salinity compromises exclusion of co-ions
As more saline HC solutions are employed in RED power generation,

CE decreases from 99.4% to 95.9% (Fig. 6A). The reduced CE at higher

Fig. 4. Fitting of the model with literature data (black square symbols) [16],
assuming spacer shadow effect of 0.65 and 0.80 (blue circle and violet triangle
symbols, respectively). The model exhibited good agreement with the empirical
data. Membrane properties were based on literature values [33,51]. The IEM
stack with 20 cells were filled with 0.017 and 0.513M NaCl as LC and HC feed
streams, respectively, and all flow channels are 200 μm thick.

Fig. 5. Current efficiency, CE (Eqs. 15a and 15b), and area specific resistance, ASR (Eq. (17)), (green square, left vertical axis and red triangles, right vertical axis,
respectively) as a function of external electric potential difference across the membrane, ΔVm for A) ED desalination of simulated brackish water at 200mM NaCl to
produce product water of 1000 ppm TDS (= 17mM NaCl) and B) RED power generation with seawater and river water (represented with 600 and 17mM NaCl,
respectively). Membrane properties cfix = 1.68 eq/L, fw =0.30, and l =100 μm.
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cs,HC signifies undesired leakage of co-ions across the IEM that gives rise
to uncontrolled mixing and lowers extractable energy [17]. The dete-
rioration of membrane selectivity is more pronounced when both the
HC and LC solutions are of high salt concentration, as shown in Fig. 6B,
where CE is plotted as a function of area specific conductance, ASC
(multiplicative inverse of ASR). The data of Fig. 6A is replotted as
dotted symbols in Fig. 6B, whereas crossed symbols denote HC-LC
pairings cs,LC =½cs,HC (labels indicate HC solution concentration). The
current efficiency decreases from 96.3% to 64.7% when the solution
HC‒LC concentrations increase from 0.6–0.3 to 3.0–1.5M NaCl.

The depreciation of membrane selectivity in high external solution
concentrations can be understood by examining the co-ion concentra-
tion within the IEM. At electrochemical potential equilibrium at the
solution-membrane interface, the counter- and co-ion concentrations in
the IEM can be determined by Eqs. 5–9. Blue circle and red square
symbols of Fig. 7 denote cct

m and cco
m, respectively, at different bulk

concentrations of external solution (note that all axes are on loga-
rithmic scale). The fixed charge density within the membrane matrix,
cfix, is represented by the horizontal dashed green line. Co-ion con-
centration increases as cs is raised. To preserve charge balance, the
equality + =z c c z cm m

co co fix ct ct , Eq. (8), has to be maintained. Hence, cct
m

is also correspondingly increased, but because cct
m is usually orders of

magnitude greater than cco
m, counterion concentration is practically

equivalent to cfix, except for cs beyond ≈cfix (vertical dotted line). The

extent of IEM charge exclusion can be described by the concentration
ratio of counter- to co-ions. The grey diamond symbols of Fig. 7 (right
vertical axis) indicate c c/ct

m
co
m drops as bulk solution concentration in-

creases. Therefore, the ability of the membrane fixed functional groups
to exclude like-charged co-ions progressively diminishes with greater cs

and is eventually overwhelmed when the external solution concentra-
tion is raised to around cfix (c c/ct

m
co
m < 10 as cs ≈ cfix, Fig. 7). In the

lower concentration range, i.e.,< < cfix, changes to cs and the re-
sultant cco

m have practically negligible effect on IEM permselectivity as
c c/ct

m
co
m is still adequately high.
In other words, effective IEM permselectivity is intrinsically con-

