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A B S T R A C T

This study demonstrates the effective separation of alkali metal cations using a Supported Liquid Membrane
(SLM) containing lipophilic, negatively charged borate moieties, operating under electro dialysis conditions. The
selectivity of the membrane is essentially based on differences in dehydration energy and mobility between ion
species. The system favors the ion species with the largest crystal radius, despite its lower mobility. In mixtures
of K+ and Na+, the SLM separates K+ from Na+ with a separation efficiency ranging from ~20% to 90%,
depending on the feed solution composition. With solutions containing either K+ or Na+ and Li+, the K+/Na+

over Li+ separation efficiency is nearly 100%. Addition of 15-crown-5 derivative does not improve SLM be-
havior, but slows down the K+ current by approximately 30% whereas the Na+ current remains unaffected. As
supported by simulations, the free K+ and Na+ ratio in the membrane (and with that the current ratio) is
entirely defined by partitioning and the feed concentration ratio, regardless the presence of 15-crown-5. As a
result, the current ratio of two ion species can be described exclusively in terms of their feed concentrations and
crystal radii because the latter parameter defines both partitioning and mobility.

https://doi.org/10.1016/j.desal.2020.114631
Received 27 March 2020; Received in revised form 16 June 2020; Accepted 23 June 2020

⁎ Correspondence to: Z. Qian, Department of Chemical Engineering, Delft University of Technology, Van der Maasweg 9, 2629 HZ Delft, the Netherlands.
⁎⁎ Correspondence to: L. C.P.M. de Smet, Department of Organic Chemistry, Wageningen University, Stippeneng 4, 6708 WE Wageningen, the Netherlands.
E-mail addresses: zexin.qian@wetsus.nl (Z. Qian), louis.desmet@wur.nl (L.C.P.M. de Smet).

Desalination 495 (2020) 114631

0011-9164/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/00119164
https://www.elsevier.com/locate/desal
https://doi.org/10.1016/j.desal.2020.114631
https://doi.org/10.1016/j.desal.2020.114631
mailto:zexin.qian@wetsus.nl
mailto:louis.desmet@wur.nl
https://doi.org/10.1016/j.desal.2020.114631
http://crossmark.crossref.org/dialog/?doi=10.1016/j.desal.2020.114631&domain=pdf


1. Introduction

The underlying working mechanism of different types of mem-
branes varies. The ability to discriminate between different components
may be based on, for instance, charge, sieving, partitioning, mobility or
the affinity between a guest and membrane-based host compound. In
nanofiltration (NF) membranes, for instance, sieving properties dom-
inate whereas in ion-exchange membranes (IEMs) charge is the pre-
dominant separation parameter. Most membranes exploit however a
combination of two or more of these parameters. In IEMs, apart from
charge, the interaction between a host and guest molecule as well as the
mobility of the (partly dehydrated) ionic species may play a role.

The combination of IEMs with electro dialysis (ED) as applied in sea
or waste water desalination has been widely reported [1–6]. There are
two main reasons why this combination proved to be so fruitful. Firstly,
transport enhancement by an electrical field is so much more efficient
than a concentration gradient as driving force [7]. Secondly, currently
existing IEMs possess a rather high selectivity in that they are quite well
able to discriminate between cations and anions [8–10]. The fixed
immobile charge inside the membrane effectively exclude co-ions (of
the same sign of charge as the fixed charge inside), thereby preventing
them entering the membrane. This concept, known as Donnan exclu-
sion, works especially well as long as the concentration of co-ions in the
surrounding solution is much lower than the fixed charges inside the
membrane. The separation of two positively charged or two negatively
charged ion species is also possible, at least if they differ in their va-
lence, for instance, monovalent from divalent [11]. A membrane cov-
ered with, for instance, a positively charged top layer may repel diva-
lent cations just strong enough, while meanwhile passing the
monovalent cations [10]. It has been demonstrated that (co)polymer
and nanofibers membranes can be used for the removal of Cu2+ ions
from waste water [12–14].

A very challenging endeavor is the separation of two ionic species of
the same charge, even more so if the two ion species are very similar in
size. Once feasible, this possibility will open the way to novel appli-
cations in the field of selective element removal and element recovery,
the former in the context of more severe legislation for discharge, the
latter because of element scarcity. Because of its potential impact, the
present study addresses this challenge. A previous study of this lab
focused on the removal of Na+ from the drainage water of greenhouses
also containing K+ [15]. Due to the salination of ground water and the
fact that Na+ is not taken up by plants, Na+ accumulates in the (re-
cycled) irrigation water. Whereas K+ is an essential nutrient for plants,
too high levels of Na+ are toxic for most plants [16–18]. The challenge
thus is to selectively remove Na+ while leaving K+ untouched as much
as possible. Worth to mention is that the sensor community is familiar
for decades already with artificial membranes capable of distinguishing
between ionic species of the same charge. The (potentiometric) mem-
branes of Ion Selective Electrodes (ISE) contain carrier molecules (e.g.
crown ethers) with a high specific affinity for one particular ionic
species [19,20]. A key difference between an ISE membrane and a ty-
pical separation membrane (the aim of the present study) is however
that the fluxes over the ISE membrane are, or ideally should be, by
definition essentially zero as any ion movement over the membrane will
compromise the response sensitivity of the ISE.

The starting point of the present study is the so-called Supported
Liquid Membrane or SLM. In short, in an SLM an organic phase is im-
mobilized into an inert porous support, offering mechanical strength
[21,22]. The SLM represents a three-phase extraction process where
solutes can be extracted from one aqueous phase into another mean-
while passing the organic liquid phase in between. One reason to select
the SLM as our membrane type of choice is the flexibility to add or
adjust specific components to the organic phase [23]. The potential of
SLM's in water desalination has been pointed out in [24]. Lipophilic
salts have been widely reported to be used as ion exchanger in poly-
meric membranes for a good working performance [25–27]. Therefore,

in order to improve its cation-over-anion selectivity and lower its ionic
resistance, lipophilic anions are added to the SLM. These anionic sites
are essentially the functional equivalent of the fixed permeant charge in
typical ion-exchange membranes.

The present study reports on a SLM system implemented in an ED
setting able to selectively enrich Na+ from a solution also containing
K+. To generalize the concept of the SLM used, Li+ is included in this
study as well. Generally, SLM's contain specific carrier molecules to
improve the membrane selectivity during the separation process
[28–31]. For that reason, we explored the effect of inclusion of 15-
crown-5 on SLM behavior. Finally, the application of the technology
outlined here in green houses is briefly addressed including a test using
a synthetic solution with the same composition as drainage irrigation
water and a (brief) comment on the economic feasibility of the tech-
nology.

