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In this work, we tuned the ion selectivity of a polyelectrolyte multilayer (PEM)-coated, cation-exchange mem
brane (CMX) in a membrane capacitive deionization (MCDI) process by carefully studying different operational
modes, namely constant voltage (CV) and constant current (CC). The monovalent cation selectivity and its timedependent behavior were monitored at different voltage and current values. Upon optimizing the current density
(10 A/m2) and the number of polyelectrolyte bilayers (5.5) on the CMX membranes, a time-independent and
nearly full monovalent cation selectivity was obtained for various feed solutions, provided a polycationterminated PEM was applied. Furthermore, the selectivity values of several commercially available cationexchange membranes were tested under the optimized conditions and compared with CMX and PEM-CMX,
yielding the best performance for PEM-CMX, regardless the composition of feed solution. Before this optimiza
tion, this MCDI system showed a time-dependent selectivity, with a maximum of ρMgNa ≈3. The results were
rationalized by applying an MCDI model based on the dynamic potential profile, describing the potential drops
across the membrane and demonstrating a threshold for the current density.
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1. Introduction

monovalent ions. Besides standard-grade IEMs, special-grade mem
branes can function as a filter to specific ions allowing the rest to pass
through. For instance, CMS (Neosepta) and CSO (Selemion) are specialgrade CEMs that have been designed to be monovalent selective. The
selectivity mechanism of CSO is based on divalent cation rejection
caused by a thin layer of polyethylenimine coated on the membrane
surface [24], while the selectivity of CMS is based on size-exclusion
effects that result from the crosslinked membrane surface. In MCDI,
CMS has been investigated, and was reported to have a higher rejection
of divalent than monovalent cations for a bicomponent solution [20].
A simple alternative to produce special-grade membranes is by
coating standard-grade IEMs with polyelectrolyte multilayers (PEMs).
Such a multilayer can be built via a layer-by-layer (LbL) process on a
substrate using oppositely charged polyelectrolytes [25]. PEMs are
highly stable, and versatile coatings that are easy and affordable to
prepare [25,26], as we have also shown in our recent CDI work [27].
After the discovery of LbL-coated PEMs in 1990s by Decher [28,29],
rational combinations of polycations and polyanions have been exten
sively used in separation technologies such as gas separation, micro
pollutant removal, and resource recovery [30]. Furthermore, PEM
coatings enable to control various physical and chemical characteristics
such as layer thickness, morphology, and porosity as well as the type of
charge and pKa of the membrane surface. Additionally, tunability of
pore size and surface charge of PEM-coated membranes introduces an
ion-selective behavior for pressure- [31–34] and electro-driven desali
nation processes such as electrodialysis [35–38]. The main finding of
these studies is that PEMs can regulate the mono-/divalent ion selec
tivity of the membranes by rejecting divalent and multivalent ions due
to their higher valence and/or hydrated size. Recently, we reported – for
the first time – a PEM-coated, standard-grade CEM (Neosepta, CMX) to
tune Na+/Mg2+ selectivity in under CDI operation conditions [27].
Moreover, in another study we showed that PEM coatings on an AEM
can tailor monovalent anion selectivity in CDI [39]. In these studies
PEM-coated IEMs achieved selectivity values up to ≈3 and ≈14 for
monovalent cations and anions, respectively, values that were found to
be time-dependent.
Although PEMs are proven to be a versatile way of tuning selectivity
in CDI, there are various tunable parameters that allow one to achieve
even higher monovalent ion selectivity values [3]. Especially, the effect
of the CDI charging mode on ion selectivity has not been investigated
yet. Constant current (CC) and constant voltage (CV) modes are the most
common charging modes in (M)CDI [40]. In CC charging/discharging,
the potential increases/decreases in time until it reaches a desired cutoff potential value. On the other hand, in a CV mode, a constant
voltage is applied to the CDI cell during electrosorption and the current
starts at a maximum value right after the voltage is applied decreasing
until the electrodes become saturated. For a solely EDL formation pro
cess, the ion-transfer kinetic rate in a CC mode is proportional to the
charging current [2,41,42]. In other words, CC mode provides a constant
cell effluent concentration during charging/discharge steps. CC vs. CV
processes have already been thoroughly investigated for water desali
nation in CDI suggesting a higher energy efficiency for the CC operation
[43–45]. For ion selectivity in MCDI, the different operational modes
have not been properly studied. Ion selectivity using IEM may be
dependent on the current applied as already reported in electrodialysis
literature [46].
We were wondering whether operational modes have a similar effect
on ion selectivity in PEM-based MCDI, and if so, which conditions would
be required to obtain the highest selectivity for a certain CDI system.
Hence, in this work, we investigated the effect of different operational
modes, namely CV and CC, on the monovalent cation selectivity using
PEM-coated CMX (PEM-CMX) in MCDI. To the best of our knowledge,
this is the first time a comprehensive investigation on the effect of the
current and voltage on the ion selectivity in MCDI has been carried out.
Different potentials were applied to the MCDI cell in order to find the
threshold to which full sodium selectivity is achieved using the PEM-