fined to relatively low bulk solution concentrations. For RED power
generation with river water and seawater, concentrations of the initial
HC and LC feed streams are equivalent to about 600 and 17mM NaCl
[17]. These concentrations are lower than the common cfix (0.9–2.0 eq/
L) of current IEMs [29,32]. For the membrane simulated, counterion
concentration is 185 times higher than co-ions, and therefore, current
efficiency is high (99.4%). Towards the end of controlled mixing in
RED, cs,LC is considerably greater than initial and is represented by the
crossed symbols in Fig. 6B, where cs,LC =½cs,HC. For seawater-river
water RED, CE is practically unaffected (96.3%) when bulk con-
centration of the LC solution rises to as 300mM NaCl as cs,LC is still
below cfix = 1.68 eq/L. However, for RED power generation with feeds
greater than seawater concentration, (e.g., hypersaline lakes and salt
domes), the membrane permselectivity is severely compromised (CE =
64.7% with 3.0‒1.5M NaCl). This trend was empirically demonstrated
in a previous study: when cs,HC is enlarged ten-fold from 0.5 to 5M NaCl
with cs,LC fixed at 0.1M, permselectivity of the commercial membrane
dropped from 0.90 to 0.77 [61]. As such, currently available IEMs are
unlikely to be suitable for RED power generation with hypersaline
feeds.

Parallel trends for current efficiency are seen in electrodialysis
(Fig. 8). In brackish water ED desalination where the input feed stream
is significantly lower than 35,000 ppm TDS (≈0.6M NaCl), the external
solution concentrations are not sufficiently high to detrimentally affect
co-ion exclusion (e.g., CE = 99.8% for 100‒50mM NaCl). Presently
available IEMs, however, are not suitable for desalination of seawater
or hypersaline feeds because of ineffectual selectivity. Similar to IEMs
in RED, c c/ct

m
co
m drops drastically at such high salinities, seriously

weakening co-ion exclusion and, thus, causing poor current efficiencies
(e.g., 84.7% for the simulated membrane in 1.2–0.6M NaCl, re-
presenting desalination of seawater to brine twice as saline).

Fig. 6. A) Current efficiency, CE, and area specific resistance, ASR, (green
square, left vertical axis and red triangles, right vertical axis, respectively) as a
function of HC solution concentration for RED, with LC solution concentration
of 17mM NaCl. B) Current efficiency and area specific conductance, ASC,
(vertical and horizontal axes, respectively) with cs,HC increasing from 0.6–3.0M
NaCl in RED (data point labels), representing utilization of seawater to hy-
persaline brine. The tradeoff relationship between CE and ASC is shown for
constant cs,LC of 17mM NaCl (to simulate river water) and varying LC solution
concentration = 0.5cs,HC (dotted and crossed symbols, respectively). Membrane
properties cfix = 1.68 eq/L, fw =0.30, and l =100 μm.

Fig. 7. Co-, counterion, and fixed charge concentrations in membrane (left
vertical axis, red square symbols: cco

m, blue circle symbols: cct
m, and horizontal

dashed green line: cfix
m , respectively) and ratio of counter- to co-ions, c c/ct

m
co
m

(right vertical axis, grey diamond symbols), as a function of bulk solution
concentration, cs. Membrane fixed charge density is also presented as vertical
green dotted line to indicate the range of external solution concentrations be-
yond which co-ions exclusion is compromised. Note that all axes are on loga-
rithmic scale.
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5.2.2. External concentrations cause tradeoff between conductivity and
current efficiency

Whereas permselectivity is adversely affected by higher cs, mem-
brane resistance is favorably lowered, although the improvement is
modest (Figs. 6 and 8). For cs,LC = 17mM NaCl, ASR declines from 4.46
to 3.86 Ω cm2 as HC concentration is elevated from 0.6M to 3.0M NaCl
in RED, and ASC reciprocally increases from 0.224 to 0.259 S/cm2

(Fig. 6A and B). The same trend is observed in ED when LC con-
centration is 17mM NaCl: ASC improves from 0.223 to 0.250 S/cm2 for
the simulate IEM by raising cs,HC from 0.1 to 1.2M NaCl (Fig. 8). The
marginal conductivity improvement is due to the greater ion con-
centration within the membrane matrix when cs is high (Fig. 7). As
described by the modified Nernst-Planck equation, Eq. (11), the ele-
vated ci

m consequently amplifies the ion fluxes, resulting in reduced
resistance. The increased ionic current is carried by both counter- and
co-ions, thereby accounting for the concomitant compromise in
permselectivity. With greater LC solution concentrations, enhance-
ments in membrane ionic conductivity are more pronounced, but still
relatively small, e.g., for cs,HC = 3.0M NaCl in RED, ASC increases from
0.259 to 0.283 S/cm2 as cs,LC rises from 17mM to 1.5M (Fig. 6B).

