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a b s t r a c t

Electrodialysis (ED) is a well-established water desalination technology, applied mainly to brackish water
desalination. In ED, desalination is driven by an applied electric field, which results in salt ion electro-
migration through alternating cation and anion exchange membranes. Recently, classical ED cells have
been modified by driving them via spontaneous redox reactions occurring at the electrodes. Such a cell is
distinct from classical ED as it does not require electricity, but rather requires solely chemical energy
input in the form of redox active chemicals, and outputs both desalted water and electricity simulta-
neously. We here extend ED theory in order to capture a cell driven by spontaneous redox half-reactions
occurring at electrode surfaces. In the cell considered, an AEM and CEM are separated by a channel with
flowing feedwater. On the opposite side of the AEM is an anode and flowing anolyte, while a cathode and
flowing catholyte are on the opposite side of the CEM. To capture cell behavior and performance at
steady state, we solve a set of equations comprising the species’ NernstePlanck equation and electro-
neutrality, which are coupled to activation and concentration overpotential losses at planar electrodes.
Our model captures the crossover of coion species through membranes as well as electric potential,
counterion, and coion concentration variations within the membranes. We elucidate key predicted
phenomena, including that the cell current is limited by reactant starvation at the cathode, and that
current and certain ion fluxes scale as x�1/3, where x is the coordinate in the direction of flow. Our model
predicts that at steady state, the cell can achieve an order of magnitude reduction in the NaCl concen-
tration of a 500mM feed, while generating up to ~42mW/cm2 electrical power density. Further, we
determined that the main limitation of the cell as designed is a relatively high coion crossover flux
through the membranes.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The global increase in demand for potable water and energy,
driven by increasing population and living standards, can be
addressed via the development of innovative, scalable technologies
to deliver low-cost clean energy and water. Further, there is an
increasing interrelationship between these two commodities,
known as the ‘water-energy nexus’ [1,2]. Energy production pro-
cess, such as fuel extraction and processing, and electricity gener-
ation via thermoelectric, hydroelectric and other renewable
technologies consume tremendous amount of water. Additionally,
water desalination by reverse osmosis or electrodialysis [3], water
.

purification and softening, andwastewater remediation can require
a substantial portion of the electricity supply. The most common
desalination technique is sea water reverse osmosis (SWRO)
delivering on the order of 10 million m3 of treated water per day
throughout the world. SWRO plants separate salt and water by
pumping the feedwater through a semi-permeable membrane at a
pressure above its osmotic pressure of ~25 bar [3,4]. To meet this
high-pressure requirement, a city-scale SWRO requires a significant
electricity input mainly to power high pressure pumps (~3e4 kWh/
m3 of desalted water).

One of the alternatives to SWRO for generating potable water is
brackish water electrodialysis (ED) [5,6]. A typical ED cell requires
an external power source to drive Faradaic reactions at electrodes,
where these reactions enable continuous electromigration of salt
ions from a diluate channel into an adjacent brine channel through
ion exchange membranes [7e9]. When a voltage difference is
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Fig. 1. Schematic of the ED cell modelled here, which is driven by spontaneous elec-
trochemical reactions occurring at electrodes. An AEM and CEM are separated by a
desalination channel fed with feedwater. On the opposite side of the AEM is an anode
and anolyte, while a cathode and catholyte are on the opposite side of the CEM. During
operation, the reductant and oxidant present in the anolyte and catholyte, respectively,
react spontaneously at the anode and cathode, generating electric current and driving
ion removal from the desalination channel.
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applied between the two electrodes, salt cations electromigrate
towards the cathode. While an ideal anion-exchange membrane
(AEM) completely blocks the salt cations, the cation-exchange
membrane (CEM) allows cation transport from a diluate to an
adjacent brine flow channel. Similarly, anions electromigrate to-
wards the anode through an AEM but are blocked by a CEM. A
typical ED stack consists of two electrodes separated by tens of
alternating diluate and brine flow channels in parallel, with chan-
nels divided by either a cation or anion exchange membrane. While
ED cells are highly scalable and can desalinate at low (sub-osmotic)
pressures, they are generally not as energy efficient as RO when
desalinating sea water [6]. Recently, ED has attracted renewed
attention, with advances in understanding of overlimiting current
mechanisms occurring at membrane surfaces underpinning novel
cell architectures [10e14]. For example, in recently proposed shock
ED, the basic ED cell is modified by including a weakly charged
dielectric porous medium between similarly-charged membranes.
The porous medium's surface charge enables transport via mech-
anisms of surface conduction or electroosmotic flow (depending on
the pore size [14]). The salt transport dynamics during such a
process give rise to an ion concentration shock wave emanating
from a membrane surface, allowing for complete deionization of
the feedwater not attainable via regular electrodialysis [15].

