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HIGHLIGHTS

o First-time, monovalent/divalent ion-selective electro-dialysis with a supported liquid membrane (SLM)

o Ion permeation selectivity: K* > Na* > Ca®" > Mg**

o Electrophoretic mobility: dehydrated ions (Na™ > K*) > partly hydrated ions (Mg>" > Ca®* ions)

o lon-exchange selectivity constant between water and membrane: K™ > Ca®" > Mg®" ~ Na*

e Observed permeation selectivities determined by balance of ion-exchange selectivity and electrophoretic mobilities.

ARTICLE INFO ABSTRACT

We investigated in detail the permeation selectivity in the electro-dialysis of Na*t, K*, Mg?" and Ca®" in both
binary and quaternary mixtures using a supported liquid membrane (SLM). The SLM consisted of the organic
liquid 2-nitrophenyl octyl ether (NPOE) containing a lipophilic anion, ie. tetrakis[3,5-bis(trifluoromethyl)
phenyl]borate, as the cation-exchanging site, which was used to fill the pores of the supporting membrane
Accurel®, We first determined the electro-phoretic mobilities of the migrating cations in single salt solutions,
yielding: Na* > K* > Mg?" > Ca?*. This order reflects the different size of the migrating cations. The mono-
valent cations Na® and K* migrate in the dehydrated state and the divalent cations Ca?* and Mg?" migrate in a
(partly) hydrated state, a conclusion was supported by Karl Fisher titrations.

Both binary and quaternary salt experiments showed a permeation selectivity in the following order: K* >
Nat > Ca?" > Mg?*. Since this order does not correlate with the order of electro-phoretic mobilities, we have
determined the ion-exchange selectivity constant (Ke,) and found: K™ > Ca®t > Mger ~ Na™. We conclude that
the overall permeation selectivity is determined by the combination of ion-exchange selectivity and electro-
phoretic mobility of the cations present in the membrane.
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1. Introduction the transport of ions from one solution through ion-exchange mem-

branes (IEMs) into another solution, making it possible to separate a salt

Electrodialysis (ED) is a mature electrochemical separation process
that has been applied to wastewater treatment and to the production of
clean water for more than 70 years [1]. For certain applications with
specific requirements for ion separation, water and ion recovery or for
operation under harsh conditions, ED has become one of the state-of-art
technologies [2,3]. In ED an applied electrical field is used to enhance

stream into desalinated water and brine. IEMs are the core components
in such a separation process as they are permselective for cations or
anions via ion-exchange sites that carry the opposite charge. However,
the lack of selectivity between ions carrying the same charge still limits
their use in separation processes where such selectivity is crucial [4,5].
In various practical applications, including fuel cells, resource recovery
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using ED and electro-membrane based batteries [6-10], the develop-
ment of IEMs having excellent ion selectivity between monovalent and
multivalent ions (e.g. Li*/Mg?*, CI7/S0427) or between ions with same
valence (Cl"/NOs~, Na'/K") is urgently desirable [11].

In general, the widely reported selectivities for specific ions by an
IEM can be summarised in four categories: (1) tailor the permeation
selectivities of the ions carrying the same charge on the basis of their
mobility in the membrane matrix (e.g., by their ion size and the structure
of the membrane including pore size and porosity) [12], (2) the
observed rejection of certain ions by surface modification of the IEM
using a thin polyelectrolyte layer carrying a charge opposite to the
charge of the IEM [13] or the build-up of a polyelectrolyte multilayer
[14,15], and (3) the observed specific interactions of the ions to be
separated with added functionalities present in the IEM [16,17] or in an
added coating [18]. (4) A final category is based on recent research
results [19,20] that points to the role of ion dehydration in the selective
transport in IEMs. The use of selective IEMs for the separation of
monovalent from divalent or multivalent ions has been reported
[21-25]. Most widely used commercially available Neosepta, Fuji and
Nafion cation ion membranes (CEMs) have a monovalent or monovalent
over divalent cation selectivity ranging from 0.5-2 [26,27]. In general,
surface modification of standard CEMs improves the membrane cation
selectivity [28]. Yang et al. [17], reported that surface modification of
the sulfonated polysulfone (SPSF) CEMs with crown ether improve the
membrane K/Li* and K*/Mg?* selectivity to 3- and 6-fold, respec-
tively. By the adsorption of polyelectrolyte multilayers on the Nafion
membrane, Zhu et al. [26] reported an improved K*/Mg?* and Li*/Co%*
selectivity by a factor 1000. However, it is still currently highly chal-
lenging to separate selectively two ions that have the same valence and
have similar chemical properties, i.e. the separation of monovalent (K*/
Na™) or divalent cations (Ca%t/Mg?").