Thus, the operating condition of external solution concentrations
produces a tradeoff between conductivity and current efficiency, as
represented by the negative slopes of the ASC-CE trendlines in Figs. 6B
and 8, where increasing the bulk concentrations undesirably depresses
membrane selectivity for counterions but slightly benefits conductivity.
The tradeoff trend was consistently seen in simulations with mem-
branes of different properties that are typical for current commercially
available IEMs. This tradeoff has also been observed in recent experi-
mental studies [18,20,62]. The concentration dependence of membrane
conductivity was explained within the Nernst-Einstein framework for
IEM in iso-concentration environment (i.e., cs,HC = cs,LC and dμi/dx =
0) [20]. The transport model in this study further extends the theore-
tical rationale to encompass the more general scenario where there is a
chemical potential gradient across the membrane that is representative
of ED and RED operation.

The model presented here can be a useful tool to quantitatively
approximate the tradeoff between permselectivity, α, and conductivity,
σ, at varying external concentrations. Simulated apparent permselec-
tivity, αapp, and σ for different HC and LC solution concentrations are
summarized in Fig. 9 for the representative IEM analyzed thus far (cfix

= 1.68 eq/L, fw = 0.30, and l = 100 μm). Apparent permselectivity is
commonly adopted for experimental characterization of IEMs [1,31]
and is reported here to avoid the discrepancy arising from different
applied voltages and operating modes. As discussed earlier, the mem-
brane exhibits ohmic behavior across the range of ED and RED voltages
and, therefore, conductivity for ED and RED is practically identical (σ
reported in Fig. 9 is averaged across current density of −20 to 20mA/
cm2). The permselectivity data of Fig. 9 is in very good agreement with
reported empirical results [61]. Limitations to the operating regime of
ED and RED are clearly displayed: employing IEMs in salinities beyond
seawater concentration significantly diminishes the permselectivity
with only a marginal gain in conductivity, thus rendering RED inapt for
power generation with hypersaline streams and confining ED to
brackish water desalination.

6. Conductivity-permselectivity relationships as a function of IEM
properties

Because ion-exchange capacity, swelling degree, thickness, fixed
charge density, and water volume fraction of IEMs are intricately linked
[30,53], experimental approaches to investigate the impact of a single
parameter on ED and RED are inevitably confounded by other prop-
erties that are simultaneously altered. On the other hand, the analytical
framework employed in this study enables the influence of individual
intrinsic membrane properties to be isolated for systematic examina-
tion. As such, the approach can more clearly elucidate the significance
of the role played by the parameter, and inform rational customization

Fig. 8. Current efficiency and area specific conductance, ASC, (vertical and
horizontal axes, respectively) with cs,HC increasing from 0.1 to 1.2M NaCl in ED
(data point labels), representing desalination of brackish water to brine of twice
seawater concentration. The tradeoff relationship between CE and ASC is shown
for constant cs,LC of 17mM NaCl (simulate 1000 ppm TDS product water) and
varying LC solution concentration = 0.5cs,HC (dotted and crossed symbols, re-
spectively). Membrane properties cfix = 1.68 eq/L, fw =0.30, and l =100 μm.