A common approach to the mathematical modelling of an ED
cell is to invoke the NernstePlanck equation [7e9,16e22] to
describe ion fluxes due to advection, diffusion and electro-
migration. To solve for the local electric potential and concentration
of all species, the complete set of equations includes the species'
balance equations and either electroneutrality [7e9,17,23e27] or
Poisson's equation. Poisson's equation, coupled with the Navier-
Stokes and continuity equations, is invoked typically to study
phenomena resulting from violations of electroneutrality near to
the membrane surface, such as electroconvection vortices
[14,28e33]. Water transport through the membranes can also be
captured by considering water transport due to hydrostatic pres-
sure gradients, osmosis, or electro-osmosis [8,34]. Membrane
treatment can be simplified by considering membranes to be ideal,
meaning perfectly selective and thus blocking coion flux
completely [17,23,28,35,36]. The potential drop across an ideal
membrane domain (when considered) is typically treated as an
Ohmic potential drop [17,24,35]. Models which relax the ideal
membrane assumption often include transport of both counterions
and coions within the membranes [7e9,25,26,37,38]. In the latter
models, the electroneutrality equation applied to the membrane
includes the concentration of charged chemical groups, and further
a hindered species diffusivity is used in the NernstePlanck equa-
tions capturing ion transport in the membrane. To avoid resolving
the nanoscale electric double layer (EDL) at the membrane/elec-
trolyte interface, phase equilibrium is invoked so that the concen-
trations at each side of the interface can be related via a Boltzmann
distribution.

Recently an ED cell driven by spontaneous redox reactions was
proposed and characterized by Abu Khalla and Suss [39]. Unlike
typical ED cells, the latter cell required only chemical energy as an
input in the form of redox active chemicals, and outputted both
desalted water and electricity simultaneously (see Fig. 1). As shown
schematically in Fig. 1, this cell consists of an anion and cation
exchangemembrane separated by a channel fed with feedwater. On
the opposite side of the AEM is an anode and anolyte, while a
cathode and catholyte are on the opposite side of the CEM. During
operation, the reductant and oxidant present in the anolyte and
catholyte, respectively, react spontaneously at the electrode sur-
faces, thus generating a spontaneous ionic current through the cell
which drives desalination in the feedwater channel. The AEM and
CEM further act to electrostatically hinder the reductant and
oxidant, respectively, from entering the desalination channel. We
here extend ED theory to include cells driven by spontaneous
electrode reactions, and study the desalination and electricity
generation of such a cell. Themodel is of a complete cell including a
planar anode, anolyte, planar cathode, catholyte, AEM, and CEM,
and accounts for coion crossover through the finite-thickness
membranes, as well as overpotential losses at electrodes. For ~30
mA/cm2 extracted current density, predictions demonstrate up to
an order of magnitude reduction in NaCl concentration from inlet to
outlet with a 500mM NaCl feed, simultaneously to electricity
generation with up to ~42mW/cm2 delivered power density. We
elucidate key factors affecting cell performance, such as those
limiting desalination performance and electricity generation. For
example, one limitation observed with the design studied here was
high coion crossover rates through membranes, which inhibited
the desalination extent and limited local membrane current effi-
ciency to below ~0.7 at themodel conditions investigated. Thus, our
model can serve as a valuable tool to gain insight into the perfor-
mance of ED cells driven by spontaneous reactions, and in the
future to predict data and guide the optimization of experimental
cells.

2. Mathematical model

To model and study the cell shown in Fig. 1, we couple elements
of established electrodialysis models [7] together with elements of
fuel cell or flow battery models [40e43]. This coupling allows us to
capture the transport of species through electrolyte solutions and
membranes, where ionic current through the cell is driven by
spontaneous redox reactions occurring at electrode surfaces. We
investigate the removal of sodium chloride (NaCl) from feedwater,
when the cell is driven by zinc oxidation at the anode,

Zn/ Znþ2 þ 2e� E+a ¼ �0:762½V � ; (1)

and bromine reduction at the cathode,

Br2 þ2e�/2Br� E+c ¼ 1:087½V �: (2)

Here E+a and E+c are the standard reduction potentials for the
oxidation and reduction half-reactions, respectively. The overall cell
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reaction is,

ZnþBr2/Znþ2 þ 2Br�: (3)

Zinc-bromine chemistry is investigated here as it is known to be
a high-performance chemistry, with fast electrochemical reactions
at electrodes (anodic exchange current density ~1mA/cm2 and
cathodic exchange current density ~10�3mA/cm2), and compatible
with highly conductive electrolytes (>100mS/cm at room tem-
perature) [44]. However, in the future other chemistries optimized
for performance, low cost, or safety can be modelled with the same
approachwe develop here. In ourmodel, the catholyte is comprised
of an aqueous solution containingNaBr and Br2, while the anolyte is
aqueous ZnCl2. While the cell is fed with reactants, here Zn metal
and Br2, it will desalinate continuously in a manner similar to a
typical ED cell, albeit without requiring any electricity input.
2.1. Governing equations