Previous studies from our lab were focused on the separation of alkali
metal cations (especially K* from Na™) using a supported liquid mem-
brane (SLM) under ED conditions and its application in the field of
element recovery, stimulated by the urgent need in the context of more
severe legislation of salt discharges in the greenhouse industry [20,29].
In short, an SLM is made by filling the pores of an inert porous sup-
porting membrane with an organic solvent containing a lipophilic salt to
introduce the desired permselectivity [30,31]. The lipophilic salt also
contributes to a reduction of the membrane electrical resistance
[32-34]. In our earlier study we investigated cation-exchange mem-
branes (CEMs), made by the introduction of lipophilic borate anions in
the immobilized organic solvent (here, 2-nitrophenyl octyl ether,
NPOE), and observed the selective permeation of K™ relative to Na™ and
Li* [20]. The observed permeation selectivity of K" > Na®™ > Li" is in
line with the order of increasing dehydration energy, ie. K¥ < Na® <
Li*. The measured electrophoretic ion mobility increased in the order of
K" < Na' < Li", implying that the smallest ion (Li") moves the fastest in
the membrane. Overall, we concluded that despite the higher electro-
phoretic mobility of the Li™ ion, the permeability of the K is the highest
because of the highest exchange selectivity, which, in turn, results from
its low dehydration energy. The permeation selectivity is thus domi-
nated by the dehydration energy of the ion species present.

The current study investigates the permeation selectivity for K* in
relation to Ca?* and Mg?*, as well as the permeation selectivity for Ca%*
in relation to Mg?*. Interpretation of the obtained results includes the
electrophoretic mobility of the investigated ions through the membrane,
the extent of hydration of the exchanged cations and the ion-exchange
selectivity at the water-membrane interface.

2. Materials and methods
2.1. Chemicals

All chemicals used were of analytical grade and used as received. The
ACCUREL membrane support (polypropylene, thickness: 100 pm, pore
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size (diameter): 0.1 pm) was purchased from MEMBRANA, the organic
solvent 2-nitrophenyl-n-octyl ether (NPOE) and the lipophilic anion A:
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBArF) for
preparing the SLM were both purchased from Sigma-Aldrich. All salts for
making the salt solutions (KCl, NaCl, CaCly, MgCl, and NaySO4) were
purchased from MERCK.

2.2. Membrane preparation

All experiments were performed with freshly prepared SLMs. The
membrane support (ACCUREL) was cut into proper shape and, without
any further pretreatment, submerged in the organic solution of 50 mM
NaBArF in NPOE for 30 min at room temperature. Due to capillary
forces, the ACCUREL pores are filled up with the solution. Before
mounting the membrane in an ED cell (Section 2.3.1), excess of solvent
was removed by gently wiping it with a tissue.

2.3. Membrane characterization

2.3.1. Electrodialysis (ED)

All studies regarding ion transport across the SLMs were performed
under ED conditions. Experiments were carried out in a six-
compartment cell that has been reported in our previous study with
the configuration shown in Fig. 1 [20]. The membrane surface area and
thickness of the SLMs were 10.15 cm? and 100 pm, respectively with a
porosity @ = 0.7 and a tortuosity 7 = 2.1 (membrane property data are
obtained from the manufacture and literature) [35,36]. The mixed-salt
experiments were carried out in equimolar 25 mM solutions of NaCl,
KCl, CaCl, and MgCl; or in equimolar 50 mM binary ion solutions of KCl
+ CaCly, KCI + MgCl; or CaCly + MgCl,. The single-salt experiments
were carried out using 0.1 M NacCl, KCl, CaCl, and MgCl, solutions. The
buffer and electrolyte solutions were made with NaCl and NaySO4 so-
lutions, respectively, that have the same ionic strength as the testing
solution. The testing solutions were all recirculated at a flow rate of 150
mL min~! separately as feed and receiving phase in compartments A and
B (Fig. 1). Prior to use, SLMs were pre-conditioned for 24 h in the so-
lution with the same ion composition and concentration as the test so-
lution. Commercially available standard grade cation exchange
membranes (CEMs) and anion exchange membranes (AEMs) from
Neosepta were used in the six-compartment cell and pre-conditioned in
the same way as the SLM. The temperature of all solutions was
controlled at 25 &+ 0.2 °C during the experiment using a water bath. A
potentiostat (Ivium Technologies, Vertex.One, Eindhoven, the
Netherlands) was employed as power source for applying a constant
current density. The presence of diffusion boundary layers at the
membrane-solution interface can contribute to the total measured
resistance. In order to minimize this effect, two Haber-Luggin capillaries
were positioned directly adjacent (as close as possible) to the SLM sur-
face and connected to two reservoirs containing 3 M KCl filled Ag/AgCl
reference electrodes (QM711X, QIS, the Netherlands) for monitoring the
voltage drop over the membrane. For all ED experiments, a constant
current of 10 mA (corresponding to a current density of 10 A~m_2) was
applied during a time-period of 24 h (for single-salt experiments) or 48 h
(for all mixed-salt experiments).

2.3.2. Transport numbers and mobility

Under ED conditions, the ion transport number represents the frac-
tion of the current carried by that specific ion. The transport number of
each ion can be derived from the concentration changes in compart-
ments A and B. The (absolute) concentration change in compartment B
(here an increase) is the same as the (absolute) concentration change in
compartment A (here a decrease), if both compartments have equal
volume. Therefore, during the experiments, samples of 1 mL were taken
from both compartments at a certain time interval. The ion concentra-
tions were determined by ion chromatography (IC, Metrohm Compact IC
761), at a confidence level of >95%.
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Fig. 1. Schematic of the configuration of the six-compartment cell used during the electro-dialysis (ED) experiments. Compartment C and D as well as the position of
the CEMs and AEMs prevent the concentration changes in the two inner testing compartments from any interferences. As a result, the concentration changes of the
cation species of interest in compartments A and B are solely due to transport of the central SLM.

