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Many electrochemical technologies utilize ion-exchange membranes for water treatment (e.g. electrodialysis),
energy conversion applications (e.g. redox flow batteries), and electrochemical synthesis (e.g. bipolar membrane
electrodialysis). Ion mobility inside the membrane plays a primary role in determining the energy efficiency and
ion selectivity of the process. We investigated the mobility of Na*t, K*, Mg?*, and Ca®* inside commercial cation-
exchange membranes based on conductivity measurements in single electrolyte solutions. Moreover, we
employed a transport model to simulate two scenarios for the counter-ion mobilities in a binary mixture of Na™
and Mg?". In a single electrolyte, the mobility of various counter-ions is reduced to different extents mainly
based on the membrane water volume fraction as well as the ion hydration. For example, in membranes with
low-to-moderate water volume fractions, the Mg?" mobility is 9-17 times more reduced than the mobility of
Na™. In a mixture, this difference in mobility reduction is less pronounced since the ions are limited by the
surrounding counter-ions inside the membranes. In this regard, the counter-ion mobilities for a single electrolyte
do not necessarily reflect the counter-ion selectivity during multi-electrolyte experiments. Furthermore, the
counter-ion selectivity in electrodialysis is highly influenced by the ion partitioning within the membrane in
addition to ion mobilities in the diffusion boundary layer.

1. Introduction conductivity of the multivalent ions in most of the ion-exchange mem-

branes. For example, the conductivity of cation-exchange membranes

Electrochemical technologies [1,2] are promising for fit-to-purpose
water treatment processes [3,4] as well as the recovery of valuable
ions, e.g., NHZ [5], Li* [6], and La®" [7]. Low energy consumption is a
key indicator of a sustainable treatment process [8]. Moreover, a high
flux selectivity is desirable for the separation or purification of an ionic
species from a multi-ionic solution [9]. Several electrochemical tech-
nologies, e.g., electrodialysis and fuel cells, rely on ion-exchange
membranes as selective separators [10]. In electrodialysis, both as-
pects, i.e., energy consumption and ion selectivity, are tightly connected
to the counter-ion mobility inside the membrane [11].

The presence of some ions in raw or wastewater streams can ruin the
energy efficiency of the electrochemical process. Multivalent cations, e.
8., Mg2+ and Ca®*, deteriorate the performance of fuel cells [12-14],
reverse-electrodialysis [15-18], microbial reverse-electrodialysis cells
[19], and electrodialysis [20]. This can be explained by the low
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(CEMs) with Mg?" as the counter-ion can be one order of magnitude
lower than a membrane with Na™ counter-ions [21,22].

The membrane tortuosity can explain the reduced mobility of
monovalent ions of a relatively small hydrated radius, such as Na™, in-
side ion-exchange membranes [23,24]. The mobilities of different ionic
species can vary tremendously inside the same membrane relative to the
ion mobility in aqueous solutions. Fan et al. [25] used two (mem-
brane-specific) fitting parameters to capture the effects of membrane
tortuosity and electrostatic interactions on the counter-ion mobility in
single salt experiments. They suggested a relation between the
counter-ion diffusion coefficient inside the membrane (D") relative to
the diffusion coefficient in aqueous solutions (D?q) and its valency
squared (z2)
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where the proportionality constant, A, is a membrane-specific parameter
[25]. However, the mobility of counter-ions inside the membrane can be
reduced by different factors even if they carry the same charge [26]. For
example, the diffusion coefficient of Li" inside the membrane is further
reduced than that of Na* followed by K and Cs* [26-29], which is not
explained by the membrane tortuosity [26] nor by the ion valency
proposition (Eq. 1).

Another theoretical framework is the counter-ion condensation
theory which assumes a fraction of counter-ions to be immobilized, or
“condensed” [30]. This assumption led to significant underestimations
of the membrane conductivity in case of monovalent counter-ions (Fig. 2
in Ref. [31]). Extending the framework to consider two mobile cate-
gories of counter-ions (instead of a mobile and an immobile fraction) led
to better estimations of the membrane conductivity in case of mono-
valent counter-ions but the framework significantly overestimated the
conductivity for multivalent counter-ions (Fig. 3 in Ref. [31]).