In our model, there are 6 unknown variables, including the
concentrations of zinc ions, cZnþ2 , bromide, cBr� , bromine, cBr2 , so-
dium ions, cNaþ , chloride, cCl� and the electrostatic potential f. For
simplicity, we assume steady state, dilute solutions, and neglect
bromine/bromide complexation in the catholyte [41]. We can then
write a mass balance equation for each species, i, present in the
system, as

V ,Ni ¼ 0: (4)

Here Ni is the molar flux of species i, which we can describe via
the NernstePlanck (NP) equation,

Ni ¼uci � Deff ;iðVci þ ziciVbfÞ: (5)

Here ci is the concentration of species i, zi is its valence, and Deff ;i
is the effective diffusivity of species i, which deviates from the
molecular diffusivity in the membrane phase. The parameter bf is
the dimensionless electric potential, where potential is scaled by
the thermal voltage VT ¼ RT=F , and F is Faraday's constant, R is the
ideal gas constant, and T is the absolute temperature. We define the
effective diffusivity of species i as

Deff ;iðyÞ¼Di � Di,ð1� dÞðPCEM þPAEMÞ: (6)

where Di is the molecular diffusivity of species i at infinite dilution,
and d is a diffusivity reduction factor in the membrane [7,45,46].
Further, PAEM and PCEM are smoothed boxcar functions defined as
unity within the AEM and CEM bulk, and zero in the bulk of the
flow channels (see Section 2.1.1). We consider 2D rectangular ge-
ometry as shown in Fig. 1 and 1D laminar Poiseuille flow in the x-
direction in each flow channel [40,41], given by

u , bx ¼ 6Uk

 
yk
hk

� y2k
h2k

!
(7)

where Uk, hk and yk are the channel area average velocity, height
and relative vertical coordinate of channel k, respectively (see
Table 1). We complete the set of equations with the electro-
neutrality condition,X
i

zici þXmðPAEM �PCEMÞ ¼ 0 (8)

where Xm is the concentration of charged groups per volume of
electrolyte in the membrane [7e9,45e47]. We further replace the
Br� balance equation (Eq. (4) applied to Br�), with a charge balance
equation given by
P
i
ziV,Ni ¼ 0. By defining ionic current density,

J ¼ F
P
i
ziNi, we can write the charge balance equation as V ,J ¼ 0.

Including a charge balance equation enables our use of boundary
conditions for the model which involve ionic current (see Table 2
and Eq. (14)).
2.1.1. Membrane/electrolyte interface
One approach towards modeling the membrane/electrolyte

interface is to resolve explicitly the concentration and potential
distribution in the nanoscale EDL at such interfaces, for example by
invoking the Poisson equation [36,48e50]. An alternate strategy is
to instead define separate electroneutrality and NernstePlanck
equations for the electrolyte and membrane sub-domains and
connect them via a Boltzmann distribution, cm;i ¼ ce;i expð�
ziDbfDÞ, and the continuity of ion flux [7e9,45,46]. Here cm;i is the
concentration of species i at the membrane side of the interface, ce;i
is the concentration at the electrolyte side, and DbfD is the non-
dimensional Donnan potential drop across the interface. Such a
model introduces apparent jump discontinuities in ion concentra-
tion and potential across the membrane/electrolyte boundary. The
Boltzmann distribution is obtained when assuming that the
membrane and solution remain in phase equilibriumwith zero net
species flux across the interface.

In our model, we do not explicitly resolve the EDL (do not invoke
the Poisson equation), and furthermore we do not invoke the
Boltzmann distribution. Instead, to allow for a relatively simple
numerical implementation, we consider a single domain including
all membranes and channels, and in it invoke mass balance equa-
tions given by Eq. (4), the ionic charge balance equation in Section
2.1, and the electroneutrality condition given by Eq. (8). We
describe the shift in effective diffusivity and fixed charge along the
membrane/electrolyte interface with continuous smoothed boxcar
functions defined as a superposition of smoothed step functions,
PCEM z0:5,½erfcð�ðyf þ hmÞ=tÞ � erfcð�yf =tÞ� and PAEM z0:5,½erfc
ð� ðya þ hmÞ=tÞ� erfcð� ya=tÞ�. Here he;hf and hm is the thickness
of the anolyte or catholyte flow channel, feedwater channel, and
each membrane, respectively (see Fig. 1). Further, yf and ya are the
relative vertical coordinates of the feed and anolyte channels,
respectively (see Table 1). The parameter t is the length of transi-
tion (smoothing) zone between the bulk and membrane phases,
which are used in order to prevent infinite gradients in the nu-
merical implementation of the model (t ¼ bhm, where b ¼ 0:01,
see Table 1).
2.2. Boundary conditions

A typical ED system consists of repeating unit cells which
contain a concentrate channel, a CEM, a diluate channel, and an
AEM. A simplification often used in ED models assumes binary and
symmetric salts and symmetric membranes with equal charge
density magnitude [7,8,17,23]. These assumptions allow for
assuming a symmetry midplane in each channel in which a zero
flux boundary condition is applied. Thus, several previous ED
models [7e9,23] consider domains comprised of one half of a
concentrate channel, one membrane (either a CEM or AEM) and
one half of a diluate channel. However, in our cell, the feedwater
(diluate) channel is bounded by anolyte and catholyte channels (see
Fig. 1). Thus, for our cell, symmetry boundary conditions in the
middle of channels would not be appropriate, and the model
domain must include the entire cell.

