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Electrodialysis is a water desalination technology that enables selective separation of ions, making it a promising
solution for sustainable water reuse. The selectivity of the process is mainly determined by the properties of ion
exchange membranes that can vary depending on the composition of ions in water, such as water uptake and
charge density. In this work, we studied selective adsorption of Na® and K" ions in various ion exchange
membranes considering the effect of solution ion composition on membrane water volume fraction. For that
purpose, we conducted membrane adsorption experiments using solutions with Na™ and K* ions with different
ion compositions including Li*, Ca?* or Mg?* ions at different concentrations (0.001 — 0.25 M). The experiments
showed that with the total ion concentration and the amount of divalent ions in solution, the membrane water
volume fraction decreases while the selective adsorption of the smaller (hydrated) K" ions over the Na* ions in
the membrane increases. We developed a theoretical framework based on Boublik-Mansoori-Carnahan-Starling-
Leland (BMCSL) theory to describe the effect of membrane water volume fraction on selective adsorption of the
ions by including volumetric effects, such as size exclusion. The developed framework was used to describe ion
partitioning results of the membrane adsorption experiments. In addition, the effect of solution ion composition
on selective ion removal during electrodialysis operation was evaluated using experimental data and theoretical
calculations. The results of this study show that considering volumetric effects can improve the ion partitioning
description in ion exchange membranes for solutions with various ion compositions.

1. Introduction

Selective separation of ions in water is essential in many fields to
achieve sustainable water reuse and resource recovery. This creates a
rising interest for developing water treatment technologies that can
selectively remove specific ions. Electrodialysis (ED) is a water treat-
ment technology that is mainly applied to remove charged species from
water using an electrical force and ion exchange membranes (IEMs) with
high charge density (Sajjad et al., 2019; Ran et al., 2017). The ED pro-
cess has shown a great potential to selectively remove ions based on
their properties, such as valency, size, and hydration energy (Mun-
chinger and Kreuer, 2019; Nagarale et al., 2006; Luo et al., 2018).

Physical-chemical characteristics of IEMs were reported to have a
significant influence on the selectivity of membranes towards ions with
different properties (Mubita et al., 2022; Sata et al., 1995; Mubita et al.,
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2020; Farrokhzad et al., 2015), which determines the selectivity of the
ED process. Mubita et al. (2022) reported that increasing the membrane
thickness and decreasing the membrane charge density increase the
selectivity of NO3 over Cl™~ for anion exchange membranes (AEMs). Sata
et al. (1995) and Mubita et al. (2020) investigated the effect of AEM
hydrophilicity on monovalent ion selectivity of the membranes; they
concluded that decreasing hydrophilicity of the membranes can enhance
selective removal of the ion with lower hydration energy. Farrokhzad
et al. (2015) reported increasing selectivity of divalent ions over
monovalent ions with higher water uptake for cation exchange mem-
branes (CEMs); they explained their findings by the enhanced adsorp-
tion of the divalent ion provided by the higher water content in the
membrane. Previous research showed that understanding the effect of
membrane properties on ion selectivity is important to improve mem-
brane selectivity, and therefore the selectivity of the ED process.
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The water volume fraction of the membranes is one of the key pa-
rameters to consider when studying the selectivity of IEMs because it
determines the membrane porosity, i.e., the volume available for solu-
tion to enter, and alters the thickness and the charge density of the
membranes; hence influencing the selective adsorption of ions. How-
ever, defining the volume fraction of the membrane components, such as
the water, the hydrated ions and the membrane polymer matrix, can be
challenging since they do not only depend on the membrane structure,
but also on the type and the concentration of ions in the bulk solution the
membranes are in contact with (Geise et al., 2014; Strathmann, 2004).
Improving the theoretical description of ion partitioning by considering
the change in the membrane volume fractions with ion composition in
solution can provide a better understanding of the selective adsorption
of ions in the IEMs for a variety of water streams.