The transport number ¢; for ion species i is given by [37]:

AC
i &
[IOIA

where z is the charge of the ion, F is the Faraday constant (96,485
C-mol’l), V is the volume (m3) of the feed or receiving compartment, A
represents the effective membrane surface area (m?), and L is the
(constant) externally applied current density (A-m~2). The number of
moles of the ion i transferred over the SLM per unit time, AC/At
(mol~m’3~s’1), was calculated from the concentration change in
compartment A. Note that here the decrease in concentration in
compartment A is the same with the increase of concentration in
compartment B.

For ions moving through the membrane, the molar ion flux is
expressed as:

dE,

J= - == (2)
where y; (m?V~'-s71) is the electrophoretic mobility of the ion i in the
membrane, c; represents the ion concentration in the membrane (in
mol-m~). The SLM is overall electro-neutral. Based on the overall
electroneutrality of the SLM, the borate concentration determines the
concentration of exchanged cations. For the monovalent cations that is
equal to the borate concentration (50 mM) and for the divalent cations
that is half of the borate concentration (25 mM). Because of the rela-
tively high dielectric constant of NPOE (¢ = 24), intimate ion-pair for-
mation between the borate and the cation is not considered [38,39]. By
implication, the free, mobile cation concentration in the SLM equals the
total cation concentration. dE/dx (v-m™D) is defined as the electric
field gradient.

Based on the electro-migration term in the Nernst-Planck equation,
the current carried by ion species i is:

dE,,

il = — ZuiciFW 3

Lot represents the (total) current density. The effective membrane

area is determined by the porosity ®. In addition, the actual distance
that the ion needs to travel through the SLM is larger than the membrane
thickness, which is determined by the membrane tortuosity, z. The
electric field strength over the membrane should then be expressed as:
%, where E;, (V) is the recorded voltage drop over the membrane of
thickness d (m). Therefore, Eq. (3) will be expressed as:
ti{Tim X T = ¢liliy = ZuiCiF% @
where ¢ is a correction factor determined by the porosity and tortuosity
of the ACCUREL membrane support, here determined to be ¢ = § =
213,

The electrophoretic ion mobility u; of ion species i in the membrane
determined from single-salt ED experiments, can then be given by:

tilun

u =g TF% (5)

The concentration of counter ions in the membrane (c) equals the
borate concentration (A™) divided by the valence of the counter ion.
After substituting ¢ = 4~ in Eq. (4), the mobility ratio i of two ion spe-
cies as assessed in single-salt solutions scales with t;/t; and Ep, 2/Em 1
and is independent of their charge z.

2.4. Karl Fischer titration

Karl Fisher titration (Metrohm 756 KF Coulometer) was employed
for determining the water concentration present in the pure organic
solvent phase (NPOE) and in the presence of the lipophilic borate anion
and equilibration with the different investigated salt solutions at room
temperature. First fixed volumes of pure NPOE and NPOE containing the
lipophilic anion A as the sodium salt were equilibrated the same fixed
volumes (0.5 mL) of aqueous salt solutions containing 100 mM of NaCl,
KCl, CaCly and MgCl,. Equilibration with Milli-Q water was used as
reference. After equilibration, a sample size of 50 pg of the organic
solvent was taken for the determination of the water content. The
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amount of water (g) in the sample can be calculated based on the wt%
results from the measurements. All experiments were performed in
triplicate and standard deviation (STD) of the measured samples were
calculated to determine the accuracy of the measurements. Ion con-
centrations of the salt solutions were determined by IC for monitoring
the extent of ion exchange.

3. Results & discussion
3.1. Mass and charge balance

Ideally, when using the six-compartment cell shown in Fig. 1, the
concentration changes of the, in this case, cation species in the two inner
compartments A and B can solely be ascribed to ion transport over the
membrane under investigation. Therefore, the change in compartment B
is of the same magnitude as the change in compartment A but of
opposite sign. In addition, in order to retain electro-neutrality, the total
charge in each compartment should add up to zero. The mass and charge
balance for all measurements in this study, including using (1): single-
salt solutions of 100 mM KCl, NaCl, CaCl, and MgCl,, (2): binary salt
solutions of equimolar (50 mM) KCl + CaCl,, KCI + MgCl;, or CaCl, +
MgCl,, and (3): four ion mixed-solution of equimolar (25 mM) KCl +
NaCl + CaCl, + MgCl, were determined and detailed data can be found
in the Supplementary Information. Indeed, in all three sets of ED tests,
the mass and charge balance were essentially closed.

3.2. Ion exchange at the water-membrane interface

Consider the presence of ion species M; of valence z; in the water or
feed phase (f) and ion species M, of valence 2z, in the membrane phase
(m). The ion-exchange process at the water-membrane interface can be
expressed by:

Kex
oM+ 21 My 2 oM 5 + 21 Mo ¢ (6)
Kex represents the ion exchange constant, given by:

ch — M?m X M;‘l’ (7)
MY x M3,

Due to electroneutrality, the maximum total ion concentration in the
membrane is determined by the impregnated lipophilic anion borate
(A7) concentration (50 mM). Therefore, the sum of positive charges
from cations in the membrane equals the sum of negatively charges from
the borate A™:

Mim + Moy + ZAA =0 (8)

with za the charge of the membrane-bound anion (—1).