Developing energy-efficient and affordable water treatment tech
nologies is crucial to meet the increasing global demand for clean water
[1]. In this context, capacitive deionization (CDI) has gained attention as
an alternative desalination technique for the removal of ions from water
at low salt concentrations [2]. CDI is typically based on the electrical
double layer (EDL) formation in which ions are removed and stored on
the surface of capacitive electrodes when a constant voltage (CV) or
constant current (CC) is applied to the cell. In the last few years, CDI has
become a promising technology for the selective removal – and even
recovery – of specific ions from a mixture of ions [3]. Accordingly, CDI
has been successfully employed in multiple applications such as soft
ening water [4], recovering nutrients (e.g., phosphate, nitrate) [5,6],
and harvesting lithium [7]. CDI can operate on relatively low voltage
values (i.e., 1 V) without need for high pressures or temperatures [2].
Therefore, it has been proven to be an interesting technology that can
selectively remove and/or capture certain type of ions from multicom
ponent solutions at low salt concentration. Maximizing ion selectivity
can lead to low-cost ion separation/recovery due the efficient use of
energy with CDI technology [8].
There are multiple parameters that can affect the ion selectivity in
CDI. For instance, Li et al. investigated how the hydration ratio (the ratio
of hydrated to ion radii) affects the ion selectivity in a mixture of ions.
They hypothesized that the lower the hydration ratio of the ion the more
efficient is their removal from the ionic solution, which agreed well with
their experimental data [9]. Cèron et al. focused on size-based ion
selectivity and optimized the average pore size of carbon aerogel
monolith electrodes [10]. They switched from a Na+-selective electrode
to a Ca2+-selective electrode by optimizing the synthetic procedure of
the electrodes. Besides the size-exclusion effect, the valence of ions also
plays a major role on the selective removal of ions in CDI. Gao et al.
demonstrated the preferential electrosorption of multivalent over
monovalent cations by using carbon nanotubes and carbon nanofibers
composite electrodes [11]. This preference was rationalized by higher
coulombic interaction between the ions in the solution with the polar
ized surface of the electrode. For cations with the same valence, the
authors observed a size-based trend where ions with smaller hydrated
radius were electrosorbed in higher amounts.
Recently, multiple innovations were suggested to tailor ion selec
tivity in CDI, including modification of electrodes with ion-selective
coatings, optimization of operational conditions of the electro-driven
separation process, and implementation of ion-selective membranes
[3,4,12–17]. Besides electrode modifications, membranes have also
been employed in CDI (MCDI) [18] to achieve ion selectivity. Different
types of membranes have been investigated to achieve cation selectivity
in MCDI [3,19,20]. For instance, nanofiltration membranes were suc
cessfully used to introduce a size-based ion selectivity in MCDI [19]. In
this case, the authors reported higher diffusion coefficients for NaCl
through the nanofiltration membrane compared to MgSO4, which
explained the higher preference for the removal of monovalent species.
Ion-exchange membranes (IEMs) are the most common type of mem
branes used to achieve ion selectivity in MCDI, and these typically have
fixed charges that can reject the co-ions. For a standard CDI desalination
process, the use of IEMs typically enhances the removal capacity and
charge efficiency values compared to CDI [2]. Standard cation-exchange
membranes (CEMs) have polyanions with negatively charged groups (e.
g., carboxylate and sulfonate) while anion-exchange membranes (AEMs)
are made of polycations bearing positively charged functional groups
such as quaternary ammonium [21]. Although standard-grade CEMs
were not designed to separate cations from each other, negative charges
of the membrane exhibited divalent cation selectivity due to chargebased interactions, and different transport mechanisms inside of the
membrane [4,22,23]. Higher di-/monovalent ion selectivities of stan
dard IEMs were attributed to the higher charge affinity between oppo
sitely charged membrane surface and divalent ions compared to the
2
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CMX. These selectivities were rationalized using an MCDI model based
on the dynamic potential profile for the PEM-CMX. A CC experiment
using a current below the threshold of the selectivity was employed to
assess the cation selectivity based on the number of PEM deposited on
the CMX. The number of polyelectrolyte layers on CMX was optimized,
and then the selectivity performance of PEM-CMX with optimal number
of layers was compared with commercial monovalent selective mem
branes. Finally, the selectivity values obtained from bare CMX, CSO, and
PEM-CMX were tested in various feed solutions, including Na, K, Li, and
Mg ions. We show that the PEM-CXM displays monovalent cation
selectivity regardless the composition of the feed solution.

