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Selective ion separation via capacitive deionization (CDI) is of relevance because of its environmental and in
dustrial applications in water purification and softening, heavy metal removal, and resource recovery.
Conventionally, carbon electrodes and ion-selective membranes have been used for selective removal of anions
and cations. In this study, we engineered a CDI cell with two identical NiHCF electrodes, separated by an
anion–exchange membrane coated with a polyelectrolyte multilayer (PEM), for simultaneous and selective
separation of monovalent over divalent anions and cations. The modified membrane rejects divalent over
monovalent anions while the NiHCF electrodes selectively adsorb monovalent over divalent ions. A separation
factor (β) of 7 < β < 14 was obtained for Cl− over SO42− , while an average β of ≈ 17 was obtained for Na+ over
Mg2+, reflecting the preference of the modified membrane and the electrodes, respectively. Moreover, this
preference was preserved at low concentrations of monovalent ions as well. This tandem use of intercalation
electrodes and a PEM membrane provides a new and facile method for simultaneous cation and anion selectivity
in CDI, opening new avenues for enhanced and tunable separations from complex ion mixtures

1. Introduction
Capacitive deionization, CDI, is a water desalination technique in
which ions are removed from water under the influence of an applied
current or a potential difference,[1-3] and stored in capacitive elec
trodes. CDI has been proven to be also applicable in selective ion
removal and has been successfully used for cationic as well as anionic
separations from aqueous ion mixtures.[4-9] Selective ion removal is
necessary for various applications, including water softening,[10] re
covery of resources such as lithium[11] or phosphate,[12] and treat
ment of irrigation water in greenhouses.[13]
Conventionally, due to the limited ion selectivity of the bare porous
carbon[14], it has been typically used with either surface modifications
[15-17] or coupled with ion-exchange membranes (IEMs) in (M)CDI,
[18,19] to selectively separate both cations and anions. Alternative
pathways to induce ion selectivity in CDI have recently been explored in
literature.[4,5,20] On membrane level, special-grade commercial
membranes, surface-modified ion-exchange membranes, and selective
resin coated carbon electrodes have been used for cation and anion
selectivity.[21-23] Recently, a polyelectrolyte multilayer (PEM)-

modified cation-exchange membrane was used to obtain selectivity to
wards monovalent cation in MCDI.[20] This approach of coating PEMs
[24-26] onto a membrane by a layer-by-layer (LbL) technique[27,28] is
a facile and efficient method, and is based on alternating immersions of
the membrane into oppositely charged polyelectrolyte solutions. The
repeated action results in a thin multilayer whose thickness and
composition can be controlled.[29] The final selectivity of a PEM-coated
IEM depends on the type of the polyelectrolytes (PEs) used, the termi
nating layer, and the total number of layers deposited on the membrane
surface.[30-32] A PEM can function as a selective layer via different
mechanisms including electrostatic repulsion, also referred as charge
exclusion,[32-34] and preferential transport of ions, based on their
dehydration energy. [35] Thin films deposited via the LbL technique find
use as functional materials and interfaces in various fields, including
tissue engineering and capillary electrophoresis,[29] selective ion sep
aration such as heavy metal removal, and anti-fouling applications.
[36,37] PEMs have already been used in electro-driven systems, such as
electrodialysis (ED), to introduce and tune ion selectivity.[31,32,38]
Thus, a PEM-modified membrane is promising for selective ion removal
in CDI.
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On the electrode level, intercalation materials have been successfully
used for selective cation separations in CDI.[4-6] Prussian blue ana
logues (PBAs) are a subclass of intercalation materials[5,39,40] that
store only cations in their interstitial lattice sites, unlike graphite,
layered oxides, and carbides that can intercalate both cations and an
ions.[41] The intercalation of ions in PBAs is accompanied by the
reduction of a redox-active element in the lattice. [42] These materials
have found use in a variety of applications including batteries, [40]
brackish water desalination,[43] and selective ion removal.[5,8] Among

all PBAs, nickel hexacyanoferrate, NiHCF, is among the most used
intercalation electrode material in CDI[5,39,44] due to its ease of
fabrication, non-toxic nature, high charge storage capacity, energy ef
ficiency,[44] and fast ion-adsorption kinetics.[45] Most importantly,
NiHCF shows an inherent size-based selectivity towards monovalent
cations[5,39,46] as it has demonstrated ≈ 20 times higher affinity to
wards Na+ over Mg2+ and Ca2+.[5] However, unlike carbon, NiHCF
particles do not store anions in their lattice sites and therefore, their sizebased selectivity excludes anions.