The counter-ion mobility can be calculated based on the membrane
conductivity in a single electrolyte solution, e.g., NaCl, MgCl,, or
NaySO4 [21-23]. The partitioning of the different ionic species inside
the membrane can be estimated based on membrane equilibrium ex-
periments in mixtures [22]. The counter-ion fluxes in mixtures depend
on the ion partitioning and mobility inside the membrane. However,
discrepancies arise between the experimental fluxes in mixtures and the
theoretical predictions that assign the counter-ion diffusion coefficients
to the values measured in single electrolyte experiments [22]. Further-
more, the ratio between the counter-ion mobilities or membrane con-
ductivities during single electrolyte experiments does not reflect the
actual flux selectivity for the two counter-ions during an electrodialysis
experiment of a mixture of those ionic species [7,21,32].

Tracer diffusion experiments [33,34] provide further insights into
the dependency of ion mobility on the other ionic species present in the
membrane. Forssell [35] measured the Na™ self-diffusion coefficient in a
CEM as 1.1%107'° m?/s. Furthermore, the Na™ tracer diffusion coeffi-
cient (D;I;) varied in the range of [0.1—1.5]"“10’10 m?/s depending on
the counter-ion species present in the membrane where DE;‘ increased
in the sequence of MgZ" < Li" < Na* < K*. The effect of the abundantly
present ionic species on the Na™ diffusion is much more pronounced in
the membrane compared to its effect in aqueous solution. In this regard,
the transport of the Na™ traces inside the membrane is assumed to be
mainly governed by exchanging positions with the surrounding
counter-ions.

In this study, we dissect the major factors controlling the ion mobility
inside ion exchange membranes. We specifically explore the impact of
the membrane reinforcement structure, water volume fraction, and
counter-ion properties on the membrane conductivity. Moreover, we
compare two scenarios for describing the counter-ion mobility during
electrodialysis of a binary mixture: (1) using an independent diffusion
coefficient for each species versus (2) using an averaged diffusion co-
efficient for both counter-ions. Finally, we compare the transport
selectivity based on each scenario to the experimental values.

2. Materials & methods

Seven commercial ion-exchange membranes were investigated:
Fujifilm CEM type-10 and type-12 (Fujifilm Manufacturing Europe BV,
The Netherlands), Selemion CMTE and CMVN (Asahi Glass Co., Japan),
and Fumasep FKS-PET-130, FKB-PK-130, and FKD-PK-75 (Fumatech
BWT GmbH, Germany). Solutions were prepared using Milli-Q water
(Millipore) and the salt of interest. Reagent-grade salts were purchased
from Sigma-Aldrich (NazSO4, KCl, K2SO4, MgSO4, MgCly, and CaCly)
and VWR Chemicals (NaCl). All experiments were performed at 19-22
°C unless otherwise stated.
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Common membrane characteristics, e.g., wet thickness, water con-
tent, and ion-exchange capacity are reported in Ref. [23] and in the
Supporting Information, SI-2. The ion activity coefficients inside the
membranes are retrieved from Ref. [22]. The reinforcement structure
was observed via phase-contrast Nikon Eclipse E400 microscope under
10-40x magnification for dried membrane samples.

2.1. Electrochemical characterization

We characterized the electrochemical behavior of the coated and
bare membranes via linear potential sweep (direct current, DC) and
electrochemical impendence spectroscopy (EIS) using a 6-compartment
electrodialysis cell (6C-ED). Measurement details and resistance calcu-
lations are explained in Ref. [23]. The membrane samples were equili-
brated in the solution of interest, where the solution was refreshed three
times. We characterized the membrane samples in single electrolyte
solutions of 0.5 M NaCl and KCI as well as 0.25 M NasSQO4, K5SOy4,
MgS0O4, MgCly, and CaCly,. Moreover, we measured the membrane
resistance in a binary mixture of 0.25 M NaCl +0.125 M MgCl, where
the Na*:Mg?" molar ratio is 2:1 (i.e., the Na™:Mg?" equivalent molar
ratio is 1:1). For all the investigated solutions, the total concentration of
the cationic charges is 0.5 M. All measurements were repeated twice.
The membrane resistance is the difference between the combined
(membrane + solution) resistance and the blank (solution only) resis-
tance. For Na* and K solutions, an area reducer was used so that the
membrane resistance is significant relative to the blank resistance (Eq.
19 in Ref. [23]). The solutions were circulated through the 6C-ED at 0.27
4+ 0.02 L/min and 20 + 0.2 °C.

2.2. Influence of the membrane reinforcement

To improve their mechanical strength, commercial IEMs are usually
backed with a reinforcement material [36-39]. The membranes of
CMTE, FKS, FKD, and FKB are reinforced with a woven monofilament
mesh (Fig. 1a). The reinforcement of Fuji-CEM-10 and 12 has the
structure of a nonwoven fabric. For CMVN, the reinforcement structure
resembles a porous layer that embeds the ion-exchange resin within its
connected gaps on the micrometer scale.