The cation partitioning in the membrane relates to the Gibbs free
energy required for the translocation of an ion species of charge z and
crystal radius r (in A) from phase 1 with permittivity 1 to phase 2 with
permittivity e, as given by the Born equation [40,41]:

2,2
aG = (1 —l) ©

8megr \& €

with AG in kJ-Mol™}, Nj Avogadro's number (6.02 x 1023), e the
elementary charge (1.6022 x 107°C) and ¢, the permittivity of vacuum
(8.854 x 10~'2 F-m™1). For transferring a monovalent cation (z = 1)
from the aqueous phase (¢; = 80) into the NPOE/membrane phase (e =
24) [38,39]. Eq. (9) can be simplified into AG = 20.3/r. And for divalent
cations (z = 2), this will be AG = 81.2/r.

Table 1 lists the crystal radii and the calculated AG values for com-
plete ion dehydration according to the Born equation of the two
monovalent cations Na* and K* and for the two divalent cations Ca®*
and Mg?* used in this study.

The partitioning of two ion species M; and My over the water phase
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Table 1

Crystal radii (in 10\) of Na*, K", Ca?" and Mg2+, as well as the calculated Born AG
(in kJ mol™!) required for the transfer of the particular ionic species from the
aqueous into the NPOE/membrane phase.

Crystal radius AG
(in A) [42,43] (in kJ mol ™)
Na' 0.95 21.4
K* 1.33 15.3
Mg+ 0.65 124.9
Ca** 0.99 82.0

and the organic solvent membrane phase is defined by a Boltzmann
distribution. Assuming complete dehydration, the ion concentration
ratio M in the membrane, M; ,/Mj , is defined as:

Min  M;  (AGy, — AGy,
_ My : 1
Mym My P ( RT 10

with the AG values calculated according to the Born equation.

3.3. Ion mobility in single-salt solutions

Flux measurements in symmetrical 100 mM NaCl, KCl, CaCl, or
MgCls solutions were used to determine the electrophoretic mobility of
each ion species in the SLM. Fig. 2 shows the normalized Na™, K*, Ca®*
and Mg2+ concentration (the ratio of measured cation concentration and
the initial cation concentration in the feed compartment A) over time
and the linear fittings for all four ion species.

For all four tested cation solutions, the normalized cation concen-
tration exhibits a linear decrease over time that is similar for cations of
the same valence, whereas the slope for monovalent cations Na™ and K™
are determined as —0.00664 and —0.00678, respectively and for diva-
lent cations Ca®* and Mg?* are —0.00362 and —0.00363, respectively.
Because of the charge difference of two and the same current density
applied, the decrease in normalized concentration of divalent cations is
half of that found for the monovalent cations, which is also reflected by
the ratio of the slopes of the plots.

The transport number of each ion (Eq. (1)) can be derived from the
data shown in Fig. 2. The transport number and recorded voltage drop
over the SLM (Ep/d) allow the calculation of ion mobility in the mem-
brane (u), according to Eq. (5). The calculated ion mobility strongly

e
vy,
B Tk
L e "N
L = S
. > = e
™ X S s A
4._—° S s “wh %
s Yoo
= 09t S
s B Na N
= ® K Syl
A Ca v 5
v Mg N¥
[ - - - Linear fit Na, Slope: -0.00664, *>0.99 AL
- - - Linear fit K, Slope: -0.00678, >>0.99 8
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Fig. 2. Normalized Na*, K*, Ca?" and Mg?" concentrations in the feed
compartment A, recorded over time in symmetrical 100 mM NacCl, KCl, CaCl, or
MgCl, solutions. Also indicated the linear fits of the data, including the slope
and regression coefficient .
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depends on the accuracy of the recorded membrane potential, hence the
reported standard deviation (SD) values. Table 2 summarizes the
calculated ion transport number (tjn), recorded membrane potential
drop (En/d) and calculated ion mobility ().

As expected, and given that all transport numbers are close to unity
(see Section 2.3.2), the mobility ratio of any couple of ions, u;/uy, (more
or less) scales with the inverse of the corresponding measured mem-
brane potentials, Ep 2/Em,1. The electrophoretic mobility can also be
expressed by [44]:

ez;