2. Materials and methods

2.1. Chemicals

All chemicals used were of analytical grade. The ACCUREL support
(polypropylene, thickness: 100 μm, pore size: 0.1 μm) was purchased
from MEMBRANA; the non-ionic base molecule for the synthesis of the
lipophilic crown ether used as ion carrier, 2-hydroxymethyl-15-crown-
5, from TCI Chemicals. All other chemicals were from Sigma-Aldrich:
the organic solvent used for impregnating the ACCUREL support, 2-
nitrophenly-n-octyl ether (NPOE); the lipophilic backbone hydride-
terminated poly(dimethylsiloxane), the catalyst chloride tris (triphe-
nylphosphine)rhodium(I) (Wilkinson's catalyst); the solvent toluene
(anhydrous); the lipophilic anion sodium tetrakis[3,5-bis(tri-
fluoromethyl)phenyl]borate (NaBArF) and the salts, KCl, NaCl, LiCl and
Na2SO4.

2.2. Crown ether synthesis

In order to prevent leaching out, 15-crown-5 was covalently at-
tached to a rather bulky lipophilic backbone, i.e., hydride-terminated
poly(dimethylsiloxane) (PDMS), resulting in 1,8-(polydimethysily)pro-
pyloxymethyl-15-crown-5 (PSCE). Fig. 1 schematically shows the
synthesis route of PSCE, a more detailed recipe and characterization
can be found in the Supplementary Information.

2.3. Membrane preparation & stability

All experiments were performed with freshly prepared SLMs. The
membrane support (ACCUREL) was submerged in the organic solvent
mixture for 30 min, at RT. Due to capillary forces, the ACCUREL pores
are filled up with solvent. Afterwards, excess solvent was removed by
gently tissue wiping the membrane. The organic solvent mixture con-
sisted of different combinations of NPOE, NaBArF and crown ether. If
present, the NaBArF concentration always was fixed at 0.05 M. The
crown ether concentration, as established by NMR, (see Supplementary
Information), always was 0.13 M, a value close to its maximal solubility
in NPOE [29].

As for membrane stability, the morphology of the membrane sup-
port and the obtained SLM before and after an ED experiment were
assessed by SEM. No obvious changes were visible (see Supplementary
Information).

2.4. Membrane characterization

2.4.1. Membrane selectivity
The membrane selectivity under zero-current conditions was as-

sessed in a two-compartment measuring cell. For the cation over anion
selectivity, one compartment was continually perfused with 0.5 M KCl
solution, the other one with 0.005 M KCl. For the K+ over Na+
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selectivity, the SLM separated a 0.1 M KCl solution from a 0.1 M NaCl
solution. Two double-junction Ag/AgCl reference electrodes recorded
the potential difference over the SLM. The effective membrane surface
area under investigation was 10.15 cm2. All experiments were per-
formed at room temperature (25 ± 0.2 °C. Following the protocol of
Długołecki et al. [32], all membranes were conditioned in the solution
of lower salt concentration (0.005 M KCl or 0.1 M NaCl solutions) for
24 h. Membrane potentials were measured 30 min after the start of
perfusion the measuring cell with the proper solutions [32].

The reversal, equilibrium or zero-current potential (Erev) of a
membrane permeable for both monovalent cations and anions, e.g. K+

and Cl−, is given by the Goldman-Huxley-Katz or GHK equation:

=
× − ×
× − ×

E RT
F

P P
P P

ln
K Cl
K Clrev

K feed Cl receiving

K receiving Cl feed (1)

R is the gas constant (8.314 J K−1 mol−1), T is the temperature (K)
and F is the Faraday constant (96,485C mol−1), PK and PCl are the
permeability coefficient for K+ and Cl−, respectively, and with [K] and
[Cl] in terms of activity rather than concentration.

Dividing the right term by PCl and after rearranging terms renders
the expression for PK/PCl:

=
× −

− ×
P
P

ϕ
ϕ

Cl Cl
K K

K

Cl

feed receiving

feed receiving (2)

with ϕ defined by:
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For a membrane 100% selective for monovalent cations, e.g. K+, Eq.
(1) is reduced to the Nernst equation:

= =E E RT
F

ln K
KNrev

feed

receiving (4)

The monovalent cation over monovalent cation selectivity, e.g. K+

over Na+, can be assessed under bi-ionic conditions with equimolar
amounts of KCl and NaCl in the feed and receiving compartment, re-
spectively [33,34]. Then, Eq. (1) reads:

= ×
×
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F

P
P
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with the permeability ratio of PK and PNa given by:

=P
P

ϕ
K

Na
[ ]

[ ]
K

Na

feed

receiving (6)

Fig. 1. Schematically depicted synthesis route of polysiloxane-bound crown ether (PSCE).

Fig. 2. Configuration of the six-compartment cell used during the electro dialysis experiments. Compartments C and D as well as the position of the CEM and AEM
ensure that the concentration changes in the two inner measuring compartments arise solely from ion fluxes over the SLM.
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2.4.2. Electrodialysis (ED)
Apart from the behavior (selectivity) of the SLM under zero-current

conditions, selectivity can be expressed in terms of transport numbers, a
measure of the selectivity under non-zero current conditions and re-
presenting the current contribution of one particular ion species to the
(forced) total current over the membrane. Ion transport across the SLMs
was evaluated under ED conditions. Experiments were carried out in a
six-compartment cell equipped with a platinum electrode (54 mm in
diameter) in both outer compartments, as shown in Fig. 2. This way,
possible redox reactions occurring in the two outer compartments do
not affect the concentrations of the permeable ion species present in the
two inner compartments directly facing the SLM. Also note the position
of cation-exchange membranes (CEM from Neosepta) and anion-ex-
change membranes (AEM from Neosepta) separating the several com-
partments. In effect, changes in concentration in the two inner com-
partments can be attributed exclusively to ion transport over the SLM.

The effective surface area and thickness of the SLMs under in-
vestigation was 10.15 cm2 and 100 μm, respectively. The feed com-
partment A and receiving compartment B were filled with (different)
KCl or NaCl solution, depending on the type of selectivity assessed. Both
C compartments were perfused with a recirculating buffer (1 L) solution
with the same salt concentration as in A and B. The two outer D com-
partments recirculated an electrolyte solution containing 0.05 M
Na2SO4 solution. Prior to use, SLMs were pre-conditioned for 24 h in
the measuring solution of lowest salt concentration. Using a water bath,
the temperature of all solutions was controlled at 25 ± 0.2 °C. A po-
tentiostat (Ivium Technologies, Vertex. One, Eindhoven, The
Netherlands) was employed as power source for applying a constant
current (density). In order to monitor the voltage drop over the mem-
brane, two Haber-Luggin capillaries were positioned directly adjacent
to the SLM (Fig. 2) and connected to two reservoirs containing 3 M KCl-
filled Ag/AgCl reference electrodes (QM711X, QIS, The Netherlands).
Typically, a constant current of 10 mA (corresponding to a current
density of 10 A m−2) was applied during a time period of 24 (for single
salt experiments) or 48 h (for all mixed salt experiments).

2.4.3. Transport numbers & mobility
Determination of transport numbers requires recording of the con-

centration changes in compartments A or B but preferably in both.
Therefore, during the experiments every hour samples of 1 mL were
taken from both compartments, with the ion concentrations determined
by ion chromatography (IC, Metrohm Compact IC 761), at a confidence
level> 95%.