The overall resistivity (py [Q.m]) and conductivity (kn [S/m]) of the
composite membrane can be calculated as follows [11]

Rn
=— Eq. 2
Pm O q
1
Km =— Eq. 3
" P

where Ry, [©Q.m?] is the membrane-area resistance and 8m [m] is the wet
membrane thickness. Ions cannot access the volume occupied by the
reinforcement material of the membrane. Therefore, expressing the
membrane parameters on the basis of the active swollen polymer vol-
ume (i.e., excluding the volume of the reinforcement material) leads to a
more accurate analysis of the ion transport. For the membranes rein-
forced with a woven mesh, we corrected the membrane parameters to
represent the effective values in the swollen polymer volume. For the
non-woven reinforcement, the correction for the reinforcement volume
is intricate, and therefore the parameters of CMVN, Fuji-CEM-10, and 12
are not corrected. The ionic charge density within the membrane resin
or active volume (ICD™ [mol/m® swollen polymer]) is calculated as
follows [23].

ICD

ICD" = ol
1- £}

Eq. 4

where ICD [mol/m® wet IEM] is the ionic charge density of the mem-
brane on the basis of the total wet membrane volume (Table SI-4). The
superscript “rs” refers to the ion-exchange resin phase inside the

]
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Fig. 1. (a) Optical micrographs of reinforced ion-exchange membranes. (b) The structure of an IEM supported by a woven reinforcement with filament diameter dy.
The repeating unit is marked by a dashed rectangle with dimensions L; and L,. The equivalent circuit of a composite IEM at the ohmic regime where r,,; and s are
the resistances of the resin and ry is the reinforcement resistance. (c¢) The mobility reduction factor in FKS membrane based on the measured EIS resistance at 0.25 M
CaCl, and MgCl,. The grey bars represent the reduction factor in the whole membrane while the light orange bars represent the reduction factor in the membrane
resin. The reduction factor due to the membrane tortuosity is estimated based on the Mackie and Meares theory and the membrane water volume fraction. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (a) Membrane-area resistance measured via electrochemical impendence spectroscopy versus direct current at 0.25 M MgCl,, 0.25 M CaCl,, 0.5 M NaCl, and
0.5 M KCl. (b) Membrane-area resistance in sulfate electrolytes versus the corresponding chloride electrolytes, e.g., 0.25 M Na,SO4 versus 0.5 M NaCl. The EIS
resistance is determined based on the real impedances in the frequency range of 1-500 Hz. The DC resistance is calculated via linear fitting of the current-voltage
data. The error bars represent the uncertainty in the resistance measurements and the membrane active area. For EIS resistance, the uncertainty represents the
standard deviation of the data. For DC resistance, the uncertainty is calculated based on the standard error and a confidence level of 0.9. Further details are given
in Ref. [23].
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Counter-ion affinity

Counter-ion diffusion coefficient
(in single electrolytes)

Fig. 3. (a) Ion diffusion coefficients inside the membrane resin (x-axis) versus ion activity coefficients (y-axis) for different cation-exchange membranes. A higher
activity coefficient translates to a lower affinity. The activity coefficient values are retrieved from Ref. [22]. The diffusion coefficients are calculated using the
measured resistances via the direct current (DC) method. (b) A general trend of the counter-ion diffusion coefficient in single electrolytes (bottom) and the

counter-ion affinity (top) in cation-exchange membranes.

membrane. The volume fraction of the reinforcement material (f;'("l) is
calculated as the ratio between the volume of the reinforcement material
to the total volume of the wet IEM

vl Tdi?(Ly +Ly)
£ = Ao Ll Eq. 5
where df [m] is the filament diameter of the reinforcement mesh
(Table SI-3). The reinforcement mesh has a repeating unit with di-
mensions L; [m] and Ly [m] (Fig. 1b).

In the ohmic regime [40], the IEM behaves as a resistor (Fig. 1b). The
resistance due to the reinforcement material (rx) is assumed to be high
compared to the swollen polymer resin, i.e., rx > 1. Therefore, the
membrane resistance, ry, [Q], of a repeating unit with dimensions L; and
Ly is expressed by two resistances in series as follows

I'm =TI + Irs2 Eq. 6
Rm
_ Eq. 7
™A q

where Ry [Q.m?] is the membrane-area resistance, and A, is the
repeating unit area (Ay = LjeLy). As discussed in the Supporting Infor-
mation (SI-2), the membrane resin resistivity, ps [Q.m], can be formu-
lated as follows