(c0,Na+ −

ρNa
Mg =

cf,Na+ )

c0,Na+

(c0,Mg2+ −

cf,Mg2+ )

(1)

c0,Mg2+

3. Results and discussion
3.1. Characterization of the PEM coating
The dry, optical thickness of 5, 11.5, and 20.5 bilayers on gold – a
widely used model substrate, also in membrane studies – was measured
with ellipsometry. The results showed a linear increase in thickness with
increased number of layers (Fig. S1). The observed linear trend is in line
with literature [47–49], and indicate a successful PEM build-up. More
over, the measured thickness were found to be comparable with litera
ture [24,27,50].
The electronic and ionic resistance of the PEM-containing CDI cell
was first characterized under different current densities to study the
effect of the PEM. Upon the build-up of a PEM, an increasing resistance
of CMX was observed, indicating a successful deposition of the poly
electrolytes. According to literature, the CDI cell is composed of several
elements that may act similar to resistors [51,52]. Therefore, when a
constant current is applied to the cell, a large non-capacitive drop in
potential is observed, typically called ohmic or IR drop. The ohmic drop
(Fig. S2A–D) consists of resistive contributions of several elements inside
the cell such as electrical junctions, current collector, electrode, mem
branes, and spacer. By keeping all elements unchanged except the CEM,
it is possible to measure the contribution of the CEM and its surface
modifications to the ohmic drop. Fig. 1 summarizes the results of the
experiments conducted in 8 mM NaCl and MgCl2 solutions.
The measured resistance is not completely ohmic over the full range
of measured current densities as observed by a non-linear behavior of
the curves. Nevertheless, it is still possible to approximate a linear
resistance value for the points measured at low current densities, i.e.
three smallest current densities. In Fig. 1A, the resistance increases 7%
and 71% when 5.5 and 20.5 bilayers of PEM are added to the CMX,
respectively. In order words, an increase in layer thickness results in
higher resistance values. This can be explained by the increase in the
number of charged groups in the PEM due to which a higher energy is
required for ions to pass through the PEM. Furthermore, the observed
increase of only 7% suggests that sodium transport is not extensively
affected by the presence of the PEM that consists of 5.5 bilayers. Fig. 1B
shows the ohmic drop in the MgCl2 solution. Interestingly, the bare CMX
membrane has a lower resistance compared to the NaCl solution (31%
less resistive), which could be related to the higher ionic strength (I) of
the solution of 8 mM of MgCl2 (I = 24 mM) compared to 8 mM of NaCl (I
= 8 mM). Furthermore, the CMX membrane has a higher affinity to
wards divalent cations due to the charge-based interactions between
negatively charged membrane surface and divalent cations, as previ
ously reported [22,23]. By increasing the number of bilayers to 5.5 and
20.5, the resistance increases by a factor of ≈1.3 and ≈2.7, respectively,
compared to the bare CMX. The details of the calculation of IR drops
were given in Fig. S1D in the ESI. This suggests that Mg2+ experiences
much a higher rejection by the PEM compared to the Na+, which is in
good agreement with our recently reported study on the ability of
switching the selectivity of CMX from Mg2+ to Na+ by the imple
mentation of a PEM [27]. Furthermore, it is clear that higher number of
layers within the PEM increases the resistance of the membrane, indi
cating a successful deposition of 20.5 bilayers on membrane.