The transport number ti for monovalent ion species i is given by:

=t
FV

I Ai

C
t

Δ
Δ

tot (7)

where V is the volume (L) of the feed and receiving compartment, A the
effective membrane surface area (m2), and Itot the (constant) externally
applied current density (A m−2). The number of moles transferred over
the SLM per unit time, ΔC/Δt (mol m−3 s−1), was calculated from the
change in concentration in both compartments A and B:
ΔC = (CB,t − CA,t) / 2 (mol m−3).

During single-salt experiments (aiming to assess the ion mobility in
the membrane), compartments A and B contained either symmetrical
0.1 M KCl, NaCl or LiCl. A constant (absolute) current of 10 A m−2 was
applied during 24 h experimental time. The ion mobility ui of ion
species i is given by:

=u t I
c F

i
i

i
E
d

tot
m

(8)

Here, ci represents the free cation concentration in the membrane
(in mol m−3). Because of electro neutrality, ci equals the concentration
of immobilized lipophilic anions A in the membrane. Equating ci with A
presumes that ion pair formation between the free cations and A can be
neglected. The electric field strength in the membrane (Em/d) is defined
as the ratio of recorded voltage drop over the SLM and its thickness (d).

2.4.4. Ion partitioning
The Born equation gives the ΔG of the transfer of an ion species of

charge z and crystal radius r (in Å) from phase 1 with permittivity ɛ1 to
phase 2 with permittivity ɛ2:

⎜ ⎟ ⎜ ⎟= ⎛
⎝

− ⎞
⎠

= ⎛
⎝

− ⎞
⎠

=G N z e
πε r ε ε r ε ε r

Δ
8

1 1 695 1 1 20.3A
2 2

0 2 1 2 1 (9)

with ΔG in kJ mol−1, NA Avogadro's number (6.02 × 1023), e the
elementary charge (1.6022 × 10−19C) and ɛ0 the permittivity of va-
cuum (8.854 × 10−12 F m−1). The pre-factors 695 and 20.3 in Eq. (9)
result from transferring a monovalent cation (z = 1) from the aqueous
(ɛ1 = 80) into the NPOE/membrane phase (ɛ2 = 24) [35].

Table 1 lists the crystal radii and the ΔG calculated according to the
Born equation of the three monovalent cations used in this study.

The partitioning of both ion species over the (feed) aqueous and
NPOE/membrane phase is defined by a Boltzmann distribution. In the
case of K+ and Na+, the ratio of free K+ and free Na+ in the mem-
brane, Km/Nam, equals:

= ⎛
⎝

− ⎞
⎠

=G G
RT

αK
Na

K
Na

exp Δ Δ [K]
[Na]

m

m

f

f

Na K f

f (10)

with [K]f and [Na]f the (time-dependent) K+ and Na+ concentration in
the feed solution. After substituting the ΔG values for K+ and Na+ from
Table 1, the numerical value of α turns out to be 11.7. For ion pairs
Na+/Li+ and K+/Li+ the value of α equals 150.4 and 1771.5, re-
spectively.

2.4.5. Membrane resistance
For the membrane resistance measurements, the configuration of

the six-compartment cell as shown in Fig. 2 was slightly adapted in that
all AEMs were replaced by CEMs. The SLM resistance was measured in
(circulating) symmetrical 0.5 M NaCl solutions in compartments A and
B. Prior to the actual recording, membranes were conditioned in 0.5 M
NaCl solution for 24 h. All resistance measurements were performed at
room temperature of 25 ± 0.2 °C. A potentiostat (Autolab AUT85567,
The Netherlands) served as constant-current supply. The protocol fol-
lowed was a step-wise increase of the current density, ranging from 0 to
2.5 A m−2. The slope of the current density (A m−2) versus voltage drop
over the membrane (Em) gives the (apparent) membrane resistance. The
actual resistance of solely the SLM requires a resistance measurement of
just the electrolyte solution as well. Subtraction of the latter from the
former measurement renders the pure membrane resistance (Ω cm2).

3. Results & discussion

3.1. Mass and charge balances

In order to investigate whether the ion concentration changes in the
two inner compartments of the six-compartment cell in Fig. 2 can be
exclusively ascribed to transport over the central membrane separating

Table 1
Crystal radii (in Å) of Li+, Na+ and K+, as well as the Calculated Born ΔG (in
kJ mol−1) required for the transport of the particular ionic species from the
aqueous into the NPOE/membrane phase. The value of α in the most-right
column refers to Eq. (10).

Crystal radius
(in Å) [36,37]

ΔG
(in kJ mol−1)

Ion pairs α

Li+ 0.60 33.8 K+/Na+ 11.7
Na+ 0.95 21.4 Na+/Li+ 150.4
K+ 1.33 15.3 K+/Li+ 1771.5
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chambers A and B, mass and charge balances were set up. Ideally, the
changes of one particular ionic species in both compartments are the
same but of opposite sign; stated otherwise, their summation adds up to
zero. In addition, in order to retain electro neutrality, the total charge in
each compartment also adds up to zero. As Table 2 shows, the mass and
charge balance for both single and mixed salts solutions were indeed
essentially closed. The same is true for the ‘Total’ balance taking into
account all compartments. This bookkeeping gives credit to the con-
centration measurement of all ionic species involved by IC and ICP.

Careful analysis revealed that the discrepancy between the mass
leaving the feed and entering the receiving phase as well as the non-
zero total net charge are not due to ion accumulation inside the
membrane. It is concluded that any deviation, i.e. non-zero value, falls
in the error-range of ion concentration measurement by IC or ICP, ty-
pically± 5%.

3.2. Membrane selectivity and membrane electrical resistance

First, the cation over anion selectivity of the SLM was assessed, as
measured in asymmetrical 0.5/0.005 M KCl solutions, summarized in
Table 3. With a PK/PCl value of 357, the standard SLM, defined as a
membrane containing both the solvent NPOE and lipophilic anion bo-
rate (A), clearly is cation selective in nature.

Taking out the lipophilic anion (SLM-A) turned the SLM in an es-
sentially non-selective membrane, indicating that the observed K+ over
Cl− selectivity of the SLM is solely due to the presence of A. Next we
investigated the effect of the inclusion of polysiloxane bound 15-crown-
5 (SLM + PSCE). Supplementing the SLM with PSCE drastically in-
creased the selectivity to> 3000, almost a factor ten higher than the
selectivity of the standard SLM. Even though this result may suggest a
possible synergetic effect of A and PSCE, it should be realized that in
this range, calculated permeability ratios are extremely sensitive to the
measured reversal potential with large effects already upon shifts of
merely a few mV's. The reason is both that the measured Erev values
asymptotically approach the theoretical Nernst potential of, in this case,
K+ (109 mV) and that the calculated PK/PCl scales exponentially with
Erev (Eq. (2)). The PK/PCl of a membrane containing PSCE but not A

reduced to 12, emphasizing the predominant role of A in the cation over
anion selectivity of the SLM with just a marginal contribution of PSCE,
if any at all.