Fig. 9. Contour plot of A) apparent permselectivity and B) conductivity as a
function of HC and LC bulk solution NaCl concentrations (horizontal and ver-
tical axes, respectively). Apparent permselectivity is OCV divided by Nernst
potential, whereas conductivity is averaged across current density of
− 20–20mA/cm2. Membrane properties cfix = 1.68 eq/L, fw =0.30, and l
=100 μm.
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of IEM properties for improved overall performance. Throughout this
section, except for the parameter being inspected, all other IEM prop-
erties are held constant at IEC =2.0meq/g, SD =0.36, l=100 μm,
ξ =1.08, and polymer density, ρp = 1.2 g/mL. The range of membrane
structural properties investigated here are representative of common
values reported in literature [29,32,33]. Unless stated otherwise, cs,HC

= 200mM NaCl and cs,LC = 100mM NaCl to simulate brackish water
ED desalination, and RED uses 600‒300mM NaCl to represent seawater
salinity gradient power generation.

6.1. Impact of ion-exchange capacity

6.1.1. Co-ion exclusion is enhanced by raising ion-exchange capacity
Ion-exchange capacity, IEC, is the number of fixed charges per unit

weight of dry polymer [1]. The IEC of typical commercial ion-exchange
membranes is in the range of 1–3meq/g [30]. Because fixed charge
density is normalized by the total volume of water-swollen membrane,
cfix and IEC are related by the degree of hydration (which is char-
acterized by the water volume fraction): cfix = (1−fw)IEC. Fig. 10A
shows the equilibrium counter- and co-ion concentration ratio within
the membrane as a function of external solution concentration, as de-
scribed by Eqs. (5) and (9), for different fixed charge densities. The
ratio of counter- to co-ions is related to fixed charge density by an
approximately second-order power law for cs « cfix: as cfix increases six-
fold from 0.5 to 3.0 eq/L, c c/ct

m
co
m rises ≈ 36 times (i.e., c c/ct

m
co
m ∝ cfix2).

Thus, an IEM with higher cfix is able to uphold a certain c c/ct
m

co
m in a more

concentrated bulk solution, that is, maintain reasonable co-ion exclu-
sion. Additionally, the counterion concentration is approximately equal
to the fixed charge density to achieve charge balance. Hence, cfix is
critical for determining cct

m and cco
m within the IEM.

6.1.2. Increased charge density improves both conductivity and permselectivity
The impact of IEC on conductivity and permselectivity is depicted in

Fig. 10B. In the simulations, IEC is raised from 0.5 to 3.0meq/g. For
RED, permselectivity increases from 0.586 to 0.967 and conductivity
improves from 0.065 to 0.337 S/m; whereas in ED, α is enhanced from
0.820 to 0.995 and σ increases from 0.060 to 0.335 S/m. Increasing the
ion-exchange capacity is simultaneously beneficial for conductivity and
permselectivity, and influences both RED and ED operations. RED ex-
periences greater α improvements as the cfix range is in the same order
of magnitude as cs. This trend is collaborated by experimental studies,
as summarized in recent review articles [32,33].

The influence of IEC on α and σ can be intuitively understood in the
framework of chemical potential equilibrium and transport governed
by the Nernst-Planck equation. With higher fixed charge density, ex-
clusion of like-charged co-ions is enhanced (Fig. 10A), which is bene-
ficial to the selective transport of counterions over co-ions. At the same
time, to preserve electroneutrality, an increase in density of fixed
charged groups raises the counterion concentration within the mem-
brane matrix. Having more current carriers of mobile ions within the
IEM yield greater ion fluxes that leads to better conductivity. Hence,
increasing IEC is a direct method to simultaneously improve the key
IEM performance parameters of permselectivity and ionic conductivity.

However, the approach of increasing IEC to attain more conductive
and selective membranes is chemically and physically constrained in
practice. Conventional IEMs have charged functional groups on the
polymer matrix. Therefore, the functionalization chemistry imposes an
upper limit on the achievable IEC. Additionally, when the concentra-
tion of fixed charge groups approaches within ≈an order of magnitude
of the ionization constant (i.e., Ka or Kb), a significant fraction of the
moieties will be unionized [63], hence, effectively lowering cfix. Finally,
intensifying IEC increases the polymer hydrophilicity that consequently
raises the swelling degree of the IEM [64,65]. Membrane swelling due
to water hydration dilutes cfix and, thus, opposes the α and σ benefits of
the enhanced IEC. Furthermore, greater water sorption exerts mounting
osmotic swelling pressure on the polymer network. Beyond a certain

point, the expansion stress exceeds the mechanical stability of the
membrane and the polymer matrix ceases to form the required thin film
[66,67]. These restrictions curtail the practically attainable fixed
charge density for conventional IEMs.