We start with the electrode boundary conditions. Using gener-
alized notation, a Faradaic half-cell reaction can be expressed as
[51].



Table 1
Model parameters used in all simulation results given in this Section.

Parameter Symbol Value

Temperature T 298K
Bromide diffusivity DBr� 2:08,10�5 cm2=s [40,41]
Bromine diffusivity DBr2 1:15,10�5 cm2=s [40,41]
Zinc diffusivity DZnþ2 0:754,10�5 cm2=s [53]
Membrane diffusivity reduction factor d 0:1
Channel length L 6:7 cm
Membrane charge concentration Xm 2 M
Anolyte and catholyte channel thickness he 2 mm
Feed channel thickness hf 1 mm

Membrane thickness hm 127 mm
Transition zone length t 1:27 mm
Anolyte velocity Ua 1 mm=s
Catholyte velocity Uc 1 mm=s
Feedwater velocity Uf 0:278 mm=s
Anolyte relative vertical coordinate ya y � he � hf � 2hm
Catholyte relative vertical coordinate yc y
Feed channel relative vertical coordinate yf y � he � hm
ZnCl2 inlet concentration cZnCl2 ;in 1 M
NaBr inlet concentration cNaBr;in 1 M
Br2 inlet concentration cBr2 ;in 0:5M
NaCl inlet concentration cNaCl;in 0:5M
Anode exchange current density Ja 1 A =cm2 [53,54]
Cathode exchange current density Jc 3:1,10�3 A=cm2 [53,54]
Standard cathode potential E+c 1:087 V [40,41]
Standard anode potential E+a �0:762 V [55]

*cell thickness is h ¼ 2he þ 2hm þ hf

Table 2
Summary of boundary conditions invoked at the planar electrodes.

Anode y ¼ h Cathode y ¼ 0

bn, J
!¼ ja jc Current continuity

bn,N!Znþ2 ¼ ja=2F 0 Faraday's law

bn, N
!

Br2 ¼ 0 jc=2F Faraday's law

bn,N!Naþ ¼ 0 0 Non-reactive species

bn, N
!

Cl� ¼ 0 0 Non-reactive species

*bn is the surface normal vector (pointing into the cell).

Table 3
Summary of inlet boundary conditions at x¼ 0.

Catholyte Middle channel Anolyte

cZnþ2 ¼ 0 0 cZnCl2 ;in
cBr2 ¼ cBr2 ;in 0 0
cBr� ¼ cNaBr;in 0 0
cNaþ ¼ cNaBr;in cNaCl;in 0
cCl� ¼ 0 cNaCl;in 2cZnCl2 ;in
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X
i

siR
zi
i /

X
j

sjO
zj
j þ ne�; (9)

where s and z represent the stoichiometric coefficients and valence,
respectively, of reduced state species Ri or oxidized state species Oj
participating in an n electron transfer reaction. We describe the
current generated by the electrochemical reaction given in Eq. (9)
at a planar electrodes using the symmetric Butler-Volmer equa-
tion (symmetric transfer coefficient, a ¼ 0.5 [40,52]),

j ¼ 2Jo
ffiffiffiffiffiffiffiffiffiffiffibcObcRq

sinh
�nh
2

�
(10)

where bcO≡Q
i
bcsii and bcR≡Q

j
bcsjj are the dimensionless surface
activities of the oxidized state species and the reduced state species
respectively, and Jo is the exchange current density. We define a
dimensionless electrode overpotential as h≡4s � 4e � qa=c
[42,43,53], where 4s is the dimensionless electrode potential and 4e

is the dimensionless electrolyte potential at the electrode surface,
and all potentials are normalized by the thermal voltage, VT. The
relative dimensionless local open-circuit potential, qa=c, of the
anode or cathode is given by Ref. [53]:

qa=c ¼
F
RT

�
E+a=c � E+a

�
� 1
n
ln
�bcRbcO

�
(11)