The next question concerned the membrane selectivity under bi-
ionic conditions, with one chamber containing 0.1 M NaCl and the
other 0.1 M KCl. As both solutions contain the common anion at the
same concentration, any contribution of anion permeability to the re-
corded Erev can be safely dismissed (Eq. (6)). Apart from the fact that all
membranes tested clearly demonstrate K+ over Na+ selectivity, dif-
ferences are less profound as seen in the charge selectivity previously
discussed. With theoretical Nernst potentials of K+ and Na+ of +/−
∞, this observation also relates to the fact that measured Erev values fall
in a range where calculated PK/PNa values are relatively insensitive to
Erev. The picture that arises from the values of PK/PCl and PK/PNa is that
the lipophilic anion is responsible for the cation-over-anion selectivity,
whereas the presence of PSCE only slightly improves the K+ over Na+

selectivity of the SLM. The slight improvement is possibly caused by the
cation complexing properties of the PSCE and its higher affinity towards
K+.

The last column of Table 3 refers to the measured membrane re-
sistance, as assessed in symmetrical 0.5 M NaCl. Most remarkable is the
low resistance of the standard SLM and the high resistance of a mem-
brane lacking the lipophilic anion A. Adding PSCE to the standard SLM
increases the resistance nearly tenfold, an effect suggesting an inter-
action between the permeant cation and the hardly mobile PSCE, re-
sulting in a lower mobility of the permeant cation.

3.3. Single-salt solutions: transfer numbers & mobility

Starting point are flux measurements in symmetrical 0.1 M KCl,
NaCl or LiCl solutions over the SLM solely containing NPOE and A.
Fig. 3 shows the normalized K+, Na+ and Li+ concentration over time,
i.e. the ratio of measured cation concentration and the initial cation
concentration in feed compartment A (closed symbols). Note that in
symmetrical solutions the minimum value of this normalized con-
centration is zero. For all three alkali metal ions, the relative cation
concentration shows a similar linear decrease with time.

The transport numbers of K+ and Na+ (Eq. (7)) and the absolute
amount of transported K+ and Na+ over the SLM can be derived from
the data in Fig. 3. Once the transport number has been determined and
together with the simultaneously recorded voltage drop over the SLM
(Em), the slope of Fig. 3 allows the calculation of the cation mobility (u)
in the membrane, assuming that, due to overall electro neutrality, the
free cation concentration in the membrane equals the concentration of
lipophilic anion A (Eq. (8)). Table 4 summarizes the calculations based
on data plotted in Fig. 3: ion transport number (t), membrane potential
(Em), absolute amount being transferred (in mmol) and ion mobility (u).
Regarding the SLM data, the amount of salt transported as well as the
transport number are very similar for K+, Na+ and Li+, indicating that
the current is predominantly cationic in nature, consistent with the high
cation over anion selectivity of the SLM discussed in the previous

Table 2
Mass and charge balance of compartments A and B, where charge balance refers to the net charge of the solution after accounting for the measured ion concentration
changes. The third column, labelled Total, refers to the balances including all compartments A, B, C and D. Balances were calculated from measurements in either
single-salt 0.1 M KCl and NaCl solutions or a mixed solution containing 0.05 M KCl and 0.05 M NaCl. N/A = Not Applicable.

Single 0.1 M KCl Single 0.1 M NaCl Mixed 0.05 M KCl
+0.05 M NaCl

A B Total A B Total A B Total

ΔK (mmol) −0.17 0.16 −0.86 N/A N/A −0.01 −13.30 11.51 −1.18
ΔNa (mmol) N/A N/A −0.33 −7.05 7.07 −0.02 −4.98 4.80 0.19
ΔCl (mmol) −0.18 0.16 −1.20 −7.64 7.68 0.04 −17.15 15.16 −0.99
Δcharge

(mmol e)
0.01 0 −0.01 0.56 −0.61 −0.01 −1.13 −1.15 0

Table 3
Effect of excluding the lipophilic anion (A) or including the crown-ether (PSCE)
on the K+ over Cl− selectivity, the K+ over Na+ selectivity and membrane
resistance of the SLM.

K+ vs. Cl−

Selectivity
K+ vs. Na+

selectivity
Membrane
resistance
(Ω cm−2)

PK/PCl PK/PNa R

SLM (=NPOE + A) 357 30 440
SLM – A 0 19 12,142
SLM + PSCE 3069 59 3760
SLM + PSCE – A 12 76 4391
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paragraph. Also note that the mobility of Na+ and Li+ are quite similar
and significantly higher than the mobility of K+. Even though the ion
mobility is directly calculated from the recorded voltage drop over the
membrane (Eq. (8)), the ratio of measured Em (slightly) deviates from
the reciprocal ratio of mobility values. For example, due to a small
difference in transport number, the K+/Na+ Em ratio of 2.78/
1.6 = 1.74, is close but not identical to the Na+/K+ mobility ratio of
1.66.

Assuming that the ion can freely move within the SLM, the mobility
of a completely dehydrated ion species is expected to be directly pro-
portional to its reciprocal crystal radius. By approximation, this is in-
deed observed. First exemplified for K+ and Na+, the experimentally
obtained Na+/K+ mobility ratio of 1.66 is indeed in reasonable
agreement with the reciprocal ratio of their crystal radii of 1.4
(Table 1). For Li+/Na+ and Li+/K+ the measured mobility ratio is 1.21
and 2.09, respectively versus a reciprocal crystal radii ratio of 1.58 and
2.22, respectively. This observation supports the view that the charge
carrier in the SLM is the dehydrated cation species, in agreement with
the rather low permittivity of NPOE of 24. Small differences between

the calculated mobility ratio and the reciprocal ratio of crystal radii
may point to a possible (ion species-dependent) interaction between the
permeant cation and the lipophilic anion.

3.4. Single-salt solutions: effect of crown ether

Next, the addition of PSCE on SLM behavior was investigated, cor-
responding to the SLM + PSCE data in Table 4 and the half open
symbols in Fig. 3, showing how the presence of PSCE affects the K+

concentration changes. The presence of PSCE clearly has a distinct ef-
fect when recorded in either K+ or Na+ solution. Whereas the K+

transport number drops from 0.97 to 0.73 and the recorded Em from
2.78 to 1.01 V, inclusion of PSCE hardly affects Na+ transport, despite
its recorded effect on Em as listed in Table 3. This differential effect on
K+ and Na+ transport indicates that K+ (but not Na+) interacts with
the (rather immobile) PSCE, resulting in an overall reduced K+ mobi-
lity. Note that the reduced Em of 1.01 V in the presence of PSCE should
not be interpret in terms of a reduced membrane resistance. The latter is
defined by the slope of the IV-plot rather than the recorded voltage at
one particular current density (as is the case here).