Fig. 1. (a) Illustration of the cathodic chamber producing the diluate in the symmetric CDI cell, fully illustrated elsewhere,[47] with an NiHCF electrode and a PEMcoated AEM, separated by a flow channel containing a feed with multiple types of ions. Upon applying an electric current or a potential difference to the cell, the
cations are driven towards the NiHCF electrode to the left and selectively stored in the lattices.[5] Simultaneously, the anions are selectively allowed to pass through
the modified membrane on the right, resulting in a diluted feed in the middle. Surface characterization of the PEM with (b) XPS survey scans providing the N/S ratio
and (c) SWA analyses as a function of the number of layers on the membrane surface.
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In this study, we introduce simultaneous cation and anion selectivity
to a symmetric CDI system, assembled according to the rocking chair
configuration,[47,48] by implementing measures at both the electrode
and the membrane level. This was accomplished by integrating a PEMcoated AEM (MCM) with two identical NiHCF electrodes in an electrode
– membrane – electrode sandwich. Poly(diallyldimethylammonium
chloride) (PDADMAC) and poly(sodium 4-styrenesulfonate) (PSS) were
chosen as polycation and polyanion, respectively, to prepare PEMs on an
AEM surface via the LbL deposition because they are strong PEs in a wide
range of the pH and the concentration of the salt solution. Also, they
remain physically (under pressure [49]) and chemically (against oxi
dants [50]) stable and have been successfully used in ED for anion
selectivity.[36] The schematic in Fig. 1 (a) depicts one half of the cell,
representing the diluate chamber. The other half of this symmetric cell,
depicted elsewhere,[47] undergoes a mirrored operation and produces a
concentrated stream. The NiHCF electrodes selectively adsorb cations,
based on their size, by storing them in interstitial lattice sites, as
demonstrated elsewhere.[5] Simultaneously, the MCM selectively sep
arates anions migrating from the diluate, providing an elegant, one-step
configuration for both cation and anion selectivity. Furthermore, we
also elucidate the effect of the number of layers coated onto the mem
brane, and the ionic content of the feed on selective anion separation.

Ag/AgCl, respectively, for 1 h. After the pre-treatment, the electrodes
were assembled into a cell, separated by nylon spacer channels (160 µm
thick) and a MCM. Two identical 100 mL reservoirs containing feed
solutions, whose compositions are provided in Table 1, fed the cell at a
constant flow rate of 10 mL/min. The feed residence time in the cell was
4.3 s. The ion selectivity experiments were performed with two types of
feed solutions: one containing a mixture of mono- and divalent anions
(F1 and F2) and another containing a mixture of only monovalent an
ions (F3 and F4), to respectively, provide an insight into the two
frequently reported mechanisms of MCM selectivity based on charge
exclusion [36] and dehydration energy of anions [23].
The ion selectivity experiments were performed in a continuous
desalination mode[5] during which the CDI cell was operated under
constant voltage of ± 1 V via a potentiostat (Ivium n-stat, IVIUM Tech
nologies). One complete desalination cycle consisted of two steps lasting
0.5 h each. During the first step, a voltage of 1 V was applied to the cell.
After 0.5 h, 800 µL was taken from both the reservoirs. The anion con
centration was analyzed via ion chromatography (Eco IC, Metrohm)
while the cation concentration was analyzed via inductively coupled
plasma optical emission spectroscopy (PerkinElmer Avio 500 ICP-OES).
Next, the electrode polarities were reversed, and the diluate and the
concentrate reservoirs were manually switched between the cell cham
bers, by switching the pipes connecting the reservoirs and the chambers.
Following this, a voltage of –1 V was applied for 0.5 h after which,
800 µL was taken from both the reservoirs for concentration analysis.
The end of this step concluded one full desalination cycle. The experi
mental workflow is illustrated in detail in Figure S2. A sample cur
rent–voltage profile of one desalination cycle is given in Figure S3. The
anionic selectivity of the MCM was investigated by varying the number
of layers coated onto it and the type of ions in the feed solution. Since the
cationic selectivity in symmetric cell with NiHCF electrodes was recently
reported,[5] the experiments here focus mainly on the anionic selec
tivity of the MCM. The experiments were duplicated for reproducibility
and the average values of the concentrations were used for selectivity
calculations.