The difference E+a=c � E+a represents the standard reduction po-
tential of the anode or cathode relative to the standard anode
reduction potential E+a . For the anode, we consider unity zinc activity
at the anode, and thus the relative anode open-circuit potential is
qa ¼ 0:5lnðbcZnþ2 Þ. We assume that the anode is grounded, so that
4s ¼ 0 for the anode, and the anodic overpotential is ha ¼ � bfðy ¼
hÞ�0:5lnðbcZnþ2 Þ, where h¼ 2he þ 2hm þ hf is the cell thickness (see
Fig. 1). Using Eq. (10), we develop the following expression for
current at the anode,

ja ¼ � 2Ja
ffiffiffiffiffiffiffiffiffiffiffibcZnþ2

q
sinh

�bfðy ¼ hÞ þ 1
2
lnðbcZnþ2Þ

�
: (12)

Here Ja is the exchange current density of the anode half-
reaction. At the cathode, the relative local open-circuit potential
is given by qc ¼ bEOCV þ 0:5 ln½bcBr2=ðbcBr� Þ2�, where bEOCV ¼ ðE+c �
E+a Þ=VT . The cathode voltage is given by 4s

c ¼ Vcell, and thus the
cathodic overpotential is hc ¼ bV cell � f

_ðy ¼ 0Þ� bEOCV �
0:5ln½bcBr2=ðbcBr� Þ2�. Finally, the cathodic current can be written as

jc ¼ � 2JcbcBr� ffiffiffiffiffiffiffiffiffibcBr2q
sinh

"bfðy¼0Þ � Vcell þ bEOCV þ 1
2
ln

 bcBr2bc2Br�
!#

:

(13)

where Jc is the exchange current density of the cathode half-
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reaction. For the boundary conditions at the anode and cathode, we
invoke current continuity at the electrode surface, and calculate
Znþ2 and Br2 fluxes via Faraday's law (see Table 2) [40,41]. The
fluxes of electrochemically inert species at these boundaries, Naþ

and Cl�, are set to zero.
At the inlet of the cell, we impose fixed concentration boundary

conditions for all species in all three channels, (see Fig. 1 and
Table 3). We further impose zero normal ionic current at both the
inlet and the outlet,

Jðx ¼ 0Þ , bn ¼ Jðx ¼ LÞ,bn ¼ 0: (14)

At the outlet, we set the species flux equal to the advective flux
in all channels,

Ni
		
x¼L , bn ¼ �ðu,bxÞ,ci (15)

The molar flux at the upstream and downstream edges of the
membranes is set to zero,

Ni
		
x¼0 , bn ¼ Ni

		
x¼L,bn ¼ 0 (16)

3. Results and discussion

To solve equations (4)-(16), we performed 2D simulations in the
finite element framework of COMSOL Multiphysics with direct
solver MUMPS and a rectangular mesh. In Table 1, we list the pa-
rameters used in the simulations. Fig. 2 shows the predicted non-
dimensional Naþ and Cl� concentration profiles in the feedwater
channel, for a cell voltage well below the open circuit voltage,
which was Vcell ¼ 0:9 V . Both Naþ and Cl� concentration profiles
show significant reduction in concentration between the inlet and
outlet of the feedwater channel, which demonstrates the potential
effectiveness of our cell towards water desalination. For example, in
Fig. 2a, normalized Naþ concentration drops from unity at the inlet
(x/L¼ 0) to as low as ~0.2 at the outlet (x/L¼ 1) of the feedwater
channel. Thus, as in previous ED models [7,17,25], the selective
transport of ions through the membranes results in significant
depletion of salt ions in the feed channel. However, in those
models, desalination was driven by an externally applied voltage
but for our cell, no external power is applied, but rather ionic cur-
rent arises due to spontaneous electrochemical reactions occurring
at the electrodes. Differences in local concentration between Naþ

and Cl� ions are observed in Fig. 2, as Naþ concentration at the
outlet is aminimumnear to the AEM (y/h~ 0.55), and at amaximum
near to the CEM (y/h~ 0.45), but Cl� is highest near to the CEM, and
lowest near to the AEM. Such an imbalance between Naþ and Cl�

concentrations would not be expected for ideal membranes, how-
ever in ourmodel themembranes are not ideal as they permit some
coion crossover.

In Fig. 3, we plot model predictions of species concentrations
Fig. 2. Model predictions of salt ion concentration in the feed channel, normalized by
the inlet NaCl concentration with (a) showing Naþ concentration and (b) Cl�

concentration.
and potential throughout the cell, for Vcell ¼ 0:9V. In Fig. 3a, we
show the prediction for Zn2þ concentration, where the inlet non-
dimensional concentration in the anolyte, from y/h ~0.6 to y/h¼ 1,
is two, while in the feed channel (y/h ~0.4 to y/h ~ 0.6) and catholyte
(y/h¼ 0 to y/h ~0.4) the inlet concentration is zero. We can observe
Zn2þ crossover through the AEM (y/h~ 0.6), as a Zn2þ mass trans-
port boundary layer in the feed channel adjacent to the AEM. At the
feed channel outlet, the non-dimensional Znþ2 concentration rises
as high as ~0.5, indicating significant crossover. Further, we see an
accumulation of Znþ2 in the CEM (y/h~0.4), reaching a concentra-
tion of up to ~1 within this membrane. In Fig. 3b and c, we observe
catholyte Br� and Br2 crossover boundary layers in the feed channel
and along the CEM, respectively. The non-dimensional Br� con-
centration in the feed channel rises as high as ~0.5 at the outlet,
while the Br2 concentration in the feed channel rises to ~0.25 at the
outlet. Further, we see accumulation of Br� within the AEM, where
it reaches a concentration of ~1. Results also show that Br� trans-
ports from the catholyte all the way into the anolyte via the AEM
(Fig. 3b). Thus, our model predicts significant crossover of various
species, which suggests future cells should be designed to reduce
species concentration gradients across adjacent flow channels. We
note that our model likely overestimates the Br2 and Br� crossover
flux which would be attained in an analogous experimental cell, as
Br2 and Br� complex together the form Br3�, where the latter is
typically the dominant oxidant species [41]. Such complexation
chemistry, and its effect on species crossover and cell performance,
is outside the scope of this work.

As expected from the overall cell reaction (Eq. (3)), during
operation an enrichment concentration boundary layer develops
near the anode (y/h¼ 1 in Fig. 3a) due to the production of Znþ2,
and at the cathode (y/h¼ 0 in Fig. 3b) due to the production of Br�.
Further, a Br2 depletion boundary layer develops at the cathode due
to consumption of Br2 (Fig. 3c). Braff et al. [40] and Ronen et al. [41]
described Br2 depletion boundary layers along planar cathodes in
models of membraneless hydrogen-bromine flow batteries. In the
cell of Braff et al., transport of Br2 across the cathode boundary layer
determined the limiting (maximum) current achievable by the cell
during discharge [40]. At our cell voltage of 0.9 V, we can see that
the Br2 concentration approaches zero at the cathode (Fig. 3c). This
indicates that at this voltage, our system is at its limiting current,
and that our cell's current is likewise limited by Br2 transport to the
cathode. This is a counterintuitive result, as naively one could
expect that the cell's limiting current would be attributable to salt
depletion at membrane interfaces in the feed channel, as in ED
cells. However, the diffusive crossover of Znþ2 from the anolyte and
Br� from catholyte into the feed channel, together with coion
electromigration through themembrane, replenish the diluate feed
channel with ions. While our cell is limited by Br2 reduction, note
that in typical ED cells, limiting current is only achieved when
approaching zero ion concentration at the diluate channel/mem-
brane interface [7,56].

While Fig. 2 shows concentration profiles for the Naþ and Cl� in
the feed channel, Fig. 3d and e show the concentration profile for
Naþ and Cl�, respectively, across the entire cell. In both figures we
see the depletion of salt from themiddle channel and accumulation
of Naþ in the CEM (y/h~0.4) and Cl� within the AEM (y/h~0.6). In
Fig. 3f, we plot the model solution for potential, and observe that
the highest potentials are attained along the anode (y/h¼1), and a
gradual potential drop occurs within flow channels along the cell's
y-direction. Further, we observe sharp potential drops at the
membrane\electrolyte interface (y/h~0.4 and y/h~0.6 receptively),
which appear qualitatively similar to Donnan potential drops
[25,47]. However, in our model these potential drops are not due to
the imposition of phase equilibrium across the membrane/elec-
trolyte interface, but rather arise from flux and current continuity



Fig. 3. Model predictions of species concentrations and electric potential throughout the cell, for (a) Znþ2, (b) Br�, (c) Br2, (d) Naþ, (e) Cl� and (f) f. All concentrations are normalized
by the inlet NaCl concentration of the feedwater channel. The dashed horizontal lines represent the membrane boundaries.
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across this interface. Further, in Fig. 3f, we see that the highest
electric field is attained at the inlet (x/L¼0) and that the field de-
creases fairly sharply with x near to the inlet.

Fig. 4a shows the magnitude of the predicted cathodic current
density jjcj, vs. x/L for the case of Vcell¼ 0.9 V (solid blue line). The
highest local current density of ~55mA/cm2 is attained at the inlet,
x/L¼0, and local current density decreases along the length of the
cell, to ~20mA/cm2 at the outlet, giving a cathode-area averaged
density of ~30mA/cm2. The decay in current with x can be attrib-
uted largely to the growth of the Br2 depletion boundary layer at
the cathode (Fig. 3c), which results in increasingly sluggish Br2
transport to the cathodewith increasing x/L. In Fig. 4a, we also show
jjcj scaled by (x/L)�1/3 (dashed green line), and we can see that this
scaled current is roughly constant when plotted vs. x/L. A scaling of
cell current with (x/L)�1/3 has been obtained from analytical solu-
tions to the concentration field in a thin Br2 boundary layer at the
limiting current, upon implementing a Leveque approximation for
the velocity through the layer [40]. Thus, our results in Fig. 4a inset
show that the same scaling largely applies in our cell, evidence of
the important role of the Br2 boundary layer along the cathode on
cell performance.