The reduced transport number of 0.73 raises the question about the
identity of the ion species responsible for the remaining 0.27 part.
Based on (changes in) measured pH values, H+ as charge carrier can be
excluded. The only candidate left is Cl−, moving in opposite direction.
Apparently, the constant applied current forces the SLM, despite its
high cation selectivity, to the transport of Cl−, all resulting from the
reduced mobility of that part of K+ interacting with PSCE and because
transport numbers should add up to unity. The current carried by each
ion species is directly proportional to both its concentration and its
mobility in the membrane. As will be discussed in more detail later on,
K+ and Na+ may interact with the lipophilic anion A. Because such
interaction between Cl− and A can be safely dismissed, the mobility of
Cl− might be (significantly) higher than the mobility of K+ and Na+.
By implication, even though, in the case of KCl in the feed solution, Cl−

transport accounts for 27% of the total current, the actual number of
Cl− ions transported over the membrane might still be limited com-
pared to that of K+. Unfortunately, because of the configuration of the
six-compartment cell with an AEM separating compartments A and B
from C, quantifying the Cl− current is impossible because of Cl− en-
tering from compartment C (Fig. 2). To compensate for the presence of
Cl− in the membrane, the actual K+ concentration is expected to be
(slightly) higher than the concentration in the absence of PSCE. Finally,
the calculated mobility of K+ in the presence of PSCE is an average
value with contributions of both free K+ and K+/PSCE complex. Con-
sistent with the conclusion that PSCE interacts with K+, but not with
Na+, in K+ this average value is lower than the value observed in a
pure K+ solution, whereas its value in a pure Na+ solution remained
unaffected.

3.5. Mixed salt solutions

Even though measurements in pure salt solutions, as described in
the previous paragraph, may already point to a different SLM behavior
in KCl and NaCl solutions, the selectivity observed in mixed salt solu-
tions is essentially different in nature. Because the total number of ca-
tions cannot exceed the number of lipophilic anions, K+ and Na+ will
actually compete to enter and/or move within the SLM. Therefore,
transport studies were conducted in 1:1 solutions containing 0.05 M KCl
and 0.05 M NaCl. Fig. 4a shows the measured (normalized) Na+ and
K+ concentration in feed compartment A and ionic current over a time
span of 48 h.

In 1:1 solutions (Fig. 4a), K+ is transported right from the start with
the K+ carried current gradually decreasing over time. In contrast, in-
itially Na+ is hardly transported at all, but gradually increases over
time with a stronger increase only after around 50% of the K+ has
already been removed from the feed solution. The initial Na+ transport

Fig. 3. Normalized K+, Na+ and Li+ concentration in feed compartment A,
recorded over time in symmetrical 0.1 M KCl, NaCl or LiCl solutions (closed
symbols). Also shown, the effect of PSCE as determined in KCl and NaCl solu-
tions (half open symbols).

Table 4
Transport numbers of K+, Na+ and Li+ (tion), recorded membrane potential
(Em), absolute amount of transported cation from feed to receiving compart-
ment and the ion mobility in the membrane (uion), all derived from single salt
measurements.

0.1 M KCl tion Em (V) [K] (mmol) ui × 10−11

(m2 V−1 s−1)

SLM 0.97 2.78 8.39 7.2
SLM + PSCE 0.73 1.01 6.03 5.4

0.1 M NaCl tion Em (V) [Na] (mmol) ui × 10−11

(m2 V−1 s−1)

SLM 0.93 1.60 8.16 12.0
SLM + PSCE 0.96 1.89 8.43 12.4

0.1 M LiCl tion Em (V) [Li] (mmol) ui × 10−11

(m2 V−1 s−1)

SLM 0.93 1.33 8.42 14.5
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rate is forced to a higher level by increasing the (initial) Na+/K+

concentration ratio in the feed solution to 9:1, an effect shown in
Fig. 4b. With 0.09 M NaCl and 0.01 M KCl present in the feed, Na+ and
K+ transport start out simultaneously with the K+ current decreasing
and the Na+ increasing over time. As evident from Fig. 4b, whereas the
K current eventually completely vanishes, the Na+ current reaches to
near saturation level halfway the duration of the experiment. Appar-
ently, with high Na+ in the feed, the Na+ level in the membrane
reaches steady-state after about 25 h of forced ED. The summed
transport numbers of K+ and Na+ calculated for the 1:1 and 9:1 mixed

salt solutions are 0.97 and 0.92, respectively, indicating that also under
these conditions the current is predominantly carried by cations.

3.6. Separation efficiency

Following Van der Bruggen et al. [38], the efficiency of the se-
paration (S) of two components A and B (as function of time) is ex-
pressed by:

Fig. 4. Normalized K+ and Na+ concentrations and ionic current over time in symmetrical mixed salt solutions of either 0.05 M NaCl +0.05 M KCl (a) or 0.09 M
NaCl +0.01 M KCL (b). Note that the top axis indicates the corresponding K+ over Na+ feed concentration ratio over time.

Z. Qian, et al. Desalination 495 (2020) 114631

7



= −
− + −

×S t A A B B
A A B B

( ) [ ] /[ ] [ ] /[ ]
(1 [ ] /[ ] ) (1 [ ] /[ ] )

100%t t

t t

0 0

0 0 (11)

with [A]t and [A]0 the concentration of component A in the dilute
compartment (here the feed) at time t and time zero, respectively.
Likewise for component B. In order to prevent calculating a value of S

(t) < 0, Eq. (11) only holds in the case component A is the one species
moving the slowest. Fig. 5a shows the separation factor S(K/Na) (is K+

over Na+ separation efficiency) as function of the normalized feed
concentration ratio belonging to the data shown in Fig. 4. The initial
rise from 70% to 90% for the 1:1 NaCl/KCl mixture and from 50% to

Fig. 5. Calculated separation factors derived from measurements in either symmetrical 1:1 (0.05 M NaCl + 0.05 M KCl) or 9:1 (0.09 M NaCl + 0.01 M KCL) solutions
(a) or in symmetrical 1:1 (0.05 M NaCl + 0.05 M LiCl) or (0.05 M KCl + 0.05 M LiCl) solutions (b).
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~55% for the 9:1 NaCl/KCl mixture, most likely reflects the exchange
of Na+ for K+ because the membranes were equilibrated in NaCl. As
expected, the K+ over Na+ separation efficiency decreases with in-
creasing the feed Na+/K+ concentration ratio even though the shape of
the two curves in 1:1 and 9:1 solutions are identical. Fig. 5b shows the
separation efficiency data for mixed 1:1 salt solutions of NaCl/LiCl and
KCl/LiCl. Compared to S(K/Na) show in Fig. 5a, both the Na+ over Li+,
S(Na/Li), and K+ over Li+ separation efficiency, S(K/Li), are not only
higher but remain over time near the 95–100% level with only S(Na/Li)
dropping to 80% at Na/Li feed concentrations< 0.1.