Various studies focused on the theoretical understanding and the
definition of ion partitioning between a bulk solution and homogenous
IEMs. Hannachi et al. (2009) and Miyoshi et al. (1992) studied the use of
constant equilibrium coefficients between the ions and the membrane
surface groups to describe selective ion adsorption in membranes for
different two-cation systems. They reported that the obtained equilib-
rium coefficients are depending on the total ion concentration in solu-
tion for monovalent-monovalent (Hannachi et al., 2009), and
monovalent-multivalent ion mixtures (Miyoshi et al., 1992), which
could limit the use of the obtained values to describe ion partitioning for
different water streams. The Donnan affinity theory that describes ion
partitioning with the Boltzmann equation including a specific affinity
term for each ion, and a membrane Donnan potential (the potential
difference between the membrane and the bulk solution) was also used
and validated for two-ion systems (Mubita et al., 2022; Ozkul et al.,
2023). By including the Donnan potential, it is possible to improve ion
partitioning predictions further for monovalent-multivalent ion mix-
tures based on the ion valency. However, the Donnan affinity theory
does not evaluate the effect of membrane volume fractions on ion par-
titioning and describes all possible physical and chemical interactions
between the counterions and the IEMs, such as volumetric interactions,
using a single affinity term. The Boublik-Mansoori-Carnahan-
Starling-Leland (BMCSL) theory was originally developed to describe
ion partitioning for multi-component sphere mixtures based on the
volume fractions. The theory has been modified and used to successfully
describe ion partitioning for porous electrodes (Suss, 2017; Shocron
et al., 2022), sediments (Spruijt and Biesheuvel, 2014) and polymer
brushes (de Vos et al., 2009). The BMCSL theory can be used as a novel
approach to describe the contribution of volumetric effects, such as size
exclusion, on ion partitioning for IEMs (Biesheuvel and Dykstra, 2020).

We previously developed a theoretical framework to describe the ion
transport in the ED process using the extended Nernst-Planck equation,
where we also successfully determined ion partitioning for Na™ and K*
mixtures using the Donnan theory (Ozkul et al., 2023). In the present
study, we focus on improving the theoretical description of ion parti-
tioning for solutions with different ionic compositions by including the
volumetric effects. We investigated the selective adsorption of Na™ and
K* ions in the membranes submerged in solutions with Li*, Ca** or
Mgt ions at different concentrations. The effect of ion type and con-
centration in the bulk solution on the membrane volume fractions and
the selective adsorption of ions was discussed. We evaluated the validity
of the Donnan affinity theory and the BMCSL theory to describe exper-
imental ion partitioning data. Additionally, we evaluated the effect of
solution ion composition on ED process selectivity under operational
conditions using experimental data and theoretical calculations.

2. Theory on ion partitioning in ion exchange membranes

The theoretical framework is developed to describe ion partitioning
in IEMs for different solution ion compositions including volumetric
effects. The theory domain is considered as the whole membrane volume
comprised of three volume fractions: (i) rigid membrane polymer
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matrix, (ii) hydrated ions occupying volume, and (iii) water around
the ions and the membrane matrix (Fig. 1). The partitioning of ions with
different volumetric size is described based on the volume available
inside the membrane for target ions to enter, i.e. the membrane porosity,
which is defined by the membrane water volume fraction in this study.

We started defining ion partitioning with the chemical potential of
the ions across the membrane-solution interface. At equilibrium, the
electrochemical potential of an ion in the bulk solution outside the
membrane is equal to that just inside the membrane, and can be
expressed in non-dimensional form by

Incs; + pg;+ 2, = Incw;i + p; + 2@ @

where ¢ ; is the concentration of ions in the bulk solution (mol-L’l), Cimn.i
is the concentration of ions in the membrane (mol-L’l), Ug; is the
chemical potential of ions in the bulk solution, y,,; is the chemical po-
tential of ions just inside the membrane, 2; is the valency of the ions, ¢, is
the electrical potential in the bulk solution, and ¢, is the electrical
potential just inside the membrane. Rearranging Eq. (1) gives

Incy,; = Incg; + Ap; + z:Ap (2

where we evaluated the chemical potential difference for each counter-
ion i, Ay;, using the Boltzmann equation,

Cmi = Csj exp( — zAgp + A”‘?ff) @

where A¢y, is the dimensionless Donnan potential at the membrane-
solution interface due to the fixed membrane surface groups, and Au2ff
is the ion affinity that describes the selective adsorption of specific ions
in a membrane. In the Donnan theory extended with an affinity term, the
Donnan affinity theory, the ion affinity value is assumed to be mem-
brane or condition specific for each ion, which defines a certain selec-
tivity for a type of membrane without describing its dependency on the
parameters that can alter the selective adsorption of ions, such as the
membrane volume fraction. Such parameters are depending on the ion
composition in solution, hence, with the Donnan affinity theory, the
affinity of the ions in the membrane should be defined for every ion for
every condition. On the other hand, the BMCSL theory includes two
phenomena to describe the chemical potential difference Ay;: the
chemical attraction of an ion towards the membrane surface groups, 42,
and the excess term that relates to the exclusion of an ion by the
membrane due to its volumetric size, uf*‘, both depending on the
membrane water volume fraction. Using the BMCSL theory, ion parti-
tioning can be described based on Eq. (3) as