Ro- (1 - )
B (1 - f;‘;f*’) +dp-fre

Eq. 8

s
Pm =

where i is the area fraction blocked by the reinforcement material.
Moreover, the resin conductivity, s [S/m], is given by [41]
2

1 F

e =RT z2.D.C?® Eq. 9
m i

where z is the ion charge, D [mz/s] is the diffusion coefficient, C [mol/
m?] is the concentration, R [J/(K-mol)] is the universal gas constant, F
[C/mol] is Faraday’s constant, and T [K] is the temperature. The
subscript “i” refers to any mobile ion in the membrane. Relative to the
aqueous solution, the ion mobility inside the membrane resin is reduced
by a factor, rff;, which is expressed as follows

D

i
o Eq. 10

s
Ipi =

where D is the ion diffusion coefficient at infinite dilution (Table SI-1).
We calculate the mobility reduction factor for each ion based on the
membrane conductivity in a single electrolyte (SE) solution via Egs.
8-10. The concentrations of counter and co-ions in the membrane are
calculated using the ideal Donnan equilibrium condition and the elec-
troneutrality principle [11,23,42]

Cg: 1)zt Cxcr:’ 1/zco
= === Eq. 11
(ca Ceo d
Zgix-Ch, + Zzi-Ci“ =0 Eq. 12
1

LTS

where subscripts “ct”, “co”, and “fix”, refer to the counter-ions, co-ions,
and fixed-charged groups in the membrane, respectively. The concen-
tration of fixed-charged groups is taken as the resin ionic charge density
([mol/m® swollen polymer], Eq. 4) and their charge (zgy) is —1 for
CEMs.

The water volume fraction of the membrane resin, Vi, , [mL H2O/mL
swollen polymer], is calculated as follows

s WC.ap

H,0 :m Eq. 13

where WC [g HyO/g dry polymer] is the water content, ay [g dry
polymer/m? wet IEM] is the surface area density of membrane material,
8m [m] is the membrane wet thickness, and I'y [g/mL] is the water
density.

3. Results & discussion
3.1. Counter-ion mobility at single electrolytes

The membrane resistance can be measured via direct current (DC) or
electrochemical impedance spectroscopy (EIS). The membrane resis-
tance is the difference between the combined (membrane + solution)
resistance and the blank (solution only) resistance. For the blank mea-
surements, both methods measure the same solution resistance (the
relative difference is ca. 1 %, Table SI-5). The membrane resistance
measured via EIS is slightly lower than the DC method in the case of the
monovalent counter-ion, i.e., Na™ and K* (Fig. 2a). It is hypothesized
that ions endure additional resistance under DC compared to alternating
current due to the interfacial and diffusion boundary layer resistances as
well as the ion-membrane friction [23,43]. In the DC measurement, the
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ions move across the membrane in response to an applied potential. In
the EIS measurement, the ions oscillate according to the signal fre-
quency and amplitude. The difference between the DC and EIS resis-
tance measurements is negligible in the case of multivalent counter-ions,
inferring that the bulk resistance of the membrane is dominant over the
interfacial resistance. We measured the membrane resistance for
different chloride and sulfate salts (Fig. 2b). The type of co-ions, i.e., C1~
or SOZ~, has a minor role in the measured membrane resistance in the
experiments with Na* and K* counter-ions. In case of Mg”"
counter-ions, the co-ion type does not influence the membrane resis-
tance. Similar results are reported in literature [31,44,45].

Ion transport inside IEMs is determined by the ion mobility and af-
finity (or partitioning). The counter-ion mobility and affinity are
affected by common factors including membrane properties (e.g.,
membrane water content) and ion properties (e.g., ion charge and hy-
drated radius) [46]. Based on the Donnan equilibrium condition, cations
of higher affinity inside a CEM have lower membrane activity co-
efficients (Eqs. 6, 34 and SI-9 in Ref. [22]). Generally, Na" and K' have
lower affinity and higher mobility than Ca?" and Mg (Fig. 3).
Counter-ions of equal valency can have higher affinity and mobility
relative to another ion in the membrane as generally exhibited by K*
relative to Na™, and Ca®* relative to Mg?". Therefore, the ion mobility is
not exclusively limited by its affinity to the fixed-charged groups of the
membrane.