= 11
6777]}’1 ( )

u;

where e is the elementary charge, n (Pa-s) is the viscosity of the solvent
and r; (m) is the radius of the ion. As shown in Eq. (11), the electro-
phoretic mobility of an ion relates to its size, whether it is dehydrated or
hydrated. If dehydrated, the mobility is expected to scale with the
reciprocal ion crystal radius, if hydrated, with the reciprocal hydrated
radius. According to Eq. (11), z/u is linear with r, with a slope of e/67n
(in m3~V_1~s_1). As reported before [20], the mobility ratio of K* and
Na™ is rather close to the reciprocal ratio of their crystal radii, reflecting
that these monovalent cations are present in the SLM essentially
completely dehydrated. Fig. 3 shows the correlation of the ion crystal
radius of K* and Na™ with their charge and mobility (z/u) ratio (solid
line), with the electrophoretic mobility values taken from Table 3. Based
on theoretical considerations, the (extended) linear fit through the Na™
and K" data points was forced to go through the origin. As remarked, Eq.
(11) should hold irrespective the hydration state of the particular ion
species. Therefore, the plot in Fig. 3 has been extrapolated to z/u values
of Ca?* and Mg?" (dotted line), again using the u values from Table 3.
The in this way obtained radius of Ca>* (rj,ca) and Mg?* (rpmg) is 2.68 A
and 3.96 A, respectively, values clearly larger than the crystal radii listed
in Table 1. However, the slope derived from Fig. 3 is 3 x 1072°
m®V~L.s7! resulting in a viscosity 7 of the NPOE-borate system of 0.28
Pa-s, a value about 20 times higher than the reported value of 0.0137
Pa-s for pure NPOE [45]. Possible explanations for this observed dif-
ference include: (1) The actual concentration of free cations in the SLM.
It is important to realize that all mobility calculations assume the cations
to be present in the SLM as free, mobile charge carriers. For instance,
given a borate concentration of 50 mM, the free cation concentration in
the SLM was assumed to be 50 mM and 25 mM in pure NaCl or CaCl,
solutions, respectively. We cannot rule out however that the borate in-
teracts with the cations. The effect would be that at any moment in time
only a fraction of the cations present contribute to the (constant) total
applied current with the remaining fraction essentially temporarily
immobilized. The extent of interaction may be cation species dependent.
Even though this effect is expected to be more dominant for the divalent
cations, their hydration shell, enlarging their effective radius, counter-
acts the higher charge regarding the electrostatic interaction with
borate. One way to reconcile the high viscosity derived from Fig. 3 and
the much lower viscosity of pure NPOE is to assume that only 5% of the
cations are free to move, implying an actual mobility 20 times higher
than the ones calculated and listed in Table 2. This, in turn, results in a
slope (=r x u/z) of Fig. 3 also 20 times higher and with that a 20 times
lower viscosity (slope = 6xn/€). (2) The actual viscosity of NPOE/borate

Table 2

Transport numbers of Na™, K*, Mg?" and Ca" (t;,,), recorded membrane po-
tential drop (E,,/d) with SD, and the ion mobility in the membrane (u;) with SD,
all derived from single salt ED measurements.

tion En/d x107*  SD Ep/d x u; x 101° SD u; x 10™°

(V-m™) 1074 (V.m™) m2vtsh  m2vlsh
Na* 097 1.6 0.04 3.60 0.09
Kt 093 28 0.12 217 0.09
Mgt 098 27 0.06 2.26 0.05
Cca’* 098 4.0 0.17 1.52 0.06
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Fig. 3. Correlation between the ion radius r and the ratio of charge and
mobility (z/u) for K, Na*, Ca®" and Mg>". r. n, and 7.k represent the crystal
radius of Na* and K™, Tp,ca and 1, vg the predicted (partially hydrated) radius of
Ca®" and Mg?". The (extended) linear fit through the Na* and K data points
was forced to go through the origin because of theoretical considerations.

Table 3

Measured mean water content (wt%) in pure NPOE after equilibration in pure
water and in 100 mM NaCl, KCI, MgCl, and CaCl, solutions. Average values and
standard deviations (SD) are based on measurements in triplicate.

Pure NPOE equilibrated Csalt Measured water SD Cwater
with (mM) (Wt%) (mM)
H,0 0 0.12 0.01% 69
NaCl 100 0.12 0.00% 69
KCl 100 0.11 0.02% 64
MgCl, 100 0.11 0.00% 69
CaCl, 100 0.12 0.02% 64

is affected by an interaction with the membrane (Accurel) pore wall.

The data of Fig. 3 indicate that, in contrast to monovalent cations,
divalent cations are still partly hydrated while traversing the SLM. For
that reason, next the amount of water taken up by the SLM was inves-
tigated, with the water present as hydration water of the divalent
cations.

3.4. Water content in NPOE

Quantification of the water content in the organic solvents (NPOE or
NPOE with lipophilic anion A) after equilibration with water or with
different salt solutions was performed by using the standard coulometric
Karl Fischer (KF) titration method. Measurements were performed in
triplicate. As the lipophilic anion A~ was impregnated in NPOE as a
sodium salt, the same (calculated) amount of the Na™ in the organic
solvent was found in the aqueous solution after equilibration, indicating
a full ion exchange of the cation species in the membrane. Tables 3 and 4
list the measured water content (wt%) in pure NPOE or NPOE containing
lipophilic anion A™, respectively, and the calculated amount of water
Cwater (in mM) for each sample. The SD values for all samples <0.02%
indicates the rather high reproducibility of the KF measurements.
Clearly, from Table 3, compared to the water content of the sample
equilibrated in pure water, adding either 100 mM NacCl, KCl, CaCl; or
MgCl, to the equilibration solution has no effect. The calculated amount
of water in all samples is about the same (64-69 mM, based on
0.11-0.12 wt%).
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Table 4

Measured mean water content (wt%) in the NPOE in the presence of the lipo-
philic anion A~ (50 mM borate) after equilibration in pure water or 100 mM
NacCl, KCl, MgCl, and CaCl, solutions. Average values and standard deviations
(STD) are based on measurements in triplicate.