6.2. Influence of swelling degree

6.2.1. Greater membrane hydration beneficially lowers tortuosity but
reduces charge density

Swelling degree, SD, defined as the volume of water in the swollen
IEM per unit polymer mass (i.e., dry membrane weight) [1], indicates
the extent of membrane hydration. The volume fraction of water in the
IEM, fw, is related to SD by

=
+

f SD
SDw

p
1 (19)

where ρp is the density of dry polymer. The water volume fraction, in
turn, affects tortuosity, τ, which describes the lengthened diffusional
pathway across the water-swollen membrane, and can be approximated
by considering ion transport is excluded from the stationary polymer
chains [45,46]:

=
f

f
(2 )w

2

w (20)

The effective ion diffusivity ratio in water-swollen polymer to bulk
aqueous phase is, thus, Dm/Ds = fw/τ. Swelling reduces the tortuosity of
ion-exchange polymer, which raises the ion mobility inside membrane.

Fig. 10. A) Relative concentration of counter- to co-ions, c c/ct
m

co
m, as a function of

bulk solution concentration, cs, for different membrane fixed charge densities,
cfix

m . Note that both axes are on logarithmic scale. B) Permselectivity, α, and
conductivity, σ, (vertical and horizontal axes, respectively) with increasing
membrane ion-exchange capacity (indicated by green labels), for ED and RED
(violet square and orange circle symbols, respectively). Membrane properties:
SD =0.36 cm3/g, ρp = 1.2 g/mL, and l =100 μm. Solution concentration
employed are ED: 200–100mM NaCl and RED: 600–300mM NaCl, to simulate
brackish water desalination and seawater salinity gradient power generation,
respectively.
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Fig. 11 A depicts fw, τ, and cfix as a function of SD, over the typical
range for current IEMs [16]. As denoted by Eqs. (19) and (20), a larger
SD augments the water volume fraction of the membrane matrix and
reduces the tortuosity (blue triangle and violet diamond symbols, pri-
mary and secondary left vertical axes, respectively). For a given IEC
(fixed at 2.0meq/g in this simulation), cfix is inversely proportional to
SD: altering the swelling degree to higher levels dilutes cfix (green
pentagon symbols, right vertical axis). As discussed earlier in Section
6.1, the cfix decline is unfavorable because the equilibrium cct

m is low-
ered, which negatively influences conductivity. As such, increasing the
IEM swelling degree is expected to produce opposing effects of reduced
conductivity due to lowered fixed charge density, and enhanced ion
transport because of increased water volume fraction and decreased
diffusional path length.

6.2.2. Altering swelling degree produces conductivity-permselectivity tradeoff
Varying SD while keeping IEC and other membrane parameters

constants produces a tradeoff between conductivity and permselec-
tivity, as presented in Fig. 11B. When SD is raised from 0.15 to
1.15 cm3/g in the simulations, conductivity in ED increases from 0.059
to 0.744 S/m while permselectivity drops from 0.997 to 0.813; for RED,
the improvement in σ from 0.059 to 0.855 S/m is at the expense of α,
which declines from 0.986 to 0.635. This tradeoff trend is reproducible
across the range of typical membrane properties (results not shown),
and is in agreement with reported observations of experimental studies
[5,15,16].