A fraction of the membrane volume is inaccessible for ion transport
as it is occupied by the membrane resin and reinforcement. For ions to
move across the membrane, a tortuous path inside the membrane is
taken. The mobility reduction factor due to the membrane tortuosity can
be predicted based on the membrane water volume fraction according to
the Mackie and Meares theory [23,24] which explains the ion mobility
reduction for Na* or K' counter-ions (Fig. 4a). For Fuji-12, the K"
reduction factor based on the conductivity measurement, is significantly
higher than the expected reduction factor based on the Mackie and
Meares theory. The calculation for this membrane is not corrected for
the reinforcement material resistance as we only corrected the mem-
branes with a woven reinforcement. In this regard, the high density of
the reinforcement fibers in Fuji-CEM-12 (Fig. 1a) is another significant
factor contributing to the membrane resistance.

The membrane tortuosity and reinforcement structure are the main
factors reducing the Na™ and K" diffusion coefficients inside the mem-
brane. However, these factors are less significant for the Mg>* and Ca®*
mobility reduction factors in most of the membranes, such as the FKS
membrane (Fig. 1c). The ratio between the reduction factor of each ion
to that of K* (Fig. 4b) indicates the additional resistance that each ion
faces compared to K' ions. Therefore, this ratio is neither affected by the
reinforcement material resistance nor the membrane tortuosity. At
water volume fractions below 0.6 mL H,O/mL swollen polymer, the
mobilities of Ca>* and Mg?* are reduced by 7-17 times the reduction
factor of K. The differences between the mobility reduction factors
diminish in the membranes containing high water volume fraction
(above 0.6 mL Hy0O/mL swollen polymer), as exhibited by FKD and FKB.

Generally, the trend of the mobility reduction factors (i.e., K™ < Na"
< Ca?" < Mg?", Fig. 4) is similar to the trend of the ion hydrated radius
[47], molar hydration volume, and molar hydration energy [48] in
aqueous solutions (Table SI-1 and 2). Han et al. [49] studied the water
transferred through IEMs in the ion hydration shell where they
concluded a significantly higher hydration number for Mg?* (i.e.,
15-16) compared to Na™ (i.e., 6). In nanofiltration membranes, ions
with lower hydrated radius exhibited higher permeability through the
membrane [50]. In electrodialysis desalination of a single electrolyte
solution, the water transport rate (WTR) was higher in case of cu?t
compared to K" in four different CEMs for the same applied current
density (Fig. 4 in Ref. [51]). Moreover, the higher the membrane water
content was, the higher the WTR was.

The counter-ion mobility is reduced to a certain extent based on the
membrane properties, e.g., water volume fraction, and the ion proper-
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Fig. 4. (a) The mobility reduction factor of counter-ions versus the membrane
resin water volume fraction. The data points in each series represent seven
different commercial cation-exchange membranes. The data points with the
same water volume fraction correspond to the same membrane with different
counter-ions. The reduction factor is calculated using the EIS membrane resis-
tance measured at different single electrolyte solutions: 0.5 M NaCl (blue cir-
cles), 0.5 M KCl (yellow triangles), 0.25 M MgCl, (orange squares), and 0.25 M
CaCl, (purple diamonds). The membrane water volume fraction is measured at
0.5 M Nacl via the stacking method as reported in Ref. [23] and the Supporting
Info, SI-2. The theoretical tortuosity reduction factor of the ion mobility for an
arbitrary membrane water volume fraction is plotted based on Mackie and
Meares (dashed line). (b) The ratio between the reduction factor of ion, i, to that
of K. The horizontal error bars represent the water volume fraction uncer-
tainty which accounts for the measurement uncertainty of the membrane water
content (80 % confidence level), wet thickness, and surface area density based
on the “addition in quadrature approach” [23]. The vertical error bars reflect
the uncertainty in the conductivity measurements. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

ties, e.g., the hydrated radius. The mobility of the different counter-ions
can be predicted based on one of the general characteristics of the
membrane or based on the mobility of another counter-ion species. We
correlated the diffusion coefficients of the different cations (D" [1E-12
mz/s]) in the membrane to that of Na™ (DR,+ [1E-12 rnz/s]) as follows
D' = a-(DR,.)"

i

Eq. 14

where o and § are ion-specific constants. The subscript, i, refers to any
counter-ion in a CEM. The membrane resistance in a NaCl solution is
commonly measured for commercial and novel cation-exchange mem-
branes. We fitted the data measured in the present study for the seven
commercial CEMs, and calculated two fitting parameters (« and p) for
each cation (Fig. 5a, Table 1). When we assume this correlation is not
membrane-specific, it can be used to predict the diffusion coefficients of
K', Mg2*, and Ca®" in any standard CEM based on the measured Na*
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Fig. 5. (a) Experimental diffusion coefficients of K™ (triangles), Mg>* (squares), and Ca®* (circles) versus the Na* diffusion coefficient (x-axis). The data points in
each series represent the different commercial membranes investigated in the present study. The error bars reflect the uncertainty in the conductivity measurement.
The dashed lines represent the fitting correlations. (b) The predicted diffusion coefficients (y-axis) versus the experimental values (x-axis). The markers in black
represent data retrieved from literature that is not used in the fitting. The data are listed in Table SI-6. Dashed grey lines represent the functions y = 2x and y = x/2.