2. Experimental section
2.1. Materials
Hydrochloric acid (36.5–28.0% NF grade) was purchased from VWR
International. Poly(allylamine hydrochloride) (PAH, Mw = 17,500 Da),
poly(sodium 4-styrenesulfonate) (PSS, Mw = 70,000 Da), sodium
chloride (NaCl, ≥99%), anhydrous magnesium chloride (MgCl2, ≥98%),
potassium chloride (≥99%), lithium chloride (≥99%) were purchased
from Sigma-Aldrich. The gold (200 nm Au sputtered on glass) substrates
(1 cm × 1 cm) were purchased from ECsens. The inorganic salts were
kept in a vacuum oven overnight (60 ◦ C, 0.01 mbar) prior to use. The
porous carbon electrodes, which were deposited on a graphite foil
substrate, were kindly supplied by Voltea B.V., Netherlands. Glass fiber
prefilters (25 mm in diameter, 250 μm in thickness, 2.0 μm of pore size)
were purchased from Merck Millipore and used as spacer in CDI ex
periments. Milli-Q water (18.2 MΩ⋅cm, Milli-Q Integral 3 system, Mil
lipore) was used to prepare all aqueous solutions. Neosepta anionexchange (AMX), and cation-exchange (CMX and CMS) membranes
were purchased from Eurodia (France), and Selemion CSO membranes
were purchased from Astom Corp. (Japan). All membranes were soaked
in the stock solution of the relevant experiment at least 48 h before use.
2.2. Coating polyelectrolyte multilayers on membrane
The coating procedure was adapted from our previous work [39].
Briefly, a robotic arm (Dobot Magician, Dobot) was employed to dip the
standard-grade CMX membrane in PAH (polycation) and PSS (poly
anion) solutions for 10 min each. After deposition of each layer, the
membrane was dipped in three containers with Milli-Q water one by
one, each for 3 min to get rid of the weakly attached/physisorbed
polyelectrolytes. The procedure was repeated until the desired number
of layers was reached, namely 2, 2.5, 5.5, and 20.5 bilayers, where a
bilayer stands for the combination of one PAH and one PSS layer. The
details of PEM characterization were explained in the SI.
2.3. ICP-OES analyses
Inductively coupled plasma optical emission spectroscopy (ICP-OES)
(PerkinElmer Avio 500 ICP-OES) was used to measure the cation con
centrations of the samples. For cation analysis a high-energy-based Avio
500 ICP-OES polychromator with two sulfur chemiluminescence de
tectors (SCD) was used. The SCD detectors had the spectral range of
163–782 nm and the measuring resolution of the ICP-OES was 0.006 nm
at 200 nm. The samples were collected from minimum of three elec
trosorption cycles with minimum of five samples/cycle and then diluted
20 times with a 1% nitric acid solution prior to the ICP-OES analyses.
Selectivity of Na+ over Mg2+ (ρMgNa) was calculated as described in Eq.
(1) [4,15], where c0 and cf represent the initial and final ion concen
trations in the solution, respectively:

3.2. Constant voltage mode
Electrosorption experiments were conducted in CV mode with cell
potentials ranging from 0.4 V to 1.0 V. PEM-CMX with 5.5 bilayers of
PEM was used to study the effect of voltage on Na+/Mg2+ selectivity.
3