NPOE + A~ equilibrated ~ Cgge Measured water SD Cwater
with (mM) (Wt%) (mM)
H,0 0 0.35 0.01% 137
NacCl 100 0.34 0.01% 127
KCl 100 0.33 0.02% 127
MgCl, 100 0.53 0.00% 243
CaCl, 100 0.50 0.02% 220

As shown in Table 4, in pure water, adding A~ (present as Na™ salt) to
the NPOE doubles the water concentration in the SLM, from 69 to 137
mM. Adding either NaCl or KCl to the feed solution has no effect on the
final water content of the NPOE. Apparently, either hydrated Na* from
the feed is exchanged for hydrated Na' leaving the SLM or, alterna-
tively, the exchange involves the two ions dehydrated. In both cases, the
water content of the SLM remains the same. Based on this data alone we
cannot distinct between these two scenarios. However, the mobility —
ion radius relation make us conclude that monovalent cations traverse
the SLM in the dehydrated state. In contrast, with MgCly or CaCl, pre-
sent in the feed, the final water concentration almost doubles. Compared
to the control of Table 3 and with A~ included in the SLM, the presence
of CaCl, or MgCl; in the feed solution increased the water concentration
of approximately 160 mM. Considering a Ca2*/Mg?* concentration of
25 mM (given the A~ of 50 mM), the (average) hydration number of

Feed concentration ratio (K/Mg,)
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each divalent cation-borate complex would be around 6.5. The
increased water content due to the exchange of Mg?" with Na* initially
associated with the borates is 243-127 = 116 mM per 50 mM borate
sites, and is slightly higher than Ca®" of 220-127 = 93 mM per 50 mM
borate site. This is also in line with stronger hydration by the smaller
crystal radius of Mg?". Because the water involved in the hydration of
A" is ignored, this value is slightly overestimated. Considering the re-
ported range of hydration numbers of Ca?" and Mg?" of 5-12 [37-40],
this indicates that these divalent cations indeed have lost part of their
water shell, consistent with the conclusion based on the relation
mobility ratio and ion radius (Fig. 3).

A final remark on the water content of NPOE concerns the presumed
linearity between z/u and r, Eq. (11), a relationship constrained by a
constant viscosity of the SLM. It is very well conceivable that the uptake
of water alters the overall viscosity of the SLM system. However, given
an NPOE concentration of approximately 4 M and water concentration
differences in the order of 0.1 M, the assumption of constant viscosity
seems justified.

3.5. Ion exchange

3.5.1. Determination of the ion-exchange selectivity constant in binary salt
solutions

Ion permeation through an ion-exchange membrane by ED relates to
both ion exchange of the particular ionic species over the biphasic water
— membrane system and ion electrophoretic mobility through the
membrane. The previous paragraphs addressed the extent of hydration

(b) Feed concentration ratio (K/Ca,)
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on the electrophoretic ion mobility in single-salt experiments. This
paragraph focusses on the electro dialysis of binary and multi-ion so-
lutions to determine and understand the ion-exchange process.

As the total charge of the permeating cations in the membrane is
equal to the charge carried by the present lipophilic anions, different
cations will actually compete with each other to enter or to leave the
SLM in the case of mixed-salt solutions in the feed phase.

Fig. 4 shows how the ion concentrations in the feed compartment A
change in time during 48 h starting with binary equimolar mixtures (50
mM each) of KCl and MgCl, (Fig. 4a), KCl and CaCl, (Fig. 4b), and CaCly
and MgCl, (Fig. 4c). The changing ion concentrations are presented as
normalized ion concentrations (left-hand axis). From the ion concen-
trations in the feed, the ionic current densities were calculated, which
are also presented in Fig. 4 (right-hand axis). The sum of the calculated
transport numbers of the two cations involved in each series is 0.88
(Fig. 4a), 1 (Fig. 4b), and 0.98 (Fig. 4c). These numbers indicate that
under these conditions the current through the SLM is predominantly
carried by the cations. For the binary mixture of KCl and MgCl,, lower
transport number of 0.88 was found, indicating that part of the current is
carried in another way. The transport of protons was excluded because
we did not detect a pH change in the feed and receiving phase com-
partments. It is speculated that, despite the cation-exchange properties
of the SLM, some chloride might be counter transported. We have not
investigated further this possibility.

Clearly, as seen from Fig. 4a and b, K" is transported right from the
start with the K current gradually decreasing over time. In contrast,
both the Mg?* and Ca?" transport is close to zero at the start and
increased over time.