3.7. Mechanism of selectivity

This paragraph explores the possible role of the (difference in) de-
hydration energy between two ion species in the observed selectivity of
the SLM. As for K+ and Na+, the K+/Na+ current ratio (at any time)
can be derived from Fig. 4 as the ratio of both normalized concentration
versus time slope values. Starting from the general expression
I = zcuFEm/d (with c the concentration of the particular ion species in
the membrane), the current ratio of K+ and Na+ (IK/INa) is directly
proportional to the product of the mobility ratio of both ion species uNa/
uK and the ratio of the K+ and Na+ concentration in the membrane. The
former has already been obtained from the single-salt measurements
(=1.66, see Table 4), rendering the membrane concentration ratio Km/
Nam given by:

= = ×u
u

I
I

I
I

K
Na

1.66
Na

m

m

Na

K

K

Na

K

(12)

Eq. (12) gives the experimentally obtained value of Km/Nam as
function of time in relation to the (time-dependent) value of IK/INa. Eq.
(10), on the other hand, predicts the theoretical value of Km/Nam.
Fig. 6a plots the experimentally obtained value of Km/Nam versus the
calculated theoretically predicted value, both as function of the time-
dependent Kf/Naf and starting in either 1:1 or 9:1 NaCl:KCl solutions.
As visible guidance, the dotted line in Fig. 6 represents the line of
equality with a slope of unity (α = 1), i.e., the ideal case in which
experimental and predicted values are identical.

The slopes (α) experimentally obtained from linear fits (not shown)
of the date sets of Fig. 6 are: 1.12 for 1:1 Na/K; 1.02 for 9:1 Na/K; 1.03
for Na/Li and 0.98 for K/Li. These values are close (enough) to the ideal
case of α = 1. This result justifies the conclusion that Fig. 6 provides
evidence that the SLM has a preference for the ion species with the
largest crystal radius, an effect due to the fact that a larger crystal ra-
dius pairs with a lower dehydration energy. The hypothesis that de-
hydration dictates the current ratio of the two ion species is supported
by measurements in mixed salt solutions of either NaCl and LiCl or KCl
and LiCl. Fig. 6b shows similar data as Fig. 6a but for 1:1 Na+/Li+ and
K+/Li+ mixtures. Because of its crystal radius, Na+ (0.95 Å) out-
competes the smaller Li+ (0.60 Å) for exactly the same reason as K+

(1.33 Å) is able to outcompete the smaller Na+. Note the difference in
range of membrane concentration ratio between panels (a) and (b) of
Fig. 6. Including the Li+ data of Fig. 6b extrapolates the validity of the
argument to membrane concentration ratios up to a value of 150 for the
Na/Li mixture to ~800–900 for the K/Li mixture (with a deviation of
linearity at larger ratios).

In agreement with the above-mentioned observations, with a large
difference in crystal radii of 0.73 Å, the separation efficiency shown in
Fig. 5 is highest for K+ and Li+ compared to those recorded in either
K+/Na+ or Na+/Li+ mixtures.

Combining Eqs. (9), (10) and (12) results in an expression of the
current ratio exclusively in terms of the crystal radii of both ion species
and the feed concentration ratio. For instance, the current ratio IK/INa in
the K+/Na+ solution is given by:

⎜ ⎟⎜ ⎟= ⎛
⎝

⎛
⎝

− ⎞
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⎞
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=I
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r RT r r
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K Na K

f

f

f

f (13)

with β adopting the value of 8.4, implying that only at Na+ con-
centrations in the feed exceeding the K+ concentration by a factor 8.4,
will the Na+ flux be larger than the K+

flux over the membrane. This is
the reason that in symmetrical 1:1 solutions K+ is the dominant ion
species transported whereas in 9:1 mixtures the current is initially
carried by both K+ and Na+. For ion combinations Na+/Li+ and K+/
Li+, the value of β is 97.3 and 819.9, respectively. Eq. (13) predicts a
linear relationship between the current ratio and the feed concentration
ratio, which is indeed observed experimentally. Fig. 7 shows for all
three ion combinations the measured current ratio as function of the
(time-dependent) feed concentration ratio. The dotted lines in Fig. 7 are
based on the theoretical β values and the current ratio predicted by Eq.
(13). Any deviation between the experimental (actual regression lines
not shown) and theoretical curves may relate to effects not taken into
account by Eq. (13), for example, an interaction between the per-
meating cation and the lipophilic borate or an ion permeation me-
chanism requiring partial dehydration only, leading to an under-
estimation of the actual ion radius and hence overestimation of both its
dehydration energy and mobility. However, despite the shortcomings of
the very simplified view expressed by Eq. (13), as Fig. 7 shows, with
increasing size difference between the two ion species (e.g. for K+ and
Li+), ion radius starts to dominate SLM behavior.

Finally, a word on the difference between the selectivity measured
under zero-current and bi-ionic conditions (Table 3) and the selectivity
reflected by the current ratio as shown in Fig. 7. The K+ over Na+

selectivity of 30 shown in Table 3 is about three times the value of ~10
following from the ED measurement with equal feed concentrations, i.e.
Kf/Naf = 1 (Fig. 7a). Apart from differences in ionic conditions, one
reason for the difference in selectivity may the role of mobility.
Whereas this parameter plays no role in the equilibrium potential es-
tablished during the zero-current measurement, during ED it works
against the larger K+, the ion species that is favored because of parti-
tioning reasons. This effect may indeed lower the K+ over Na+ se-
lectivity under ED conditions. The observation that different types of
selectivity measurements may lead to a different outcome has also been
reported by [34], in which selectivity determination by Donnan dialysis
has been compared with an assessment by ED.

3.8. Interaction between K+/Na+ and CE

The idea behind adding a crown ether is that cation coordination by
crown ether oxygens compensates for the energy penalty due to the
required ion dehydration for entering the membrane. As a result, the CE
enhances the partitioning of the particular ion species over the mem-
brane phase. Given the cavity size of 15-crown-5, it was actually an-
ticipated that 15-crown-5 would predominantly interact with Na+ ra-
ther than with K+ [39]. However, as shown in Fig. 3, addition of
modified 15-crown-5 (PSCE) affects the transport of K+ but not of Na+.
An explanation for the observed effect on the K+ current is that (in this
particular case) ring size is actually not the defining parameter because
the ion is possibly sandwiched between two (or more) crown ether
molecules due to the lower interaction energy compared the interaction
energy with only a single crown involved [40–42]. Alternatively, 15-
crown-5 may indeed show a higher affinity for Na+ but this effect is
obscured by the effect on the K+ current because the latter ion species
is present at a higher concentration, due to the favored partitioning
discussed in previous paragraphs. It is this second possibility that will
be explored here in more detail. Therefore, we modelled the interaction
between CE and K+/Na+ using set values for the equilibrium affinity
constants (KK and KNa) of the CE - metal ion complexes, CE-K and CE-
Na. Let Km and Nam be the free K+ and Na+ concentration in the
membrane, A the lipophilic anion concentration, CEtot is the total CE
concentration, being the sum of free CE, CE0 (i.e. not complexed with
K+ or Na+) and complexed CE-K and CE-Na. The following set of
equations fully describes the system in terms of fixed total amount of CE
(Eq. (14)), electro neutrality (Eq. (15)), affinity constants of CE for K+
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and Na+ (Eqs. (16) & (17)) and ion partitioning (Eqs. (10) & (18)).