S. Sahin et al.

Desalination 522 (2022) 115391

electrosorption half cycle. On the one hand, using low potentials seems
to maximize the Na+ selectivity, being also beneficial for the reduction
of energy consumption. On the other hand, low potentials largely limit
the total removal capacity of the CDI electrodes. Therefore, it is
important to understand what causes this improvement in Na+ selec
tivity by reducing the cell potential, and how to maximize the ion
removal.
In order to understand the dependence of the selectivity on the po
tential applied, an MCDI model [53] was employed to rationalize our
experimental data (details in S2 and “MCDI Model” section of SI). Fig. 2B
shows the change in current density as a function of time for the constant
voltage experiments, and the region where the transport of Mg2+
through the membrane is completely blocked. These regions were
calculated based on the ts values from Figs. 2A and S2, and suggest that
high current densities assist the transport of Mg2+ across the membrane.
This is in good agreement with ED literature that reported mono- over
divalent cation selectivity for PEM-modified membranes [24,36]. In
more detail, it was suggested that at high current values in ED, water
splitting may cause an increase in the local pH near the PEM/membrane
interface. Therefore, either the film permeability changes or there is an
increase in the passage of Mg(OH)x species. Since the permeability of Mg
(OH)x is much higher than the one of Mg2+ higher current values
decrease the monovalent cation selectivity of the ED operations [46].
However, there is no easy way to check the validity of this hypothesis, as
that would require measuring the pH directly at the PEM-membrane
interface. Also, since in (M)CDI systems, strong pH variations are
rarely observed due to the low applied voltages [54], a pH-dependent
change in monovalent cation selectivity is more unlikely in our case.
Aiming to understand the effect of the applied current density/po
tential on the monovalent cation selectivity of the PEM-modified
membranes, we used a simplified dynamic MCDI model for a monocomponent solution. The model permits to calculate the potential drop
across the membrane for different voltages applied to the cell, as
depicted in Fig. 2C. Moreover, the potential drop profile across the
membrane resembles the current density profile (Fig. 2B), reaching
values much lower than obtained for ED systems [36,46]. For such
systems, it was reported that water splitting on the PEM-membrane
interface affected the monovalent cation selectivity. However, the
electric field caused by the potential drop across the membrane could
increase the electromigration of ions with higher valence, which agrees
with the Boltzmann theory typically used to describe EDL profiles [53].
Based on this reasoning, we suggest that a current density lower than the
threshold for Mg2+ rejection would only allow the transport of Na+.
Indeed, the potential across the membrane calculated for a constant
current experiment with a current density of 5.6 mA/g was smaller than
the potential drop for the application of 0.4 V, as depicted in Fig. 2C.

Fig. 1. Ohmic drop values as function of current density for CMX, and PEMCMX (11 and 41 layers) at 8 mM (A) NaCl and (B) MgCl2.

Fig. 2A shows the normalized removal of Na+ and Mg2+ during elec
trosorption cycles at 0.4 V and 1.0 V.
The effluent concentration of Na+ and Mg2+ decreases during
adsorption cycles. Since the feed solution is recycled during the exper
iment, the effluent concentrations eventually go back to the feed con
centration values. However, the Mg2+ concentration increases to values
above up to ≈7% the feed concentration after Mg2+ initially was
adsorbed and this may be due to experimental errors. For all experi
ments, the effluent concentration of Na+ and Mg2+ decreases faster in
the beginning of the cycle due the higher electrosorption rate. Subse
quently, the electrodes start to reach saturation and the effluent con
centration eventually returns to its initial value. Therefore, the amount
of electrosorbed Na+ and Mg2+ changed as a function of time, and a
time-dependent selectivity behavior was observed. At 1.0 V, the point
with the highest Na+/Mg2+ selectivity, defined here as ts, was ≈250 s.
The reduction of the potentials to 0.8 V and to 0.6 V reduces the ts, and
full sodium selectivity is achieved after 238 s and 178 s, respectively
(Fig. S3). Finally, by applying 0.4 V, ts achieves a minimum value close
to 0 s, reaching an almost full Na+-selective behavior during the entire