Cmi = Csj CXP( — il — pi — ﬂ?xc) “

where the total membrane affinity for ion i can be described as y; =
(13" + pf*). Note that g2, 4$*¢ and ¢,,; in Eq. (4) are defined per unit of
total wet membrane volume; c,,; can be defined as per unit of water
volume inside the membrane by multiplying with the wet volume of the
membrane divided by the water amount in the membrane. The chemical
attraction term, x2%, is defined using the specific interaction of an ion
with the membrane surface groups (de Vos et al., 2009) as

att

W= = Vil )

where 5 is the packing degree of the membranes that relates to the
membrane water volume fraction, p, as # = 1 — p (Castano Osorio et al.,
2022), V; is the hydrated volume of an ion i (m®) and Xmi 18 the
non-electrostatic interaction between an ion i and the membrane surface
groups (In’3). The size exclusion, uf*¢, is evaluated using the BMCSL

equation developed for a mixture of species with different size using
(Biesheuvel and Dykstra, 2020; Castano Osorio et al., 2022),
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Fig. 1. Schematic description of selective ion adsorption in membranes depending on membrane water volume fraction. p: membrane water volume fraction, d;:

hydrated diameter of the ions.

xe _ M _ n2-n)\ 2
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where di defines the ratio of the ion size over the effective pore size of
the membrane that can be defined by (Biesheuvel and Dykstra, 2020)

6n d;
L (7)
where d; is the hydrated diameter of an ion i (m) and d,, is the average
diameter of the membrane spheres (m). The membrane sphere diameter
in Eq. (7), dy,, and the specific interaction of ions with the membrane
surface groups in Eq. (5), y,,;, are used as fitting parameters to describe
ion partitioning. With the use of the BMCSL theory, the aim is to describe
ion partitioning using a single value of d,, for the membranes, and for
every ion i, a single value of parameter y,,;, independent of the ion
composition of the solution.
Ion partitioning can be determined by solving Eq. (3) for the Donnan
affinity theory or Eq. (4) for the BMCSL theory with the electroneutrality
condition inside the membrane,

> zicmi+@X =0 ®

where o is the sign of the membrane charge (—1 for CEM and +1 for
AEM) and X is the fixed charge density of the membrane (mol-L’l).

3. Materials and methods

The effect of type and concentration of ions in the bulk solution on
the volume fractions in the membrane and the selective adsorption of
Na' and K" ions was investigated by membrane adsorption experiments
at equilibrium. Additionally, ED experiments were conducted to eval-
uate the effect of divalent ions in solution on selective ion removal by the
ED process. The obtained data from the experiments were used to
evaluate and validate the theoretical description of ion partitioning at
equilibrium and during ED process operation. Solutions used in the ex-
periments were prepared using demineralized water and reagent-grade
NOs3 salts.

3.1. Membrane adsorption experiments

Two types of cation exchange membranes were used for the
adsorption experiments: Neosepta CMX-fg standard and Neosepta CMS
monovalent selective membranes (Astom, Tokuyama Co., Japan). Both
membranes have the same surface groups (-HSO3) and the polymer
structure (styrene and divinylbenzene copolymer structure reinforced
with polyvinyl chloride) with different cross-linking degree and surface
structure. Solutions with Li*, Ca?t or Mg?' ions were used for the



S. Ozkul et al.

experiments due to their different properties, such as their valency, size,
hydration energy (Table 1), and affinity to the membrane surface
groups. The membrane adsorption experiments were performed at room
temperature.