The effect of swelling degree on σ and α can be explained with the IEM
transport model presented in this study. As discussed earlier, when SD in-
creases, membrane tortuosity drops and water volume fraction is augmented
(Eqs. (19) and (20), and Fig. 11A), consequently boosting the effective ion
diffusivities. According to the Nernst-Planck equation, Eq. (11), an increase in
the diffusivity yields a proportional gain in ion flux that leads to enhanced
conductivity. Although the lower cfix due to a higher SD (Fig. 11A) has ne-
gative impact on conductivity (because of reduced ion concentration within
the membrane matrix, see earlier discussion), the benefits to IEM structure
outweigh the drawback and net σ enhancement is attained. This trend of
increased σ with greater SD has been reported in a previous study, where 4
times increase of intrinsic conductivity was achieved when SD was raised
from 0.167 to 0.295 cm3/g. [64]. This empirical result matches very well
with the simulation presented in Fig. 11B: raising SD from 0.15 to 0.35 cm3/g
improved σ ~3.7 times. Further, the analysis indicates> tenfold enhance-
ment in conductivity can be attained by increasing membrane swelling de-
gree from 0.15 to 1.15 cm3/g.

The detrimental effect of greater SD on permselectivity can be ra-
tionalized by the dilution of cfix (Fig. 11). A reduction in cfix weakens
the charge exclusion effect of the IEM, leading to a compromised α
(Section 6.1). Empirical results of a recent study demonstrated that the
permselectivity decreased when SD was lowered for the same IEC [65],
corroborating the findings of this analysis. Due to the lower external
solution concentrations, permselectivity for ED does not decrease as
dramatically compared to RED (Fig. 11B).

Thus, membrane swelling degree has strong bearing on the key
performance parameters of σ and α. Factors such as polymer structure,
configuration, and crosslinking degree influences SD [53,68] and,
hence, can be design levers to tune the balance between conductivity
and permselectivity for customized IEM performance. Additionally, a
higher SD would likely lead to a correspondingly larger membrane wet
thickness that would yield a lower ASC, or equivalently, greater ASR.
The analysis presented in Fig. 11B excludes the effect of l by using
thickness-normalized conductivity, σ. The influence of IEM thickness is
examined in the next section.

6.3. Effect of membrane thickness

6.3.1. Thinner membranes advantageously lower resistance
The effects of IEM thickness, l, on permselectivity and area specific

conductance, ASC (= σ/l, Eq. (18)), are shown in Fig. 12. Because ASC
and the reciprocal ASR are area-specific, i.e., membrane thickness ef-
fects are incorporated, they are of practical relevance in stack design for
ED and RED processes. Assuming fixed ion-exchange capacity and
swelling degree (IEC = 2.0meq/g and fw = 0.30) yields a constant
conductivity that is independent of l. As the length of transport pathway
scales with IEM thickness, ASR increases proportionally with membrane
thickness. Conversely, ASC declines inversely from 0.373 to 0.112 S/
cm2 when l increases from 60 to 200 μm (crossed symbol, right vertical
axis of Fig. 12). The trends of thickness-independent conductivity and
ASR ∝ l are supported by empirical results of previous experimental
studies [69,70]. Furthermore, the simulated IEM exhibited effectively
identical ASC in both ED and RED operations (that is, ohmic behavior is
discussed in Section 5). Hence, thinner membranes advantageously
enhance ASC for IEM applications.

6.3.2. Permselectivity is independent of membrane thickness
Crucially, the analysis shows that permselectivity is independent of

membrane thickness. For the simulated l range that is representative of
current commercial IEMs [30,31], α is constant for both ED and RED
modes (0.988 and 0.928, respectively, Fig. 12). The trend of preserved
α with decreasing thickness is valid for the constant ΔVm applied in this
analysis. However, operating thinner IEMs under constant current can
result in lowered permselectivity due to ΔVm approaching the OCV with
the improved conductivity (refer to discussion in Section 5.1), and as
reported in a recent experimental study [71]. Reducing membrane
thickness can produce lower resistance while preserving permselec-
tivity, to improve the overall performance of IEM-based technologies.
However, the technical limitations inherent to current IEM fabrication
techniques, e.g., solvent evaporation casting, polymer blending and

Fig. 11. A) Water volume fraction, fw, membrane tortuosity, τ (primary and
secondary left vertical axes: blue triangle and violet diamond symbols, re-
spectively), and fixed charge density, cfix

m (right vertical axis, green pentagon
symbols), as a function of swelling degree, SD. B) Permselectivity, α, and
conductivity, σ, (vertical and horizontal axes, respectively) with increasing
swelling degree (indicated by blue labels), for ED and RED (violet square and
orange circle symbols, respectively). Membrane properties: IEC =2.0meq/g, ρp
= 1.2 g/mL, and l =100 μm. ED employs 200–100mM NaCl solutions,
whereas RED uses 600–300mM NaCl solutions.