Table 1

The fitting parameters (a and p in Eq. 14) and the coefficient of determination for
diffusion coefficient correlation of different counter-ions. The unit of the diffu-
sion coefficients in Eq. 14 is [1E-12 m?/s].

counter-ion o i R?

K* 1.04 1.14 0.96
Mg+ 2.87E-03 1.78 0.83
Ca®* 2.42E-03 1.95 0.82

diffusion coefficient. We compared the predicted values of the K, Mg?™,
and Ca®" diffusion coefficients to the experimental values that are
available in literature [7,21,25,26,32,39,52-56] for standard CEMs
(Fig. 5b). The correlation predictions match the experimental values
within an uncertainty factor of 2. In most of the CEMs, the K™ diffusion
coefficient is higher than that of Na*. However, a few membranes, such
as Nafion-117, have a lower mobility of Kt relative to Na'. This is
explained by the significant decrease in water content of such a mem-
brane when the counter-ions are exchanged from Na* to K* [53,57].

3.2. Counter-ion mobility at binary mixtures: membrane conductivity

In this section, we discuss the theoretical description of ion mobility
within the membrane for a binary mixture. In our recent work, we
compared two scenarios for describing the ion mobility inside the
membrane for multi-component transport in Donnan dialysis experi-

ments (Figs. SI-7 in Ref. [22]). The first scenario (S1) assumes that
m eff
)

i

counter-ion diffusion coefficients in multi-electrolyte mixtures (D
are the same as found in the single electrolyte experiment (DI™**)

Dl = ps® Eq. 15

where “i” refers to the counter-ion species. The second scenario (S2)
assigns a single value (a concentration-weighted average, D{(""eff) to the

diffusion coefficient of all the mobile ions in each discretized element
(ky) of the membrane

m,SE ~avg
ZDi 'Ci,k“
i

2 G
1

m.eff

= Eq. 16

where C®

ik is the average concentration of ion (i) in the discretized

element k;, of the membrane. The second scenario (Eq. 16) assumes that
the transport of an ion inside the membrane is limited by the mobility of
the neighboring ions. Moreover, a third scenario (S3) assigns an average
value to all ions based on the equivalent ion concentrations inside the
membrane by taking the ion charge into account as follows

3D (zi]-ClE

m,eff i
NI e
The ion concentrations inside the membrane are calculated based on
Donnan equilibrium conditions and the ion activity coefficients as pre-
sented in Ref. [22]. We measured the membrane resistance at a binary
mixture of NaCl and MgCl, where the total CI”~ concentration is 0.5 M
and the molar ratio of Na™:Mg?* is 2:1 (Fig. 6a). The resin conductivity
(k% = 1/pE) is calculated based on the measured membrane resistance
(Eq. 8). Furthermore, the three scenarios (Eqs. 15-17) are used to pre-
dict the resin conductivity (Eq. 9) using the ion diffusion coefficients in
the membrane at single electrolyte solutions. The second scenario (Eq.
16) significantly overestimates the measured resin conductivity
(Fig. 6b). Moreover, the scenarios of Egs. 15 and 17 showed good pre-
diction of the membrane conductivity at binary mixture.

3.3. Counter-ion mobility at binary mixtures: ion fluxes

In this section, we simulate two scenarios (i.e., Eqs. 15 and 17) to
predict the counter-ion flux selectivity during electrodialysis experi-
ments involving Na™/Mg?t binary electrolytes in the under-limiting
current regime (Fig. 7). The experimental data were retrieved from
literature [16,21,32,39,55,56] for electrodialysis performed with
membranes of known characteristics, such as the wet membrane thick-
ness, the ion-exchange capacity, the membrane conductivity for a single
electrolyte, as well as the Na™/Mg?" equilibrium data. The transport
model includes three domains: two diffusion and boundary layers and a
membrane as described in Ref. [22]. The calculation details are given in
the Supporting Info, SI-4. In both scenarios, the total current carried by
the cations is set to the experimental value. The Nat/Mg?" flux selec-

tivity, SII:IAag;H is calculated as follows

Ina /CNa'