For the experiments, the membrane samples with a surface area of
~20 em? were submerged into solutions with varying concentrations of
Na™ and K™ (total of 0.1 M) in presence of Li* (0.05, 0.1 and 0.25 M),
Mg>* (0.01, 0.05 and 0.09 M) or Ca®" (0.001, 0.0025, 0.01, 0.05 and
0.09 M). Solutions were renewed once after 2 h, and the membranes
were left submerged in the solutions for 24 h to reach equilibrium.
Thereafter, the surface water from the membrane samples was removed
using a filter paper and the wet weight of the swollen membrane samples
was determined. Afterwards, the membrane samples were briefly soaked
into demineralised water to remove the excess solution, then the sam-
ples containing Mg?" were submerged into 0.1 M Ca(NO3), solution,
and the rest of the samples were submerged into 0.1 M Mg(NOs)2 so-
lution to exchange all loaded ions in the membrane. Exchange solutions
were collected once after 2 h for each membrane sample and renewed
for another 22 h. Afterwards, the renewed solutions were collected and
combined with the first solution collected for each membrane sample;
the cation concentrations in the combined exchange solutions were
measured using inductively coupled plasma spectrometry (ICP-OES,
PerkinElmer Avio 500). Finally, the membrane samples were dried in a
vacuum oven at 40 °C for 24 h to determine the dry weight of the
membranes. The concentration of the target ions in the membrane, ¢, ; ,
was calculated using

_ Cai Vit
Cmi =

9

Mi (mwe( - mdry)

where c,; is the concentration of ion i analysed using ICP-OES (rng~L’1),
Viot is the total volume of the combined exchange solutions (L), M; is
the molecular weight of ion i (g~mol’1), and mye; and myyy are the wet
and dry membrane weight (g). Selective adsorption in the membrane is
defined by a separation factor Apuyg+_ \,+ calculated as the affinity dif-
ference between the target ions K" and Na™ (u+ — puy,+ ) based on Eq. (4)
using

(10

CmK*+ CsNat+
Aptg_ ng+ = 1n <7 .

CmNa+ CsK+

The water volume fraction of the membrane, p, is calculated for each
membrane sample using

_ Myer — mdry - ij (1 1)

Tary
Pm

Myer — Mdry +

3
Viny = g (e — iy VA" 12)
where V;,; is the hydrated volume of additional ion j in the membrane,
p,, is the density of the membrane material (1.3 g-cm™>), N, is Avo-
gadro’s number (6.02 102 mol™ 1) and cm;j and d; are the concentration
and the hydrated diameter (Table 1) of ion j in the membrane,
respectively.

Table 1
Properties of the ions investigated in the present study.

Ion diameter (nm) (
Nightingale, 1959)

Hydrated ion diameter,
d; (nm) (Nightingale,

Hydration (free)
energy (kJ-mol™1) (

1959) Marcus, 2015)
Lit 0.120 0.764 —489
Na® 0.190 0.716 —383
K" 0.266 0.662 —312
Mg 0.130 0.856 —1837

Ca*" 0.200 0.824 —1527
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3.2. Electrodialysis experiments

A laboratory-scale ED setup (PCCell BED 1-3 Compact, PCA GmbH,
Germany) including an ED stack and three tanks to store diluate,
concentrate and electrolyte solutions was used for the ED experiments.
The ED stack is equipped with a Pt-Ir coated titanium anode and a V4A
steel cathode and is comprised of ten repeating cell pairs each consisting
of one AEM (Neosepta AMX-fg) and one CEM (Neosepta CMX-fg) with a
spacer between them to create the flow channels. The active surface area
of each membrane in the ED stack was 8 cm x 8 cm. Experiments were
performed using mixtures of 0.05 M Na* and 0.05 M K*, in presence of
0.05 M Ca*" or 0.05 M Mg?". Feed solutions were recirculated through
the ED stack continuously at a flow rate of 70 L-h™ !. A power supply
(Voltcraft PPS-16,005) was used to apply a constant voltage of 10 V
during the experiments. Samples were collected periodically from the
diluate solution and analysed using ICP-OES (PerkinElmer Avio 500) to
determine the concentration of cations. The temperature of the solutions
was controlled at ~20 °C with a cooling system throughout the exper-
iments. Conductivity of the solutions was measured and recorded
continuously using a Hach SensION+ MM374 sensor, and the experi-
ments continued until the diluate solution has reached a conductivity of
50 pS-cm . Selective removal of K over Na™ ions with the ED process
during desalination is calculated by a separation factor expressed as
(Mubita et al., 2022)

Jx+ CaNat

ﬂK*/Na’ 13)

T Jna Caxt
where cq4; is the concentration of ion i in the diluate channel (rnol-Lfl)
and J; is the flux of ion i from the diluate to the concentrate channel
(mol-m~2.s71), which is calculated by dividing the ion mass decrease in
the diluate channel by the membrane area and the time interval between
the measurements.