3.3. Constant current mode
Based on the results obtained from the aforementioned model, a CC
experiment was carried out using a current density of 5.6 mA/g, which is
the region of Fig. 2B where Mg2+ expected to be completely rejected. All
other experimental parameters were kept the same as the ones used for
the CV experiment. The potential and conductivity profiles of the elec
trosorption of the experiment are reported in Fig. S4. Fig. 3 shows the
change in Na+ concentration during the electrosorption cycle, while a
negligible variation in Mg2+ concentration was observed. This is also in
good agreement with our hypothesis stating that there is a maximum
current density that should be used in order to avoid transport of Mg2+
in the PEM-CMX. Fig. 3 also reveals that the outlet ion concentration
remained constant after ca. 400 s, suggesting a time-independent
selectivity behavior for PEM-CMX in CC mode. The change in Na+
adsorption was calculated to be 16 ± 3% based on three cycles of the
experiment with five samples per cycle. This monovalent cation selec
tivity agrees well with our previous studies [27,39], which reported
monovalent selectivity for cations and anions using PEM-modified CEMs
4
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Fig. 2. (A) Normalized removal of Na+ and Mg2+ during electrosorption cycles at 0.4 and 1.0 V, and (B) the variation in current density as a function of time for the
constant voltage experiments with PEM-CMX. (C) Variation of the potential across the membrane based on the MCDI dynamic model. It is noted that the feed solution
was recycled during the experiments.
5
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Fig. 3. Change in sodium and magnesium ion concentrations in time during
electrosorption cycles of a CC experiment with a PEM-CMX (current density:
5.6 mA/g, flow rate: 7.5 mL/min, feed solution: 4 mM of NaCl and 4 mM of
MgCl2). All data points are obtained by averaging the results of three
different cycles.

and AEM, respectively, due to the charge (Donnan) exclusion effect
[31]. When using current densities of 8.4 mA/g instead of 5.6 mA/g (i.e.,
15 mA instead of 10 mA), ρMgNa decreased drastically compared to the
monovalent cation selectivity that was found with the lower current
densities. The change in Na+ and Mg2+ adsorption values were calcu
lated as 10 ± 2% and 8 ± 1%, respectively, based on three cycles and
four samples per cycle, indicating a ρMgNa of ≈1.3.
3.4. PEM thickness and membrane comparison
From Fig. 1 it becomes clear that the resistance – and therefore the
energy demand – increases with PEM thickness. In our search for a
proper balance between a low resistance and a high monovalent cation
selectivity, we investigated the optimal amount of polyelectrolyte
layers. As observed in Fig. 4A, the amount of electrosorbed Na+ in
creases by increasing the number of bilayers until 5.5 bilayers while the
amount of electrosorbed Mg2+ decreases. It is noteworthy that PSSterminating PEM (2 bilayers) shows no significant selectivity while
PAH-terminating PEM (2.5 bilayers) already displays some selectivity
towards monovalent cation. This can be explained by the negatively
charged surface of the PSS-terminated PEM. In order to reject the
divalent cations via charge (Donnan) rejection, the outermost layer
should be positively charged. This phenomenon was investigated earlier
by Mulyati et al. where a PEM-coated AEM was used to tune Cl− /SO42−
selectivity in an electrodialysis process [55]. Recently, we also observed
a similar trend in the mono/divalent anion selectivity of a CDI process,
where a positively charged terminating layer did not reject the divalent
anions as much as the negatively charged terminating layer [39]. At the
same time, we checked whether the selectivity is different when the
thickness is significantly high (20.5 bilayers) to see any possible
advantage of higher number of layers. It is observed that going beyond
5.5 bilayers did not improve the Na+-selectivity further.
In order to better understand the effect of the PEM on cation selec
tivity, the PEM-CMX with 5.5 bilayers was also compared with mono
valent selective commercially available membranes under the same
experimental conditions. Fig. 4B indicates that the bare CMX has affinity

Fig. 4. (A) Comparison of the amount of ion electrosorbed with increased
number of bilayers for the PEM-CMX, and (B) the comparison of PEM-CMX with
5.5 bilayers with commercial cation-exchange membranes. The reported data
are based on three experiments with three cycles each. A minimum of five
samples was used per reported experiment.

