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In electromembrane processes such as electrodialysis (ED) and ion concentration polarization (ICP), the diffusion
layers on both diluate and concentrate sides influence permselectivity of the ion-exchange membrane and cur-
rent utilization. The diffusion layer in the diluate stream, due to lower salinity and higher resistivity, has been
regarded as the primary source of energy loss. In contrast, very few studies have focused on the diffusion layer in
the concentrate stream. In this paper, we evaluate the influence of hydrodynamic convective flow on the
development of diffusion layers on both concentrate and diluate sides, specifically in the ICP desalination pro-
cess. Interestingly, the higher convective flow in the concentrate side was shown to drastically improve the
current utilization drop in high operating current, which has been a recurring challenge in electromembrane
processes. We attribute this to the prevention of co-ion leakage into the membrane, confirmed by both experi-
mentation and numerical modeling. This new insight has a clear design implication for optimizing electro-

membrane processes for higher energy efficiency.

1. Introduction

Electrodialysis (ED, Fig. 1a) is a mature desalination technology,
which has diluate and concentrate compartments separated by alter-
nating two ion-exchange membranes, anion-exchange membrane (AEM)
and cation-exchange membrane (CEM), allowing selective ion transport
(Strathmann, 2010). It has been widely applied in food processing,
seawater desalination, and brine effluent treatment (Fidaleo and Mor-
esi, 2006; Korngold et al., 2009; Sadrzadeh and Mohammadi, 2008). The
selective ion transport develops diffusion layers (also known as ion
concentration polarization) next to AEM and CEM, which lead to ion
removal or concentration downstream. The diffusivity of ionic species is
one of the significant factors in developing the diffusion layer in the
diluate compartment. It has been experimentally and theoretically
proven that the diffusion layer next to CEM (Sp cgm) is thicker than the
diffusion layer next to AEM (6p apm) with a sodium chloride solution
(6p.cEm > 6p AEM, Fig. 1a), due to the higher diffusivity of chloride e =
0.606), compared to that of sodium (t¥¢" = 0.393), the majority ions in
seawater (Kwak et al., 2013; Shaposhnik et al., 1997, 1995). Based on
this scientific insight, we discovered and reported the novel Ion Con-
centration Polarization (ICP) process, which utilizes only CEMs to
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achieve an improved current utilization (CU), also known as current
efficiency, than ED (CUjcp > CUgp)(Fig. 1b) (Al-anzi et al., 2020; Choi
et al., 2019; Kim et al., 2017; Kwak et al., 2016; Yoon et al., 2019).
Ideally, CU in ED is CU = 1 at zero current limit, but CU in ICP processes
is improved as 1.2 at zero current limit with sodium chloride solution,
due to its diffusivity mismatch (e.g., chloride diffusivity is higher than
that of sodium) (Kwak et al., 2016).

The selective ion transport through ion-exchange membranes creates
diffusion layers on both depleted (depletion layer) and concentrated
(concentration layer) sides of the membrane, which is the fundamental
phenomenon that enables both ED and ICP processes. It is well under-
stood that a thicker ion depletion region (as a result of the higher
operating current) is often associated with increased cell resistivity,
resulting in additional voltage drop/energy loss. To mitigate this,
spacers are added to diluate channel for enhanced mixing, or the flow
speed is increased to minimize the boundary layer thickness (Balster
et al., 2010, 2006). Another significant loss mechanism in electro-
membrane processes is the precipitous drop in CU, in proportion to the
applied current, which is ubiquitously observed in experimental works
on ED and ICP processes (Doornbusch et al., 2020; Kim et al., 2017,
2016; Tanaka, 2000; Yoon et al., 2019). However, understanding of the
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Fig. 1. Schematic illustration of ion transport and flow path in (a) electrodialysis (ED) and (b) Ion Concentration Polarization (ICP) process. (c) Details of A in (a) and
B in (b), the development of diffusion layers on both diluate (5p) and concentrate (5¢) sides and the change in concentration profiles by various flow velocities in
concentrate stream (Uc). Jeounterion and Jeo—ion indicates transport of counterion and co-ion, respectively.

mechanism behind this has been less than desired. Various second-order
phenomena have been suggested as the main reason for the drop in CU,
including (1) new current carrier generation (e.g., water splitting)
(Nikonenko et al., 2010; Rubinstein and Shtilman, 1979) and (2)
membrane discharging by thicker depletion layer (Andersen et al., 2012;
Frilette, 1957), and (3) large trans-membrane concentration difference
leading to strong back-diffusion and osmosis (Chehayeb et al., 2017).
However, as our analysis indicates, none of these effects are large
enough to explain dramatic reduction in CU.