4. Results and discussion
4.1. Effect of solution ion composition on membrane properties

4.1.1. Membrane volume fractions

Volume fractions of the CMX-fg and the CMS membranes based on
the solution ion composition are evaluated by the membrane adsorption
experiments, and the results are presented in Fig. 2. The results of the
two data sets for the CMX-fg membranes with 0.05 M Li™ and 0.001 M
Ca?* ions are presented in Fig. S1 in the Supplementary Information
(SD), Fig. 2. For each data set, CMS membranes showed lower water
volume fraction than CMX-fg membranes (Fig. 2). The lower water
volume fraction of the CMS membranes can be attributed to the more
compact membrane structure due to their higher cross-linking degree
(Tuan and Buess-Herman, 2007; Sarapulova et al., 2019). Also in gen-
eral, the membrane water volume fraction is observed to be decreasing
with the increasing total ion concentration in the bulk solution for both
types of membrane, which is explained by reduced membrane water
uptake due to a decreasing osmotic pressure difference between the bulk
solution and the membrane (Strathmann, 2004; Fontananova et al.,
2017).

The results also showed the membrane water volume fraction de-
creases when divalent Ca®* and Mg?* ions are present in the bulk so-
lution; this effect is observed to be higher in the presence of Ca?" than of
Mg2+ ions at the same concentrations (Fig. 2). Multivalent ions can
reduce the effective volume available inside the membranes for solution
to enter by forming bridges between multiple membrane surface groups
(Fontananova et al., 2017). Such effect is expected to be more significant
for Ca?* than for Mg?" ions due to the higher affinity of Ca%* ions to the
membrane surface groups (-HSO3) (Besha et al., 2020). In addition, the
volume fraction of the Mg+ ions in the membranes is higher than of the
Ca?" ions at the same concentration (Fig. 2), although the affinity of
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Fig. 2. Membrane volume fractions of CMX-fg (A) and CMS (B) membranes
based on the ion type and concentration in the bulk solution. Markers: exper-
imental data of the samples with varying Na*/K™ ratio, bars: average value of
the samples with varying Na*/K" ratio. For the experiments with Li", Ca®>" and
Mg?* ions, the total Na* + K* concentration in the bulk solution is set to 0.1 M.

Mg%* to the membrane surface groups is lower, due to their bigger hy-
drated size (Table 1). As well, the bonded water molecules in the hy-
dration shell of Mg?* ions are more difficult to be detached than of the
Ca®" ions due to their higher hydration energy (Table 1) (Han et al.,
2015; Richards et al., 2012) and weaker interactions with the membrane
surface groups. As a result, the volume fraction of Mg?* ions in the
membrane is expected to contribute more to the decrease in the mem-
brane water volume fraction than of Ca?* ions, even though the con-
centration of Mg?" ions in the membrane is lower.

On the other hand, the volume fraction of Li* ions in the membrane
is lower compared to the divalent ions when the ions are present at a
similar concentration in the bulk solution (Fig. 2A). The Li* ions have a
relatively smaller hydration shell, lower hydration energy (Table 1) and
weaker interactions with the membrane surface groups than the divalent
ions due to their lower valency (Sahin et al., 2020). Therefore, the effect
of Li* ions in the bulk solution on membrane water volume fraction is
expected to be mainly limited to the decreasing osmotic pressure dif-
ference between the membrane and the bulk solution at low
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concentrations (0.1 M, Fig. 2A), rather than the nature of the ion in the
solution.