For a K"/Mg?" feed ratio of 0.2 (as observed after about 38 h; thus
about 10 h earlier compared to the K*t/Ca?" situation; see below), the
current ratio is 5.8: 3, reflecting a molar permeation ratio of 1:0.26.
While for the mixture of K*/Ca®", after 48 h, the K™ current equals the
Ca?* current, indicating that at K*/Ca?" feed concentration ratio of
about 0.2, the K*/Ca?* permeation ratio is about 1:0.5. By comparing
these data, it is clear that Mg?" is much less competitive compared to
Ca?" in the electro-dialysis with K*. Also, in the combined Ca%*/Mg?*
experiment (Fig. 4¢), we have observed a preference of Ca?* permeation
compared to Mg?* permeation. This difference cannot be explained by
the different mobilities of Mg?>* and Ca2*, since we have observed
(Table 2) that Mg2+ is more mobile compared to Ca®*. Therefore, the
difference originates from the difference in ion-exchange selectivity
Kex(K*/Mg*") and Kex(K*/Ca®").

We will focus now on the extraction of the ion-exchange selectivity
constants from our electro-dialysis data.

According to Eq. (4), the ratio of current carried by ion species M;
and M, equals:

Iy, 2iMy ity
IM2 ZzMz,mMM2

(12)

with My, and My 1, the concentrations of M; and Mj in the membrane
(mol-m~3).

For experiments involving two monovalent or the two divalent cat-
ions, (ie. 21 = 23), Eq. (12) equals:

Mim _Da, |ty (13)

M IMZ U,

The general derived equation for the ion-exchange selectivity con-
stant K¢y as given in Eq. (7) simplifies for two monovalent cations and for
two divalent cations to:

_ Miw XMy Miwm My

=" = X —= (14)
M x My My My

Kex

Substituting Eq. (13) into Eq. (14) gives:
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1M1 Um, Mz,r
- M M T2

KCX - (15)
IMz Um, Ml,f

. . . . I u . M1

In this case K¢ is dimensionless. The factor I:f[—l X ﬁ is equal to g

3 X

For a binary mixture containing one monovalent cation (M; = K™; 21
= 1) and one divalent cation (M3 = Ca%" or Mg2+; 22 = 2), the situation

2

is more complex. x;;“ in Eq. (7) is expressed by:
2,m

M%.m _ I]%’h MMZ 2d

_m X —— 16
Myw v, 4y, FEn 16
Resulting in an expression of Ky as a function of:
M M, R 2d M
Koy = Lm M2 M im, « o Yot an

Mow M2, I, iy FEn M,

According to Eq. (7), plotting My, mzz/Mz’ 7! as function of M, 7/
Mo, #! renders a graph with slope Kex.

We have plotted our experimental data for the binary combinations
K'/Na* (earlier published by us [20]) and Ca"/Mg?* according to Eq.
(15). The results are shown in Fig. 5a and b. For both combinations we
observed, as expected, a linear fit. Based on theoretical considerations,
the fit was forced to go through the origin. From the slopes of the plots
we deduced the values for the ion-exchange selectivity constants
Kex(Kt/Na™) = 12.7 and Ke(Ca?*/Mg?") = 2.6. As becomes clear by
comparing Egs. (10) and (14), the exponential term in Eq. (10) repre-
sents K¢, thus providing, apart from Eq. (14)/Eq. (15), a second
expression for Ky, at least in the case of two monovalent cation species
that require total dehydration. Indeed, the K¢y value of 11.7 calculated
from Eq. (10) [20] nicely corresponds to the value of 12.7 after applying
Eq. (15).

Next, we plotted our experimental data for the binary combinations
K*/Mg?" and K*/Ca%t according to Eq. (17) (Fig. 6). We do indeed
observe in both cases a linear plot (forced passing the origin) for My 72/
My, # < 25. However, for the initial part of these experiments (where
the feed ratios of K™ to Mg?" or to Ca®" > 0.6), i.e. the upper right part in
Fig. 6a and b our data points deviate from the linear part. The use of Kex
values assumes chemical equilibrium. Therefore, this observed devia-
tion may reflect that equilibrium has not (yet) established. For one thing,
at the start of the experiment the concentration of divalent cations in the
SLM will be virtually zero, implying that the exchange of e.g. Ca®>" from
the feed and Na™ in the SLM occurs in one direction. In addition, it is
well-known that membrane selectivity is not a fixed parameter but
instead varies with changing ionic conditions in the feed and/or
receiving solution, as is the case in a dynamic system as ours. From the
linear part we first derived the ion-exchange selectivity constants of
Kex(Kt/Mg¥™) = 10.6 and Kex(KT/Ca?") = 2.9 from the slopes. From
these two K values, we can easily calculate and (expected) value of
Kex(Ca?t/Mg?") = 3.6. This is very close to the obtained value of
Kex(Ca?*/Mg?") = 2.6 from the experiment using the binary Ca?*/Mg>*
mixture. This gives us confidence in the linear relation of the latter stage
of the experiment. The data points strongly deviating from the linear
plots My, fZZ/Mz) #1 > 35 are both related to the start of the experiments
using feed mixtures containing K™ and Mg?" or Ca?*. For some reasons
in the initial stage of these experiments, the permeation through the
membrane is much more favorable for K™ compared to the later stage of
the experiment. For now, we can only speculate about the reason
causing this deviation. The calculation of K¢y is based on the assumption
of chemical equilibrium. Apparently, during the first 5 h or so of the
experiment the equilibrium state is not reached yet. In addition, it might
be that for some reason in ion mixtures involving both monovalent and
divalent cations, Kex is more sensitive to the K concentration in the
feed.