To quantify species crossover, in Fig. 4b and c we plot predicted
species flux at the membrane midplane for the case of Vcell ¼ 0.9 V.
We can see that the AEM (Fig. 4b) permits significant Cl� flux
(yellow line), with maximal flux of NCl�~4 mmol/m2s attained near
the channel inlet (x/L¼0). The latter flux approximately scales as
x�1/3, indicating that this is the primary current carrying ion
through the AEM. We further observe Br� transport (green line)
from the feed channel to the anolyte channel through the AEM,
which occurs because of Br� crossover into the feed channel from
the catholyte (see Fig. 3b). In Fig. 4b, we can see that NBr� ¼ 0 at the
inlet as there is no Br� at the location of the AEM, but rises to 1
mmol/m2s at the outlet. Also seen in Fig. 4b is that Znþ2 coions
permeate through the AEM to the feed channel (blue line). The
highest crossover flux of NZnþ2 ~ �1 mmol/m2s is attained at the
inlet and decreases along the length of the cell. In Fig. 4c we show
predicted fluxes through the CEM and observe that a maximum
removal of NNaþ~-4 mmol/m2s is attained near the channel inlet
and Naþ flux approximately scales as x�1/3, indicating that Naþ is
the primary current carrying ion through the CEM. Slight transport
of Znþ2 (blue line) is also observed through the CEM from the feed
channel to the catholyte. Neutrally charged Br2 (red line) and Br�

ions (green line) permeate from the catholyte through the CEM to
the feed channel. The highest Br� crossover flux of NBr�~2 mmol/
m2s is attained at the inlet, and decreases along the length of the
cell, while NBr2 is nearly constant with x.



Fig. 4. Model predictions for: (a) Cathodic current density (solid blue line) and scaled cathodic current density (dashed green line) vs. x/L. (b) AEMmidplane ion fluxes. Positive flux
describes ion remval from the feed channel (c) CEM midplane ion fluxes. Negative flux describes ion remval from the feed channel (d) Membrane local current efficiency.
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In Fig. 4d we show the calculated local current efficiency at the

membrane midplane, defined as lAEM=CEM ¼
			NCl�=Naþ=

P
i
ziNi

			, vs. x/
L. Ideal AEMs and CEMs would allow only Cl� and Naþ transport,
respectively, yielding lAEM=CEM ¼ 1. For non-ideal membranes, the
flux of other species through the membrane reduces the current
efficiency. For our cell, the highest predicted local current efficiency
of lCEM ~0.7 is obtained at the inlet, x/L¼0, and we can observe that
both lCEM and lAEM decrease with x/L to a minimum value of
lAEM~0.1 at the outlet. The decrease of lAEM=CEM with x/L indicates
an increasing fraction of total current carried by ions not in the
feedwater (Zn2þ and Br�) with x/L. In Fig. 4d, we can also see that
the predicted current efficiency of the AEM is generally lower than
that attributed to the CEM for the same location, x/L. This is likely
due to transport of Br� through the AEM, up to NBr�~1mol/m2s (see
Fig. 4b), as significant Br� reaches the AEM from the catholyte due
to its relatively high diffusivity (see Table 1). We can compare our
current efficiency to that predicted for regular ED cells driven by
electricity. For example, Tedesco et al. [7] predicted a current effi-
ciency of >0.5 at all locations along their AEM and CEM for the same
membrane charge used in this work (Xm¼ 2M). The latter com-
parison emphasizes that a main limitation in the performance of
our proposed ED cell is high membrane crossover. Future designs
should endeavor to reduce ion concentration gradients across
membranes, in an effort to achieve current efficiencies rivaling that
of traditional ED.

Fig. 5 shows predictions of electric potential at the cell mid-
plane, x/L ¼ 0.5, when the cell is operated at the limiting current,
Vcell¼ 0.9 V, and when operated near to equilibrium, Vcell¼ 1.8 V
(the open-circuit voltage is ~1.808 V), as function of y/h. Near to
equilibrium, the cell current density is near zero, and the potential
is approximately uniform across each channel and membrane in
the cell. However, sharp variations in potential are observed at the
membrane/electrolyte interface, which can be described as Donnan
potentials. These potential drops are not symmetric across a given
membrane, leading to a non-zero membrane potential, which is
due to concentration differences of ions between the flow channels
sandwiching each membrane at equilibrium [38,47,57e59]. For
example, at 1.8 V, the AEM membrane potential is ~8mV while the
CEM membrane potential is ~24mV. By contrast, at the lower cell
voltage associate with the limiting current, we observe that the
potential drop across channels andwithinmembranes is significant
and shows a roughly linear profile. At the membrane/electrolyte
interfaces, we again see the sharp variations in potential, which
arises from a conservation of mass and current across these in-
terfaces (we here did not impose phase equilibrium across these
interfaces). The membrane potential is significantly higher when
far from equilibrium, with 55mV for the AEM and 328mV for the
CEM.