4.1.2. Selective adsorption of ions

Selective adsorption of K™ over Na® ions in the membrane,
Apig+_ ng+» 18 calculated using Eq. (10) for CMX-fg and CMS membranes
based on the membrane water volume fraction. The data obtained from
the experiments are presented in Fig. 3A. The experiments show that
with decreasing water volume fraction in the membranes, dependent on
the ion composition in the bulk solution, the selective adsorption
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Fig. 3. Effect of membrane water volume fraction on the selective adsorption
K" over Na® ions Ay Na+ (A), contributions of the chemical attraction and
the size exclusion on the selective adsorption based on the membrane water
volume fraction (B), and affinity of ions to the membranes based on membrane
water volume fraction (C) according to the BMCSL theory.
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Fig. 4. Ion partitioning between the bulk solution and the CMX-fg membranes for solutions with different ionic compositions. Concentration of the ions inside the
membranes for each condition is determined by the membrane adsorption experiments. Markers: experimental data, solid lines: BMCSL theory predictions. Mem-
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periments, the total Na* + K* concentration in the bulk solution is set to 0.1 M.

towards K ions increases for both types of membranes (from
Apg+ _Ng+ =2 0.35 10 Apg+ - =2 1.05 for the complete data set, Fig. 3A)
preferring the adsorption of the ion with smaller hydrated size (Table 1).

Two approaches, the Donnan affinity theory and the BMCSL theory,
were used to describe the experimental ion adsorption data, the theo-
retical description of the experimental data by both theories are pre-
sented in Fig. 3A. For the Donnan affinity theory description, the affinity
values obtained from the two-cation mixture experiments are used for
the Na' and K* ions, and for the BMCSL theory the affinity values for the
Na' and K" ions are calculated based on the membrane water volume
fraction using a single y,,; for each ion i and a single d,, for the mem-
branes in Egs. (5) and '(7), respectively. The values used for the

theoretical calculations are given in Table S1 in the SI. In general, the
affinity values obtained by the Donnan affinity theory for two-cation
mixtures can describe the selective adsorption of ions only for solu-
tions with specific ion compositions. However, the description for the
complete data set for changing selective adsorption of K* over Na™ ions,
Apig+_ng+ 1S lacking. On the other hand, the BMCSL theory provides a
good description of the selective adsorption of Na* and K* ions in the
membranes for a wide range of experimental data based on the water
volume fraction in the membrane. Although the sensitivity of the BMCSL
theory increases significantly when the membrane water volume frac-
tion approaches 0, more than 85 % of the experimental data can be
explained within the 10% deviation for 5 used in Eq. (5).
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Fig. 5. Experimental data and model predictions of selective removal of Na* and K* ions during ED process operation in presence of 0.05 M Ca*" (A) and 0.05 M
Mg>* (B) ions; both experiments were performed with a mixture of 0.05 M Na* and 0.05 M K" ions and at an applied voltage of 10 V. The experimental data for the

only Na* and K" ion mixture is taken from our previous study, where Aug, na; is

calculated as ~0.27 for the same type of membrane from an older batch with

different physical properties (Ozkul et al., 2023). Solid lines: model predictions with the BMCSL theory, dashed lines: model predictions using the Donnan affinity
theory with Apuy+_y,- = 0.37. The predictions are obtained using the theoretical model developed in our previous study (Ozkul et al., 2023) and the model input

parameters can be found in Table S1 in the Supplementary Information.

Based on the BMCSL theory, individual contributions of the chemical
attraction (Ay;‘(‘if Na+) and the size exclusion (ApgE o) on the selec-
tive adsorption of K* over Na*t ions with the membrane water volume
fraction is also evaluated. The values are defined as the difference be-
tween the affinities of K" and Na™ ions calculated using Egs. (5) and (6);
the results are presented in Fig. 3B. The results show that both affinity
factors contribute to the increasing selective adsorption of K' ions,
Apig+_ g+ » With decreasing membrane water volume fraction due to the
smaller size and stronger interaction of the K ions to the membrane
surface groups. Yet, the contribution of size exclusion on the selective
adsorption stays limited (Aug .. = 0) for the membrane water vol-
ume fraction values higher than 0.2, where the selective adsorption is
mainly defined by the chemical attraction of the ions. The influence of
the size exclusion on selective adsorption is shown to be more significant
when the membrane water volume fraction is lower than 0.15, i.e. when
the divalent ion concentration in the bulk solution is more than 0.05 M.