towards Mg2+ since the amount of ion electrosorption is 5.4 ± 2.0% and
15.6 ± 2.3% for Na+ and Mg2+, respectively. Similarly, in the case of
CMS, the amounts of ion electrosorption were 5.2 ± 1.5% and 7.5 ±
2.4% for Na+ and Mg2+, respectively. Based on Eq. (1), ρMgNa values
were calculated to be 0.3 for CMX and 0.7 for CMS. On the other hand,
for CSO, this value was much higher reaching ρMgNa ≈3. Although CSO
displays a fair selectivity towards monovalent ions, it is clear that the
commercial membranes (CSO and CMS) did not improve the mono
valent cation selectivity as much as the PEM coating. Thus, the selec
tivity mechanism based on the charge-exclusion effect of the PEM seems
to be more effective than the possible size-exclusion effect of a cross
linked membrane.
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3.5. Mixture of monovalent ions

that hydrated size of the cations plays the most important role on
monovalent selectivity for the PEM-CMX. In other words, the order of
hydrated size of the monovalent cations is K (3.31 Å) < Na (3.58 Å) < Li
(3.82 Å) [56], and adsorption values of these cations followed the order
of K+ > Na+ > Li+, showing that the transport of larger cations is
hampered [23]. Such a trend was also found for anions in CDI with PEMcoated AEMs, where the selectivity followed the order of hydration
energy of monovalent anions (NO3− > Cl− > H2PO4− ) [39].

Given the high selectivity of PEM-CMX, a set of experiments were
conducted to test the effect of ion composition on cation selectivity. For
these experiments, we have used solution compositions 2, 4, and 5
presented in Table S1. Regardless the composition of the feed solution,
the PEM-CXM displays monovalent cation selectivity as illustrated in
Fig. 5A, while the bare CMX still displays Mg2+ selectivity for the same
feed solution. For the commercial monovalent selective membrane CSO,
the total electrosorption was fairly similar for the mono- and divalent
cations. Interestingly, for all membranes, the total removal of K+ was
found to be higher compared to the other cations. In order to elucidate
the effect of the PEM on the monovalent selectivity, the PEM-CMX was
tested for different combinations of Na, K, and Li ions. Fig. 5B reveals

4. Conclusions
The key finding of this study is that the monovalent selectivity of a
polyelectrolyte multilayer (PEM)-coated cation-exchange membrane
(CMX) in an MCDI operation can be boosted tremendously by tuning
operational parameters such as the potential and current density as well
as the PEM thickness. Potential drops across the membrane – described
by modelling dynamic potential profiles – result in an electrical field and
should be kept at minimum to reduce the electromigration of ions with
higher valence. Current densities as low as 10 A/m2 result in mono
valent ion selectivity as they cause lower potential drops across the
membrane. Unlike the divalent cation-selective behavior of CMX, PEMCMX rejects Mg2+ as divalent cations experience a higher resistance
from the positively charged outermost layer compared to the mono
valent cations. In terms of multilayer thickness, the trade-off between
selectivity and resistance was found to be 5.5 bilayers for the PEM-CMX
system. Furthermore, the nature of the terminal polyelectrolyte of the
PEM affects the selectivity: a PAH-terminated PEM was found to have a
higher Na+ selectivity compared to a PSS-terminated PEM. Finally, the
selectivity values obtained from bare CMX, CSO, and PEM-CMX were
tested in various feed solutions including Na, K, Li, and Mg ions. The
PEM-CXM displays monovalent cation selectivity for all tested compo
sitions of the feed solution. The high selectivity of PEM-CMX towards
monovalent cations is promising for ion recovery applications using
MCDI. This is further highlighted by the limited selectivity displayed by
commercial membranes such as CMX, CSO, and CMS. Overall, this work
demonstrates a novel way to achieve a time-independent, enhanced
monovalent cation selectivity via a simple PEM coating in MCDI in
combination with tuning of the operational conditions. Considering the
possible combinations of commercial and/or functionalized poly
electrolytes, PEM coatings are a promising way of introducing ion
selectivity for future CDI applications, particularly when combined with
fine-tuned operational parameters. It is anticipated that the outcome of
our investigation is a large step towards a low-cost and energy efficient
technology for ion recovery, as a high ion separation factor is a
requirement for the techno-economic feasibility of MCDI [8]. Further
explorations in such a direction, eventually up to pilot scale, would
require studies on the effects of up-scaling, prolonged operation times
and natural water samples on the PEM stability and mapping the systemdependency of the operational parameters that are required for high
selectivities. This also includes the compatibility of advanced, auto
mated water flow systems to swiftly control the diluate and the
concentrate streams to enable ion separation.
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