CU value of the membrane is directly related to the ion permse-
lectivity of the membrane, and the selectivity of commonly used ED
membranes are generally high (>97%) at equilibrium condition (zero
current limit). Therefore, a deterioration in CU must be related to a loss
in selectivity, specifically, leakage of co-ions under a high current
operation. Even at equilibrium, increased salinity around cation ex-
change membranes (CEMs), compared with the inherent fixed anion

concentration in the membrane, will lead to more anions penetrating
into the membrane, governed by Donnan partitioning (Geise et al.,
2012). Abu-Rjal et al. developed a simple analytical model demon-
strating that a thicker boundary later on the concentrate side reduces
membrane permselectivity (abu-Rjal et al., 2014). However, there has
not been any experimental study on this topic, not to mention any
strategy to mitigate this selectivity loss for more optimal electro-
membrane operation.

It has been experimentally demonstrated, by many researchers, that
higher hydrodynamic flow speed (Uy) in ED and ICP improves the
overall energy efficiency as well as the current efficiency (La Cerva et al.,
2018; Nakayama et al., 2017; Yoon et al., 2019). Previous studies in ED
have mainly focused on the reduction of depletion layer thickness by
increasing the flow speed (Up) in the diluate channel (since

& ~ y/Dx/U), or by employing mesh spacers (as a turbulence promoter)
or corrugated membrane (Balster et al., 2010; Tadimeti et al., 2016).
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Fig. 2. (a) Schematic of measurement system for analytic experiment of ICP system. (b) The salt flux by electro- and diffusive migrations (Jsmcp) and trans-
membrane diffusion (Jsu,p), and the experimental result (Jsgxp). Ap/Bc indicates the experiment condition with A mm/s of Up and B mm/s of Uc. Areas shaded
in gray indicate the operating conditions beyond the limiting current regime (The intensity of the grayscale was adjusted to distinguish the conditions.).

Numerical analyses for reverse electrodialysis show that a higher hy-
drodynamic flow speed leads to a decrease in the system resistance
(Moya, 2016) and an improved counter ion transport (Tedesco et al.,
2016). Also, the multi-stage ED has been actively investigated to
diminish thicker diffusion layers that may result from the single-stage
ED (Doornbusch et al., 2019; Jiang et al., 2014; Yan et al., 2019).
However, the control of hydrodynamic flow in the concentrate stream
(U¢) didn’t receive much attention. Yet, higher Uc (Ucy) may lead to a
thinner concentration layer near CEM, sweeping out of concentrated
stream near the membrane (Fig. 1c) and resulting in the reduction of
surface concentration of cathodic side of CEM (Cs¢) and thinner &c,
which will reduce any co-ion leakage from the concentrate side. This
provides the experimental evidence regarding the mechanism behind
CU lowering at high current, and offers ideas to mitigate this limitation

in system engineering.

In this work, we regulate the distribution of hydrodynamic flow in
diluate and concentrate stream (i.e., Up and Uc) independently and
evaluate the influence of Up and U¢ on the current distribution, energy
efficiency (voltage drop), and CU using the ICP process with return-flow
spacer. Combined with numerical simulation, we provide experimental
evidence for the mechanism of CU lowering, for the first time to our best
knowledge.

2. Material and method
2.1. Device fabrication

The benchtop-scale ICP desalination with return-flow spacer was
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used for experiments, and its configuration, fabrication, and operation
were described and demonstrated in previous works (Kim et al., 2016;
Yoon et al., 2019). The ICP desalination device comprises two electrode
compartments and ICP compartment stacked up with alternating CEMs
and spacers (Figure S1). The electrode compartments for anode and
cathode are fabricated in clear cast acrylic frame, with Ru-Ir coated
Titanium plates as electrodes (Baoji Qixin Titanium Co., LTD., China),
sealed by silicon rubber. The ICP compartment is made of three spacers
and two pieces of cation exchange membrane (Neosepta CMX, Astom
Co., Japan) and two pieces of end membrane (FTCM, FuMA-Tech GmbH,
Germany) with 5 x 15 cm? of the effective membrane area.