In addition, the total affinity of Na*t, K™, Li*, Ca®* and Mngr ions to
the membrane (y; = p2"* + pf*) is determined based on the membrane
water volume fraction by theoretical calculations using the BMCSL
theory; the results are presented in Fig. 3C. The divalent ions (Ca%>* and
Mg?*) show higher affinity to the membranes than the monovalent ions
(Na™, K™ and Li") when the membrane water volume fraction is high as
a result of their higher chemical attraction to the membranes. However,
with decreasing membrane water volume fraction, affinity of the diva-
lent ions drops significantly due to their greater size exclusion. The
obtained findings are in line with the results of Louati et al. (2016) for
AEMs. They reported that the affinity of the divalent ion, SO%~, in the
membranes is higher than the monovalent ions, NO3 and Cl~, when the
total ion concentration of the bulk solution is relatively low (Louati
et al., 2016). With increasing ion concentration in the bulk solution, the
affinity order of the ions in the membranes switches towards the smaller
monovalent ions, first to NO3 and then to Cl™ (Louati et al., 2016). These
results also support that when the membrane water volume fraction
becomes smaller as a result of the change in the solution ion composi-
tion, the volumetric size of an ion becomes more significant than the
valency of an ion for defining the selective ion adsorption in the
membrane.

4.1.3. Ion partitioning
Ion partitioning between the bulk solutions and the membranes is

also evaluated at equilibrium for the Na™, K™, Li*, Ca?>* and Mg?" ions
by the membrane adsorption experiments performed using solutions
with different ion compositions. The obtained data of ion concentrations
in the membrane based on the ion concentrations in the bulk solution are
presented in Fig. 4 for the CMX-fg membranes and in Fig. S2 in the SI for
the CMS membranes, including the BMCSL theory predictions. The
theoretical calculations are obtained using Eq. (4) for each ion with the
affinity values determined based on the membrane water volume frac-
tion and the electroneutrality condition in the membranes, Eq. (8); the
values used for the theoretical calculations are given in Table S1 in the
SI. The results show that the BMCSL theory can be used to describe the
experimental ion partitioning data for all the ions in different two-cation
or three-cation mixtures at different concentrations.

4.2. Effect of solution ion composition on ion removal with ED

The effect of divalent ions, Ca®* or Mg2+, in solution on the selective
removal of Na* and K* ions was evaluated by the ED experiments. The
results for the separation factor f+ x,+ calculated using Eq. (13) and the
ion concentration ratio in the diluate channel during operation are
presented in Fig. 5. The theoretical predictions were obtained using the
ED process model developed in our previous study based on extended
Nernst-Planck equation and Boltzmann equation (Ozkul et al., 2023). In
order to define the concentration of individual ions inside the mem-
brane, we used Eq. (3) for the Donnan affinity theory, and Egs. (4)-(6)
for the BMCSL theory. Input values of the model for given equations are
reported in Table S1 in the SI.

For both ED experiments including 0.05 M Ca**or 0.05 M Mg?" in
solution, the selective removal of K* over Na' ions increases in the
presence of Ca®" (Fig. 5A) and Mg?" (Fig. 5B) in the solution due to
increasing selective adsorption of K* ions with decreasing membrane
water volume fraction. For the overall process operation, a good
description of the experimental data is obtained using the BMCSL theory
to define the selective adsorption of the ions in the membrane for both
solutions. On the other hand, the Donnan affinity theory with a mem-
brane specific affinity for Na* and K* ions showed a similar trend to the
experimental data collected for the experiments including only Na™ and
K™ ions (Fig. 5A and 5B), underestimating the removal of K" ions in
presence of divalent ions. The results show that considering volumetric
effects based on the solution ion composition in the definition of ion



S. Ozkul et al.

partitioning can improve the predictions of the selective ion removal by
an ED process for different water streams.

5. Conclusions

In the present study, we investigated the effects of Li*, Ca®" and
Mg>* ions in the bulk solution at different concentrations on the mem-
brane water volume fraction and the selective adsorption of Na™ and K*
ions in two types of cation exchange membranes (Neosepta CMX-fg and
Neosepta CMS). The results show that the membrane water volume
fraction decreases with increasing total ion concentration and amount of
divalent ions in the bulk solution for both types of membranes. In
addition, the selective adsorption in the membrane is found to be
increasing for K™ over Na* ions with decreasing membrane water vol-
ume fraction, preferring the adsorption of the smaller ion. A theoretical
framework is developed using Boublik-Mansoori-Carnahan-Starling-
Leland (BMCSL) theory to describe selective ion adsorption and ion
partitioning in the membranes based on the membrane water volume
fraction by including the volumetric effects; the results are compared
with the commonly used Donnan theory extended with an affinity term.
The results show that, with the BMCSL theory the description of selec-
tive ion adsorption in ion exchange membranes can be improved for
solutions with a variety of ion types and concentrations.
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