In Table 5 the obtained ion-exchange selectivity constants are
tabulated.
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Table 5

Determined ion-exchange selectivity constant for the ion combination of K*/
Na*, Ca*"/Mg?", K" /Ca?" and K*/Mg?" in binary ion mixture or the quaternary
ion mixture.

Ion exchange constant (Kex)

Binary mixture
(Section 3.5.1)

Quaternary mixture
(Section 3.5.2)

K*/Na*
Ca2+ /Mg2+
K+/Ca2+
K" /Mg2+

12.6
2.6
2.9

10.6

11.3
3.3
3.6

12.8

3.5.2. Determination of the ion-exchange selectivity constant in quaternary

solutions

Finally, we have investigated the electro-dialysis of an equimolar
mixture (each at 25 mM) of NaCl, KCl, CaCl, and MgCly, to see if there is
any cross-coupling effect between these different ions. This experiment
was set up similarly as the experiments on the binary mixtures, discussed

before.

Fig. 7 shows how the ion concentrations in the feed compartment A
change in time during 48 h starting with the quaternary equimolar

mixture (25 mM each) of NaCl, KCl, MgCI2 and CaCl,. The changing ion
concentrations are presented as normalized ion concentrations (left-
hand axis). From the changing ion concentrations in the feed, the ionic
current densities were calculated and are also presented in Fig. 7 (right-
hand axis). The sum of the calculated transport numbers of the four
cations involved is close to unity, and leads to the conclusion (as before)
that under these conditions the current is predominantly carried by the
cations.

It is observed that the dominant cation transported is Kt and is fol-
lowed by Na*t, Ca®* and finally Mg?*. This confirms the order observed
before in the binary salt experiments, where K* is dialyzed in preference
over Na* and where Ca®" is dialyzed in preference over Mg>*.

Similar to the analysis performed for the binary solutions, the Kex
values of the different ion combinations in the quaternary ion solution
were determined and the results are shown in Fig. 8. Comparing the
combination of K*/Nat and Ca%t/Mg?*, from Fig. 8, we observed here a
linear relation through the origin over the given entire concentration
ratio range with the determined Ky value of 11.3 and 3.3, respectively.

For the combination K*/Ca?t and K*/Mg?", we also made similar
observations as in the binary salt experiments. The plotted lines (forced
through the origin) relate only to the later stage of the experiment.
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Initially, also here a deviation from the linear plot was observed. The
ion-exchange selectivity constants of Kex(K™/Ca2t) = 3.6 and Ke(K'/
Mg?*) = 12.8 were obtained. All K, values obtained from the experi-
ment using the quaternary salt mixture are also tabulated in Table 5 for
comparison with the values obtained from the binary salt experiments.
From this comparison it is remarkable to see the very good similarity of
the obtained ion-exchange selectivity constant Key from both the binary
and quaternary salt mixture experiments. This similarity shows that
there is no interference between the different salts in that they pass the
membrane independently. The ion-exchange selectivity constant (Kex
relative to Kex of K) increases in the order: Ca?t < Mg?" ~ Na™.

4. Conclusions

This study investigated in detail the permeation of K*, Ca?* and
Mg?* under electro-dialysis conditions with constant current applied
using a supported liquid membrane (SLM). Single-salt experiments
identified an electro-phoretic mobility decreasing in the order: Nat >
K" > Mg?" > Ca?'. The relative order between the monovalent ions
(Na® and K*) and also between the divalent ions (Mg?" and Ca®")
correlate with their ionic radii. However, such a correlation does not
exist if we compare the monovalent and the divalent cations. From our
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earlier study on the permeation selectivity between Na™ and K* [20], we
had found that these ions enter the SLM in a dehydrated state. Clearly,
that is not the situation for the divalent cations investigated here. From a
correlation between z/u vs. r, where z is the valence of the cation, u the
observed electro-phoretic mobility and r the radius of the migrating
cation known for Na* and K*, and unknown for Mg?" and Ca®", we
obtained the predicted radii of the divalent cations. These higher radii
were interpreted as due to the presence of a (partial) hydration shell
around that cation. The main difference in the hydration state between
the mono- and divalent cations in the SLM is related to the much higher
dehydration energy of the divalent ions compared to the monovalent
cations. The electrophoretic mobility of the divalent cations is thus
determined by the radius of their (partly) hydrated state. Karl Fisher
titrations confirmed the presence of additional water in the SLM after
equilibration with divalent cations compared to monovalent cations.
From the binary and quaternary salt experiments we found a
permeation selectivity in the order of: K* > Na™ > Ca?* > Mg?". Clearly,
this order does not correlate with the observed electro-phoretic mobil-
ities from the single-salt experiments. The origin of this difference can be
found in cation exchange occurring at the water/SLM interface. The
different cations compete for the lipophilic borate sites in the SLM,
quantified by an ion-exchange selectivity constant K.y value. Analysis
revealed values of K¢, following the order of: K* > Ca®* > Mg?" ~ Na™.
Both Kex and the electro-phoretic mobility in the SLM contribute to the
observed permeation selectivity of the different cation species.
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