2.2. System operation and measurement

Sodium chloride (S5886, Sigma-Aldrich, Co., St. Louis, MO, USA)
solution with a concentration of 35 g/L was prepared for representative
salinity for seawater. Sodium sulfate (239,313, Sigma-Aldrich, Co.) so-
lution with a concentration of 0.6 M was used in the electrode rinsing
channels. Two pumps, peristaltic pump (Masterflex® L/S pump, Cole-
Parmer Instrument Company, LLC., Vernon Hills, IL) and circulation
pump (McMaster) were used to apply the sodium chloride solution with
various flow rates for feed flow and sodium sulfate solution with 300
mL/min for rinse, respectively. The constant current is applied by the DC
power supply (9205, B&K Precision Cor., Yorba Linda, CA, USA). The
voltage drop between spacers was measured by the digital multimeter
(5491B, B&K Precision Cor.). The salinity changes at the outlet of diluate
and concentrate streams were monitored by flow-through conductivity
probe (16-900 Flow-thru Conductivity Electrode, Microelectrode, Inc.,
Bedford, NH, USA). Then, the diluate and concentrate solution are
collected after the salinity changes have stabilized. The electrode con-
ductivity cell (013610MD, Thermo Fisher Scientific Inc., Cambridge,
MA, USA) measures the salinity of collected solutions.

2.3. Physicochemical transport model

The time-varying behavior of the system is dictated by continuity,
which is given in this case as:
a(),'
where J;, and c; are the molar flux density and molar concentration of
ion i respectively. Chemical flux from diffusion, migration, and con-
vection is given by the Nernst-Planck equations for dilute solutions:

z;F
Ji = 7D', (Vci +ﬁ01v¢> + ciu, (2)

where u, ¢, D;, and z; are the molar-averaged solvent velocity, electric

potential, diffusivity, and charge number of ion i respectively. The

electric potential is coupled to the space charge density through the

Poisson equation:

VE=-vg=Lc - TN ©)
€o€r €0€r i

where E is the electric field vector, pg is the space charge, ¢ is the

permittivity of free space, and ¢, is the relative permittivity. The electric
current density is given as:

i=FY zl, “

which assumes displacement currents have a negligible effect. Finally,
Navier-Stokes governs solvent transport:

ou 1 5
EJF (w-Vu = —/;Vp +uvVu, (5)
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where py, is the solvent density, v is the kinematic viscosity, and p is the
pressure.

The main difference between the aqueous phase and the membrane
itself, is that this region contains fixed negative charge of molar con-
centration, X. In other words,

pc =F (ZZ[Ci - X) , (6)

throughout the membrane region. In order to speed up convergence, we
given the membrane region initial conditions from solutions to an
equilibrium model. In order to model galvanostatic polarization across
the widths of the channels, we implement an electric field boundary
condition at the boundary extending along y = —Wy/2 — Wcn (Flavin
et al., 2019).

All scaling, meshing, linear solving, and numerical integration was
performed using the finite element method within COMSOL Multi-
physics. See Section 3, supplementary information for further details
relating to boundary conditions, assumptions, parameters, and numer-
ical methods.

3. Result and discussion

3.1. Osmosis, back-diffusion, and water splitting cannot explain Cu
lowering observed

Fig. 2a shows the general schematic of experimental system to
evaluate the ICP process with various flow and current flux conditions.
The flow rate for outlet of diluate (Qp) and concentrate (Q¢) streams are
controlled to have a target flow velocity by adjusting the flow control
needle valves attached to the outlets. The effective voltage drop (V)
and the salinity of both diluate (Cp) and concentrate (C¢) streams are
measured under an application of a given current flux. In the ICP ar-
chitecture, we have the flexibility to control the flow speeds of both
channels (Up and Uc) independently, which was used to experimentally
investigate the relationship between CU and the boundary layer thick-
ness on both sides of the membrane. In Fig. 2b, experimentally removed
salt flux (Jsgyp) was compared with theoretically estimated chemical
flux expected from various secondary mechanisms suggested previously
(Andersen et al., 2012; Chehayeb et al., 2017; Frilette, 1957). The salt
flux in ICP process (Jg icp) is derived the salt fluxes in ED (Jg gp) described
by a combination of electro-migration (sgrp = AMIS% i) and
trans-membrane diffusion (Jsyp = — AuLsAC) as follow:

Is E
Jsep = Au(SE2i— LiAC), @)

where Ay is the effective membrane area. tsgp is the transference
number of solute in ion-exchange membranes. F is the faraday’s con-
stant. i is the current flux. Ls(= 1.083 x 1077 m/s)is the membrane
constant for salt flux by diffusion (Fidaleo and Moresi, 2005). tsgp is
given by

then + L
CEM + AEM 1’ (8)

with an ideal permselectivity of ion exchange membranes. ti;, ~ 1 is
the ideal transference number of cation in CEM and t,,, ~ 1 is the ideal
transference number of cation in AEM. The theoretical transference
number for ICP process, employing only CEM (ticp, cem), can be calcu-
lated as a control volume analysis (Figure S4, The detailed control vol-
ume analysis is described in Section 1, supplementary information). In
the ICP process, outflux of solute comprise of electro- and diffusive
migrations (Jsmcp) as follow:

e

1
Jsmicp = (IzEM —t"+ f) 2 (C)]
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Fig. 3. (a) The salinity variation at the end of two streams, diluate (Cp) and
concentrate (C¢) streams, (b) the I-V response and (c) the change in current
utilization (CU) under various hydrodynamic convections as a function of
current flux. Ap/Bc indicates the experiment condition with A mm/s of Up and
B mm/s of Ugc.

where I° is the net system current. t" and t~ are transference numbers of
cation and anion, respectively. The sum of transference numbers is the
overall transference number in the ICP process.

ticp.cem = Tpy — 17 +17, (10)
where t¢;,, and —t* + t~ represent the outflux by electro-migration and

diffusive migration, respectively. The transference number of ICP pro-
cess with sodium chloride can be written as following:
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ci-
ticp, cem = ZZEM — Nt an

where tV%+(=0.393) and t°~ ( = 0.606 ) are transference number of so-
dium and chloride, respectively. Eq. (11) gives the result of the calcu-
lation of 1.213. In ticpcem, 0.213 is the advantage obtained by the
diffusivity difference. The salt transport equation for the ICP process can
be rewritten by following equation:

1,
Jsicr = Ay (FLEL i~ L5AC), 12)

If the ion exchange membranes remain an ideal permselectivity, one
would expect that salt flux by migrations (Jsmicp = AM[’“’% i) would be
the same as Jg . In reality, Js gy is always lower than Jg,, cp, yet one
can see that the difference between them is increasing in proportion to
the operating current. At the same diluate flow speed, CU is critically
dependent on the flow speed of the concentrate flow speed. If the
concentrate flow speed is set higher than that of diluate flow speed (2
mm/s of Up with 4 mm/s of Uc, 2p/4c, and 2p/8¢ conditions) one re-
covers near ideal CU values over a wide range of current density values
(up to ~ 100 mA/cm?), effectively mitigating the issue of membrane
selectivity loss. Interestingly, higher Uc (ie., 2p/8¢) still allow to
maintain high CU values even with a current flux beyond the limiting
condition (areas shaded in gray in Fig. 2), compared to 2p /4. condition.
In contrast, estimated secondary flux value such as back-diffusion
(Jsmp), osmosis (Jwumo) and electro-osmosis (Jwmg) are found to be at
least an order of magnitude smaller, casting doubts on the importance of
these secondary transport processes. For example, Jsyp (salt back-
diffusion) is accounting for only 0.7% of Jsu in the case of 2,/4c,
even at the limiting current (i, /4.)-

3.2. The effect of hydrodynamic convection in performance of ICP process

As previously reported (Yoon et al., 2019), the ICP process with the
return-flow spacer shows a symmetrical variation of concentration
profiles at Cp and C¢ (Fig. 3a). To evaluate the system characteristic, we
measure the current-voltage (I-V) response (Fig. 3b) and calculate the
current utilization (CU, Fig. 3c), shown in the equation below:

CU = ZFQD(CIF - CD)7 13)
where z is ion valence, F is Faraday’s constant, and I is total current. As
generally observed in the electro-membrane processes (i.e., ED and ICP),
higher hydrodynamic flow velocity reduces resistance, promoting mass
transfer through the formation of thin diffusion layers (Fig. 3c). Also, CU
generally increases with higher hydrodynamic flow velocity, while de-
creases with an increase in the operating current (Fig. 3d). However, it is
not clear which factor, AC or C¢, influences CU changes, since the
symmetrical distribution of hydrodynamic convection (Qp = Q¢) pro-
vides only a balanced change in Cp and Cg.