H. Fan, N.Y. Yip Journal of Membrane Science 573 (2019) 668–681

679



pore filling [33], together with the need for adequate mechanical ro-
bustness and defect-free films will constrain how thin the membranes
can get. Hence, improvements in manufacturing methods and devel-
opment of stronger materials are potential routes to robust ultrathin
IEMs.

7. Implications for ED desalination, RED energy production, and
membrane development

This study presents an IEM transport model that employs counterion
condensation theory to analytically determine the experimentally in-
accessible parameters of ion activity and diffusivity, and overcome a
critical limitation hindering the application of the Nernst-Planck fra-
mework within the membrane matrix. The approach utilizes only in-
trinsic membrane properties, i.e., without additional fitting parameters,
to determine process performance parameters that are in good agree-
ment with reported measurements of experimental studies. While ionic
conductivity, or equivalently, resistance, and permselectivity are com-
monly reported by membrane manufacturers and in literature as “IEM
properties”, this analysis shows that σ and α are process-specific para-
meters that depend on operating conditions of applied voltage and bulk
solution concentration, and are, hence, not truly inherent to the
membrane. Instead, intrinsic membrane chemical and structural prop-
erties, such as ion-exchange capacity and swelling degree, are more
useful process-independent parameters for benchmarking IEM perfor-
mance.

The conductivity-permselectivity tradeoff observed in recent ex-
perimental studies are reproduced with the simulations here, and the
fundamental mechanisms governing the interwoven relationship are
laid out in the context of the Nernst-Planck framework: increasing the
bulk solution concentration suppresses the charge-exclusion ability of
the IEM, thereby reducing permselectivity but enhances conductivity
due to greater ion concentration within the membrane matrix; whereas
raising the swelling degree amplifies the effective ion diffusivity and
improves conductivity, but concomitantly compromises permselectivity
because the fixed charge density is diluted. Crucially, the analysis
identifies the theoretical basis for the confined application of IEMs to
sub-seawater salinities. Therefore, as is presently practiced, electro-
dialysis is only suitable for brackish water desalination. There has been
recent interest in using hypersaline streams of saltworks brine and
seawater desalination concentrate for reverse electrodialysis power
generation [72–75]. However, the greatly diminished permselectivity
at such hypersalinities would drastically deplete the energy extraction
efficiency and render the process unfeasible.

Performance of ion-exchange membranes has advanced steadily

over the years [30,32,33] and the structure-property analysis of IEM
transport presented here can further inform the rational development of
customized membranes. Increasing the ion-exchange capacity should
simultaneously enhance conductivity and permselectivity, but would
also be accompanied greater IEM swelling as the more densely charged
film sorbs larger solution volume. The elevated membrane swelling
further improves conductivity but is at the expense of a lower perms-
electivity, as governed by the tradeoff relationship. Innovating fabri-
cation techniques to drive the film thickness down while still main-
taining adequate mechanical robustness offers the prospect of
substantial gains in ionic conductivity without sacrificing permselec-
tivity.

Further refinements can be made to the transport model presented
here to sharpen the accuracy of the quantitative predictions and
broaden the potential applications. For instance, accounting for water
flux across the membrane will yield a more complete description of IEM
transport [76,77]. The selectivity between different counterions (or co-
ions) [78] can also be further studied through this model by simulating
multiple ions. The Nernst-Planck framework employed here can be
extended to incorporate concentration polarization at the solution-
membrane interface, a practically salient phenomenon that was not
included in the scope of this study [79,80]. Eventually, integrating the
one-dimension transport simulation into a multiscale model will enable
the overall performance of system-level ED and RED stacks to be more
precisely projected.
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