Eq. 18
I [ Cuger

Na™
SMgH =
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Fig. 6. (a) Current-Voltage curves of CMTE membrane with a single electrolyte of NaCl and MgCl, as well as a binary mixture of 0.25 M NaCl + 0.125 M MgCl, (b)
prediction of the conductivity of different commercial membranes with a binary mixture of 0.25 M NaCl + 0.125 M MgCl, versus the experimental value.
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Fig. 7. Comparison between two modeling approaches (y-axis) to simulate electrodialysis of binary mixtures of Na* and Mg?" in the under-limiting current regime.
The experimental data (x-axis) are retrieved from Refs. [21,32,55]. One model assumes the ion diffusion coefficients inside the membrane to be the same as found in
single electrolyte experiments. The other approach assigns an averaged diffusion coefficient to all mobile ions based on the concentration and the charge of the ions

inside the membrane element. Each model evaluates (a) the Na* flux, (b) the Mg2+ flux, and (c) the flux selectivity of Na + over Mg2+.

where J; [mol/(mz-s)] and G; [mol/m?] are the flux and the bulk con-
centration of ion i.

The results of the two scenarios are compared to the experimental
values in Fig. 7. The fluxes based on the averaged diffusion coefficient
model (S3) are closer to the experimental values than those based on the
independent diffusion coefficient model (S1). Using independent diffu-
sion coefficients led to a significant underestimation of the Mg?* flux
(Fig. 7b), and consequently overestimating the Na™/Mg>" selectivity in
some experiments (Fig. 7c). For an averaged diffusion coefficient (Eq.
17), the counter-ion selectivity depends on the affinity or activity co-
efficient of the counter-ions as well as the ion mobility in the diffusion
boundary layers. In this regard, the counter-ion flux selectivity can be
tuned by using a resin that has a higher affinity for the preferred counter-
ion. Moreover, decreasing the diffusion boundary layer thickness im-
proves the fluxes of the faster ion in solution, i.e., the Na* ions in case of
a Na®"/Mg?* mixture.

In Fig. 8, details of one of the simulated cases are displayed, i.e., the
Na*/Mg?*/503 electrodialysis experiment across a CMX membrane
[21]. Each scenario leads to a different diffusion coefficient profile
across the membrane domain (Fig. 8a and b), and consequently,
different ion fluxes. In S1, the Mg?" flux is limited by its low mobility

inside the CEM. In S3, the averaged diffusion coefficient varies across
the CEM domain as the concentrations vary. Compared to S1, the Mg%*
flux is higher in S3 leading to a more pronounced depletion of Mg?" in
the solution at the DL1/CEM interface (Fig. 8c and d). Therefore, the
Mg?" concentration inside the membrane is lower at the DL1 interface
relative to the DL2 interface. The Na*/Mg?" selectivity in S1 and S3 are
ca. 1.4 and 0.3, respectively. For this case, the experimental selectivity
was measured at 0.7.

Forssell [35] measured the diffusion coefficient of Na™ ion traces as
they diffuse through a CEM containing a specific type of counter-ions.
The higher the diffusion coefficient of the surrounding counter-ions
was, the higher the diffusion coefficient of the Na* tracer ions inside
the membrane was. Furthermore, we modeled multi-component ion
transport through CEMs in case of Donnan dialysis (Figs. SI-7 in
Ref. [22]) as well as electrodialysis (the present study). Using an aver-
aged diffusion coefficient for all cations inside the membrane led to a
better match with the experiment compared to using an independent
diffusion coefficient for each cationic species. The averaged diffusion
coefficient approach (Eq. 17) considers limited space for ion transport.
As the ion-exchange membrane has a high fixed-charge concentration,
the mobile ions are likely to move from one site to another via
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Fig. 8. Calculation results of (a,b) ion diffusion coefficients and (c,d) ion concentration profiles across the diffusion boundary layers (DL1 and DL2) and the cation-
exchange membrane (CEM). The plots present the average value of each discretized element. The SO~ concentrations inside the membrane are below the plotted
range. The left-column plots (a,c) represent the first simulation scenario where the ion diffusion coefficients in the membrane are the same value as determined in the
single electrolyte experiments. In the right-column plots (b,d), all ions are assumed to move with an averaged diffusion coefficient based on the charge and con-
centration of mobile ions in each membrane element. The two scenarios simulate the electrodialysis experiment performed by Luo et al. [21] of Na*, Mg2*, and SO3~

across a CMX membrane.

exchanging or taking position of the surrounding counter-ions rather
than overtaking the surrounding ions. In this scenario, the diffusion
coefficient of an ion depends on its self-diffusion coefficient as well as
the self-diffusion coefficients of the surrounding ions. At each position in
the membrane, all mobile ions move with a weighted average diffusion
coefficient based on the ion concentrations and charges. Since the ion
concentrations vary across the membrane, the average diffusion coeffi-
cient varies as well (Fig. 8b).