Therefore, we set out to assess the effect of hydrodynamic flow ve-
locity in the concentrate stream (Uc) by testing various U values of 0.5
to 8 mm/s, with a fixed value of Up at 2 mm/s (Fig. 4). The I-V response
shows that higher U leads to increased cell resistance (Fig. 4a). How-
ever, higher U (at the same Up and current values) leads to a dramatic
reduction in the salinity of diluate output (Cp) (Fig. 4b), representing a
significant improvement in CU (Fig. 4c and Figure S5). This result simply
shows that the reduction in C¢ allows improving CU as discussed in the
previous paragraph. From Fig. 4d, one can see that lower C¢ (caused by
higher U¢ values) is the main driving factor for maintaining high CU
values, rather than AC or any boundary layer development in the diluate
channel such as higher Cp.

3.3. Numerical analysis

In order to explore the phenomena discussed in this article more
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thoroughly, we supplemented our experiments with numerical simula-
tions. These simulations focus specifically on processes in the concen-
trate stream that affect membrane transport—its selectivity in
particular. We modeled ion and solvent transport throughout the three-
region system using Nernst-Planck-Poisson and Navier-Stokes. The
membrane itself was modeled as a region of fixed charge (X = 5.7M)
with no permeability for solvent transport. For the applied current and
flow conditions considered in the physical system, the membrane gen-
erates near-complete depletion in the diluted stream channel. Since the
diluate stream and its respective phenomena are not the focus of our
analysis here, we chose a sufficiently large diluted stream velocity, Up =
80 mm /s, which renders boundary layer in the diluate channel almost
negligible and numerically simplified the simulation significantly.

As demonstrated in Fig. 5a, the perpendicularly applied electric field
(V¢) and solvent flow (U) generate a diffusion boundary layer on the
concentrate side of the membrane, whose thickness increases along the
length of the membrane. By the Gibbs-Donnan effect (Galama et al.
2013), this produces a larger concentration of both co- (Cco—ion, i.€., C17)
and counter-ions (Ceoynterion, i.€., Na') inside the membrane (Fig. 5b-i &
ii) to maintain membrane electroneutrality (Cimem. + Cco—ion = Ceounterion»
Cunem. 1S the charge density of membrane) (Geise et al., 2012). However,
as shown in Fig. 5b-i, the co-ion concentration increases more substan-
tially relative to its equilibrium value. This leads to the behavior shown
in Fig. 5c-i and ii as the diffusion boundary layer thickness increases
over the length of the membrane, the simulated permselectivity for
counter-ion reduces substantially, allowing co-ion leakage. It is observed
that the migration of co-ion (Jyc-) contributes to the majority of the
co-ion flux (Jo-), compared with the diffusion flux of co-ion (Jpc-)
(Figure S7). Thus, as a whole, the membrane becomes less selective for
counter-ion when a large ion enrichment layer is allowed to develop. As
we can see in Fig. 5¢-i, when we diminish this diffusion boundary layer
by increasing the flow rate of the concentrate stream, the selectivity (as
described by integral transference, T; = J;/> Ji) converges to the ideal

k

case—unity transference for counter-ion and 1.2 of current utilization
for ICP process (Fig. 5d). Ultimately, this explains why we experience
better membrane performance under higher Uc.

4. Conclusion

Herein, we demonstrate the influence of hydrodynamic convective
flow on the ion transport in the electromembrane process. The increase
in hydrodynamic flow in concentrate stream leads to a reduction in the
ion concentration near the membrane. Subsequently, it results in
improved electromembrane process (i.e., higher current utilization and
more uniform current distribution). This mechanism is clearly validated
by both experiments and numerical simulation. In addition, the benefit
of higher U; is maximized in the operating condition beyond the
limiting current regime where a thicker concentration layer is inevitably
developed. The numerical simulation shows that a lower U leads to a
thicker diffusion layer on the cathodic side of cation exchange mem-
brane, while increasing both co- and counter-ions in the membrane to
maintain its electroneutrality. This increase in co-ion concentration in-
creases the leakage migration of co-ions, diminishing the transference of
membrane. While the concept presented here was demonstrated using
ICP desalination process only, it is clear that other desalination pro-
cesses such as ED can also benefit from the same strategy to achieve
higher CU and energy efficiency, perhaps at the cost of lower recovery
rate (from the fast flow in the concentrate channel). At the same time, in
our simulation result, we note that counter-ion transport is largely un-
affected even under the fast concentrate stream flow, which may be an
optimal operating condition with better energy efficiency for certain
desalination applications (e.g., portable scale desalination).
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