= + +CE CE CE‐K CE‐Natot 0 (14)

= + + +A K Na CE‐K CE‐Nam m (15)

= × ×KCE‐K K CEK m 0 (16)

= × ×KCE‐Na Na CENa m 0 (17)

= × ×αK Na K /Nam m f f (18)

Combining Eqs. (14)–(17) renders:

+ = − × +
+ +

K K
K K

K Na A CE ( K Na )
1 K Nam m
tot K m Na m

K m Na m (19)

Substitution of Eq. (18) in Eq. (19) results in an implicit expression
for Nam which can be solved for Nam using, for instance, the Solver
function in Excel, giving a unique solution independent of the starting
value of Nam. With CE covalently attached to the bulky siloxane-based
polymer, the concentration of free Na+ in the membrane is of particular

Fig. 6. Comparison between experimentally obtained and theoretically predicted membrane concentration ratios starting in symmetrical 1:1 and 9:1 NaCl:KCl
solutions (a) or 1:1 KCl:LiCl and NaCl:LiCl solutions (b). The slope (α) and regression coefficient (r2) for each data set (actual regression lines not shown) are
indicated. The calculated α and r2 values for the 1:1 KCl:LiCl solution is based on the linear part of the data set with Km/Lim < 800. The dotted line, added as visible
guidance, represents the line of equality with α = 1.
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interest because this is the species responsible for the Na+ carried
current over the membrane. Fig. 8 plots the free Na+ and K+ con-
centrations as function of the ratio of the two equilibrium interaction
constants KK/KNa, in symmetrical 1:1 (a) and asymmetrical 9:1
(Na+:K+) solutions. For an equimolar feed solution and with the affi-
nity constants of CE-K and CE-Na set at 0.0025 M−1 and at a value<
0.001 M−1, respectively (with KK/KNa > 25), the K+ current reduc-
tion is around 30%, i.e. the reduction observed is in the single-salt KCl
measurements in the presence of CE (Fig. 3). Increasing KNa and de-
creasing KK, resulting in KK/KNa = 0.01, strongly affects the free
membrane concentration of both K+ and Na+; however, their ratio

remains the same.
Given that ion partitioning occurs at a much faster time scale than

complexation, this result is inherently hidden in the model. Fig. 7,
showing a current ratio closely following the (time-dependent) feed
concentration, both in 1:1 and 9:1 Na+/K+ solution, supports this view.
If correct, this observation also implies that ion currents are exclusively
carried by the free ion species in the membrane. In summary, for a
(SLM) system as described in this study, in which the ion partitioning
over the aqueous and membrane phase dictates the ratio of free K+ and
Na+ concentrations in the membrane, the current ratio closely follows
the concentration ratio in the feed solution.

Fig. 7. Experimentally obtained current ratio plotted as function of the (time-dependent) feed concentration ratio. Dashed lines are based on theoretical values of β
according to Eq. (13). Data based on recordings in symmetrical 1:1 or 9:1 NaCl:KCl solutions (a) or 1:1 KCl:LiCl and NaCl:LiCl solutions (b). The regression coefficient
(r2) for each data set (actual regression lines not shown) is indicated.
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3.9. Implementation

A first requirement for implementation is membrane stability and
longevity. Therefore, in addition to the morphology test as described in
the Supplementary Information, a functionality test over time has been
performed. To this end, the same ED experiment was repeated twice
using the same SLM and fresh solutions each time. The K+ over Na+

separation efficiency, S(K/Na), was assessed in symmetrical solutions
containing 0.05 M KCl and 0.05 M NaCl and under the same

experimental conditions as described in the main text for the other ED
experiments. Fig. 9 shows for each run the calculated S(K/Na) as a
function of the normalized feed concentration ratio. Even though the
curves not fully overlap, in both runs S(K/Na) follows the same trend
with respect to the feed concentration ratio. Despite the observed shift,
the loss in separation efficiency, as recorded over a total time period of
96 h, remains limited to 5–10%. Current investigations include strate-
gies to further improve the SLM stability over time.

The conclusions drawn in previous paragraphs have implications for

Fig. 8. Simulated free K+ and Na+ concentrations in the membrane (in mM) as function of the ratio of the (arbitrary set) equilibrium affinity constants KK/KNa in a
feed solution of either 1:1 (a) or 9:1 (b) NaCl & KCl. The total amount of lipophilic anion and total amount of 15-crown-5 is 0.05 M and 0.13 M, respectively.
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the application we aim for, i.e., the selective removal of Na+ from the
drainage water of greenhouses (major cations present are K+, Na+,
Ca2+ and Mg2+) and process design. Firstly, as can be concluded from
Fig. 5, the K+ over Na+ separation efficiency can be optimized by
controlling the feed concentration ratio within a certain range. Sec-
ondly, the Na+/K+ concentration ratio of the drainage water leaving
the greenhouse typically is 1–1.5. As remarked, as long as Na+/K+

concentration ratio< 8.4 will K+ be the dominant ion species to be
removed. The actual drainage water leaving the greenhouse contains
about the same concentration of K+ and Na+. Therefore, in order to
extent our findings to the real-life situation, Fig. 10 shows the result of a
preliminary ED experiment using a synthetic salt solution with, re-
garding the four most prominent cationic constituents, the same com-
position as natural drainage irrigation water: Na+: 13.8 mM, K+:
11.9 mM, Ca2+: 6.4 mM and Mg2+: 5 mM (data provided by Van der
Knaap). As shown in Fig. 9, with more or less the same K+ and Na+

concentration (12–14 mM) and in the presence of Ca2+ and Mg2+, K+

transport clearly is favored by the SLM under ED conditions.
Consequently, the implementation of this technology for the in-

tended greenhouse application of selectively removing Na+ requires a
two-step cleaning process. Fig. 11 schematically outlines two different
process designs based on the use of two types of membranes, the SLM
developed here and a standard monovalent over divalent cation selec-
tive membrane. In the first option, as shown in Fig. 11a using the SLM,
K+ is selectively removed first, followed by a second step which re-
moves the remaining Na+ from the retentate. The second option as
shown in Fig. 11b starts out with the removal of both K+ and Na+,
followed by the selective separation of K+ from this permeate using the
SLM. In both scenarios, afterwards the recovered K+ is re-combined
with the divalent cation-containing solution.

Finally, a brief comment on the economic feasibility of the tech-
nology outlined here. In a previous study of this lab this issue has been
addressed [15]. However, in that entirely theoretical exercise we an-
ticipated the mandatory inclusion of crown-ether in the SLM. The
conclusion then was that the capital cost of the SLM was dominated by
the price of crown-ether. Evidently, the experimental results shown in
the present study point to the fact that an effective separation does not
require the presence of crown ether. In the absence of crown ether,
borate determines to a large extent the price of the SLM resulting in (an
estimated) price per m2 of 828 euro. This still is almost three times the
price of a typical ion exchange membrane of Neosepta (300 euro per
m2; EURODIA, 2019). However, in order to achieve similar selectivity
properties than described here for the SLM requires the Neosepta
membrane to be chemically modified, which will force its price up-
wards. As for the operational costs of the SLM, notably the power
consumption, the reader is referred to [15].