Different strategies can be implemented to separate two cationic
species via electrodialysis, e.g., optimizing the stack operating condi-
tions, or tuning the bulk or surface membrane properties. Operating at
higher current densities or higher solution flow rates leads to lower ion
concentrations in the solution at the CEM interface. Consequently, the
transport of the cation whose diffusion coefficient is higher in the
aqueous solution is promoted over the slower cation (e.g., K" over Na™,
or Na * over Mg?*, Fig. 8d). Regarding the membrane bulk properties,
CEM:s generally have a higher affinity towards Mg?* over Na™ (Fig. 6 in
Ref. [22]). To promote the transport of one cationic species (e.g., Na™)
over another (e.g., Mg?*"), the membrane of the least Mg?*/Na™ equi-
librium affinity is preferred and vice versa. Furthermore, using mono-
valent selective CEMs, e.g. polyelectrolyte multilayer coated CEMs, can
significantly enhance the transport selectivity for Na * over Mg and
Ca2* [32,58]. The choice of the CEM type to be coated is critical for the
energy consumption of the process. The CEMs of low-to-moderate water
volume fractions exhibit about one order of magnitude higher re-
sistances in the presence of Mg?™ relative to the Na™ (Figs. 2b and 4a).
Meanwhile, this significant difference in the membrane resistance in the
case of Mg?" relative to Na™ is not effective in separating Na* from a
Na®/Mg?* mixture as the Na * mobility is limited by the surrounding
ions inside the membrane (Fig. 7). Therefore, it is recommended to
apply the monovalent selective coating on CEMs that has relatively low

resistances. In this regard, the CEM prevents co-ion leakage at low en-
ergy cost while the selective coating improves the transport selectivity of
Na * over Mg?*.

We analyzed two scenarios for the ion mobility during electrodialysis
of Na*/Mg?t binary mixture in the under-limiting current regime.
Commercial CEMs have relatively high ionic charge densities (1.6-3.8
mol/L water sorbed, Table 4 in Ref. [23]). In such membranes, the ion
hydration shell imposes a spatial constraint on the ion mobility where a
cation is hindered from overtaking the surrounding cations. Unlike
common cations, the protons can move from one hydronium ion to the
neighboring water molecule, i.e., the tunneling transport mechanism
[11]. In this regard, the proton mobility is hypothesized to be less or
unaffected by the mobility of the surrounding cations inside the CEM.
Further experimental work is needed to explore the proton mobility
inside the CEMs in ionic mixtures which is relevant for electrodialysis
operated in the over-limiting current regime and acid recovery
applications.

4. Conclusion

We studied the mobility of different counter-ions Na*, K™, Mg2+, and
Ca?" inside ion-exchange membranes. In aqueous solutions, the four
cations exhibit mobilities in the same order of magnitude. Interestingly,
the mobilities of each species are reduced to a different extent in each
membrane via different mechanisms. The Na™ and K* mobilities inside
the membrane are mainly explained by the membrane tortuosity ac-
cording to the Mackie and Meares theory. For Mg?* and Ca®", the mo-
bilities are much more sensitive to the membrane water volume fraction.
The Mg?" mobility is further reduced inside the membrane relative to
Ca?* followed by Na™ and K*, which matches the order of their hy-
dration radii and molar hydration energy in aqueous solutions.
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In single electrolyte experiments, the Na * mobility inside the
membrane can be an order of magnitude higher than that of Mg?*. In a
binary mixture of Na®* and Mg?", the mobility differences attenuate
indicating that the mobility of each counter-ion is affected by the
mobility of the surrounding ions inside the membrane. In electrodialysis
of ionic mixtures, we compared two scenarios for the counter-ion mo-
bilities: either each counter-ion exhibits an independent mobility of each
other, or all counter-ions move with an averaged mobility. Using an
averaged diffusion coefficient, based on the counter-ion concentrations
and ion charges, led to better predictions of the experimental counter-
ion fluxes. In this regard, the counter-ion flux selectivity is influenced
by the counter-ion partitioning inside the membrane and the ion
mobility in the diffusion boundary layers. Moreover, the ratio between
the membrane resistance for single electrolytes does not necessarily
reflect the actual counter-ion selectivity during electrodialysis of ionic
mixtures.
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