We next define an ion removal factor, k, as the ratio between the
outlet mass flow rate of species in the feed channel to that of the
inlet,

k ¼

ðhf

0
½uðytÞ,bx�,X

i

ciðx ¼ L; ytÞ,dy

2Uf cNaCl;inhf
: (17)

Fig. 6 shows the predicted ion removal factor k (solid green
curve), calculated using Eq. (17) and summed over all ions in the
cell, and desalination factor kNaCl (green dashed curve), calculated



Fig. 5. Predicted potential profile in the cell at x/L¼ 0.5, showing profiles both across
membrane/electrolyte interfaces, and within membranes and channels themselves.
Results are shown for a cell voltage of 1.8 V, which captures the cell behavior close to
equilibrium (close to open circuit voltage), and for a cell voltage of 0.9 V for behavior
far from equilibrium.
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using Eq. (17) summed over only Naþ and Cl�, both as function of
cell current density. For current densities less than 4mA/cm2, the
feed channel receives net NaCl ðkNaCl >1Þ due to diffusion-driven
crossover of Naþ across the AEM and Cl� across the CEM. For cur-
rent densities between 4mA/cm2 and 12mA/cm2, NaCl is net
removed from the feed channel ðkNaCl <1Þ, but replaced with Znþ2,
Br� and Br2 due crossover of these species across the membranes
ðk>1Þ. For current densities greater than 12mA/cm2, our cell
removes net ions from the feedwater, so that both kNaCl and k are
smaller than unity. That ion removal factor is greater than unity
even for moderate current density demonstrates again that coion
crossover is a key limiting issue and reducing crossover should be
addressed in a future work.

To quantify the cell electricity generation occurring simulta-
neously to the desalination, we use a polarization curve (Fig. 6 blue
curve). The maximal output voltage seen on the polarization curve,
1.808 V, is the open-circuit voltage (OCV) attained at zero current.
Irreversible frictional losses decrease the output voltage from the
OCV as current is increased (as we depart further from equilibrium)
[60]. The roughly linear profile of the polarization curve for current
densities below about 25mA/cm2 indicates that Ohmic potential
drops across channels and membranes dominate losses at these
currents. Concentration overpotential losses, due largely to Br2
Fig. 6. Predicted cell voltage, Vcell (blue line, left y-axis), ion removal factor k (green
line, right y-axis) and desalination factor kNaCl (green dashed line, right y-axis) as
function of cell current density.
depletion at the cathode, results in non-linear profile seen at high
current densities near-to the limiting current of 30mA/cm2. The
delivered electrical power density of the cell is given by the
multiplication of cell voltage by extracted current density, P ¼
Vcell,j. This power density increases with current density until
reaching limiting current, with a maximum delivered power den-
sity of ~42mW/cm2 attained at ~29mA/cm2. In addition to the
electrical power delivered, we can calculate the power input to the
cell at a given current density, a chemical energy input, by multi-
plying the cell's OCV by the current density Pchem ¼ VOCV,j [39]. This
quantity also represents the electrical power density which would
be attained had the chemical-to-electrical energy conversion been
lossless. For example, at the condition of maximum power density
(j¼ 29mA/cm2), Pchem ~52.2mW/cm2. We define the net power
consumption of the cell, as chemical power input minus electrical
power recovered, Pnet ¼ Pchem � P. Thus, the net power density
consumption of our cell at the condition of maximum electrical
power density is Pnet ~10.2mW/cm2. Finally, we can calculate the
specific chemical energy consumption of the cell by dividing the
net power required by the cell by the volumetric flow rate in the
feed channel EC ¼ Pnet=ðuf hf Þ [7]. At the maximum power density,
where kNaCl ~0.3 (Fig. 6), we obtain EC ~6.8 kWh/m3.

4. Conclusion

In this work, we extended ED theory to cells driven by sponta-
neous redox reactions, demonstrating simultaneous desalination
and electricity generation due to a chemical-to-electrical energy
conversion process. We present results showing key features in our
ED cell's operation, and quantified performance for a cell based on
high performance ZneBr2 chemistry. We demonstrate that the
main limitation of the cell as designed here is expected to be a
relatively high coion crossover into the feedwater channel. Thus,
this model can guide us to next-generation designs targeting
reduced coion crossover, in which desalination performance and
energy efficiency can be greatly improved. In the future, the model
framework developed here can be applied to different redox
chemistries, cell geometries, and for membranes with varying
properties, and should be validated with a dedicated set of exper-
imental results.
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