4. Final remarks

Studies reporting the efficient separation of a monovalent cation
species from a solution containing other monovalent cation species as
well remain scarce, even more so for (binary) K+/Na+ solutions. But
based on what has been reported and to the best of our knowledge, the
performance of the SLM system described here ranks rather high re-
garding its selectivity. For instance, using a dopamine-covered sulfo-
nated polysulfone membrane resulted in K+ over Li+ selectivity of 2.9,
as assessed under ED conditions [42]. A similar result, i.e., a K+ over
Li+ selectivity of 2.3 (also under ED conditions), was found when using
a polyelectrolyte-coated Nafion membrane instead [34]. These numbers
are rather modest compared to the K+/Li+ selectivity values shown in
Fig. 7b, indeed even with the K+/Na+ selectivity shown in Fig. 7a (both
at 1:1 feed concentrations). Adding a crown ether may enhance the
selectivity properties of the system [43] but this often is at the expense
ion mobility, resulting in higher membrane resistances [42]. Interest-
ingly, Guo and co-workers report on a rather high discrimination be-
tween K+ and Li+ applying a polymer/metal-organic framework
composite [44]. However, the Li+ over Na+/K+ selectivity of 35–67
reflects an inversed selectivity in which the smallest ion species is fa-
vored, thereby pointing to a selectivity mechanism based on sieving
rather than partitioning.

The SLM system described here shows a permeation preference for
the ionic species with the largest crystal radius (K+ > Na+ > Li+)
with, by definition, the lowest dehydration energy. To quantify dehy-
dration, the Born equation was used instead of the Gibbs free energy of
dehydration. The reason is that in our case, describing ion transfer from
water into NPOE, the Born approach is more realistic as the standard
Gibbs free energy of dehydration refers to the transfer from water to
vacuum (see also Luo et al.) [10]. As argued, the ion radius plays a key
role in the behavior of the SLM, as expressed by Eq. 13 and shown in
Fig. 7. Even though reported crystal radii slightly vary (e.g. Atkins et al.
[45] lists Na+ and K+ radii of 1.02 Å and 1.38 Å, respectively), those
differences do not affect the overall observed trends in the membrane

Fig. 9. Calculated K+ over Na+ separation efficiency of two ED experiments in
series over a total time period of 96 h using the same membrane and fresh
solutions each time and measured in symmetrical 0.05 M NaCl + 0.05 M KCl
solutions.

Fig. 10. K+, Na+, Ca2+, Mg2+ concentrations changes over time in symme-
trical synthetic drainage irrigation water.
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separation performance.
As shown, the calculated mobility ratio of two ion species in the

SLM is directly proportional to the inverse ratio of both crystal radii, in
the same way as the mobility ratio in water relates to the ratio of the
(hydrated) Stokes radius of the two ion species. Despite this relation-
ship, the calculated absolute mobility values are an order of two smaller
than those measured in water, despite their smaller radius. One ex-
planation is that the permeating cation (somehow) interacts with
NPOE, for example, via cation-π interaction or, alternatively, interacts
with the lipophilic anions dissolved in NPOE [46]. In addition, the
higher viscosity of NPOE (13.8 mPa.s versus 0.89 mPa.s of water)
[47,48] may impede ion movement.

Regarding a possible interaction between the permeant cation and
the lipophilic anion, given the borate concentration of 0.05 M, the
average distance between two borate sites is 3.2 nm. Apparently, the
(temporal) interaction between the cation and the borate anion slows
down the overall mobility but the mobility required to jump (or hop)
from one site to another still is inversely proportional to the crystal
radius of the ion. As remarked before, such cation – borate interaction

could (partly) explain the deviation of SLM behavior from theoretical
prediction (Fig. 7). The relatively low borate concentration of 0.05 M is
related to the observed relatively high SLM resistance. Even though the
addition of borate to the NPOE significantly decreases the membrane
resistance and transforms the SLM into a highly cation selective mem-
brane, the resistance still is relatively high compared to that of existing
commercially available ion-exchange membranes, typically
1–2 Ω cm−2. The reason for the high resistance of the SLM reflects its
limited ion-exchange capacity (IEC) of 0.05 M, compared to 1 M for
typical ion exchange membranes. As remarked already, ions may move
through the membrane by hopping from borate site to borate site, with
these sites located 3.2 nm apart from each other. A prerequisite of such
hopping mechanism is a high enough borate density and by implication
a not too large mutual distance between adjacent sites. The percolation
theory provides a theoretical frame work of this concept. Tongwen et al.
[49], presented a general percolation model applicable to all kinds of
ionomeric systems. Only when the IEC exceeds a certain threshold
value are conductive channels formed allowing an effective flow of
ions. The (generic) IEC threshold reported Tongwen et al. ranges from

Fig. 11. Two different process designs for the removal of excess Na+ from (circulated) greenhouse drainage water. Both two-step processes are based on the use of
the SLM developed here and a membrane with a monovalent over divalent cation selectivity.
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0.54 to 1.07 mEq per gram dry membrane. Assuming a zero water
content of our SLM, the 0.05 M borate applied translates to an IEC value
of 0.068 mEq per gram of NPOE/membrane, at least almost a factor 10
lower than the abovementioned value. This may indeed (partly) explain
the high resistance observed. Unfortunately, the applied 0.05 M lipo-
philic borate represents already the maximal solubility of NaBArF in
NPOE, hampering us to test our hypothesis by increasing the borate
concentration.

Lastly, regarding the relatively lower resistances of other membrane
systems, one should bear in mind that the (efficient) transport of one
particular ion species and ion selectivity are two related but never-
theless different issues. For instance, ceramic NASICON-based mem-
branes show high Na+ transport rates but only in the absence of K+

[50–52]. Evidently, under free K+ conditions there is no need for a high
Na+ over K+ membrane selectivity. The same holds for all types of Li+

selective membrane as applied in lithium battery technology where Li+

is the only monovalent cation present [51]. As soon as selectivity is
required, one encounters the frequently reported trade-off seen in
membrane transport studies in which increased selectivity pairs with
decreased flux and vice versa [53,54].

5. Conclusions

This study shows the ability to separate two ion species that are very
similar regarding charge and size. The novel aspect of the present study
is, firstly, the high separation efficiency (up to ~90% for K+ over Na+

to ~100% for K+ over Li+) and, secondly, that achieving such high
separation does not require the presence of carrier molecules in the
membrane. Essentially, the working mechanism of the supported liquid
membrane used comes back entirely to the radii of the two ion species
involved. Entering the hydrophobic NPOE containing membrane (per-
mittivity = 24) requires the ions to be (partly) dehydrated. According
to the Born equation, the larger the crystal ion radius, the lower this
dehydration energy. The partitioning ratio in turn, dictated by
Boltzmann distributions, scales exponentially with the difference in
dehydration energy. The lower mobility of the largest ion species in the
SLM cannot compensate for this dehydration/partitioning effect, con-
sequently the SLM favors the largest ion species. Together with the
concentration ratio in the feed solution, these basic physico-chemical
principles suffice to adequately describe the behavior of the SLM.
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