2. Experimental methods
Poly(diallyldimethylammonium chloride) (PDADMAC, 20 %
wt⋅H2O), poly(sodium 4-styrenesulfonate) (PSS) sodium chloride (both
from Sigma Aldrich) and hydrochloric acid (36.5 – 28.0 %, VWR) were
used as received. Standard-grade (Neosepta ASE, Astom) and specialgrade monovalent-selective (Neosepta ACS, Astom) AEMs were soaked
in Milli-Q water (Milli-Q Integral 3 system, Millipore) for 48 h before
use. The multilayer fabrication procedure was adopted from literature
with some modifications.[20] Briefly, the standard-grade AEM was
dipped in PSS and PDADMAC solutions, by a robotic arm (Dobot), pre
pared in Milli-Q water, alternately from solutions of 0.05 M polymer in
0.5 M NaCl at pH = 2.3 each for 20 min. After each layer deposition, the
membrane was dipped in MQ water for 3 min to remove weakly attached
polymers. The process was repeated until the desired amount of layers,
namely 5, 9, 10, 14, 15, 23, and 31 were reached. When the total number
of layers coated onto the membrane surface was odd, a negatively
charged PSS was the terminating PE, while the positively charged
PDADMAC was the terminating PE when the total number of layers was
even. The LbL coating workflow is illustrated in Figure S1. Furthermore,
the PEMs were coated onto model gold surfaces[20] (1 cm × 1 cm pur
chased from ECsens) and characterized with X-ray photoelectron spec
troscopy (XPS) and static water contact angle analysis (SWA), an
approach similar to those of previous reports.[36,51] The experimental
details are described in the ESI.
The NiHCF active particles were synthesized via co-precipitation
method.[5] Briefly, 24 mM and 12 mM solutions of NiCl2⋅6H2O (Alfa
Aesar) and Na4[Fe(CN)6]⋅10H2O (Sigma- Aldrich), respectively, were
added drop-wise to the reaction solution (1 % v/v solution of HCl in
water) and stirred at 600 rpm for ≈ 12 h. The product was washed three
times with Milli-Q water during vacuum filtration and dried at 60 ◦ C
under vacuum. The dried powder was milled with conductive carbon
black (Cabot) and mixed with polytetrafluoroethylene (PTFE) (Sigma
Aldrich) in a weight ratio of 8:1:1, with ethanol as a solvent. The mixture
was kneaded into a dough and cold-rolled with a stainless steel rolling
machine (MTI corp.) into 200 µm thick rectangular electrodes with
20 cm2 area, weighing between 0.35 and 0.45 g. After the cold-rolling,
the electrodes were dried at 60 ◦ C under vacuum.
Prior to cell assembly, two identical NiHCF electrodes were pretreated in a three-electrode cell, with a platinum-coated titanium
mesh counter, an Ag/AgCl electrode reference, and a 1 M Na2SO4 so
lution as an electrolyte. One electrode was saturated with Na+, while the
other was depleted, by discharging and charging them at 0 and 1 V vs.

3. Results and discussion
The chemical composition of the PEM-coated gold substrates was
analyzed with XPS. The nitrogen/sulfur (N/S) ratio of the samples,
provided in Fig. 1 (b), shows an alternating trend with the number of
polyelectrolyte layers, because nitrogen and sulfur are exclusively pre
sent in PDADMAC and PSS, respectively. Therefore, the trend serves as a
clear evidence of a successful multilayer build-up on the gold surface,
and is in line with literature.[36] Following the XPS, the SWA study of
the PEM, given in Fig. 1 (c), showing an odd–even effect, characteristic
of an LbL-prepared PEM.[52] This trend can be attributed to the higher
hydrophobicity of the PDADMAC-terminated layer than that of the PSSterminated layer, and gives a clear indication of a successful multilayer
deposition on the membrane surface, further verifying the XPS data.
The continuous mode of desalination paired the diluate reservoir
with the intercalating electrode, producing deionized water throughout
the desalination cycle. Thus, the ion concentration in the diluate
decreased continuously with an increasing number of cycles. Due to the
symmetric cell operation, the ion concentration increased by a similar
Table 1
Composition of the feed solutions (10 mM each) in the two chambers of the CDI
cell with NiHCF electrodes separated by a MCM for ion selectivity experiments.

3

Feed number

Na+
(mM)

NO3−
(mM)

Cl−
(mM)

SO42−
(mM)

H2PO4−
(mM)

Mg2+
(mM)

F1
F2
F3
F4

10
20
20
20

–
–
–
10

10
10
10
10

10
10
–
–

–
–
10
–

10
–
–
–
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%. This indicates that even at the ratio of 7:1 SO42− : Cl− , the monovalent
Cl− was preferentially allowed through the MCM. Similar observation
was also made during the selective adsorption of Na+ over Mg2+ in the
NiHCF electrode, as seen in Fig. 2 (b).
The effect of the number of layers on the anion selectivity of the
membrane was investigated by treating F2 with a symmetric cell con
taining a MCM that consisted of 5, 6, 9, 10, 14, 15, 23, or 31 poly
electrolyte layers. F2 contained only Na+ to avoid any synergistic effect
on the anion selectivity, caused by the presence of two different cations
in the feed. Early evidence of such an effect is shown in Figure S4, but
further investigation is required to reach a conclusion. The resulting
concentrations of Cl− and SO42− in the diluate for selected 5, 15, and 31
layer PEMs are presented in Fig. 2 (c). (The full data set for MCM with all
other layers, the control experiment with a bare membrane, and with a
commercial, monovalent anion–selective membrane is given in
Figure S5). It is evident from Fig. 2 (c) that the removal and rejection of

amount in the concentrate reservoir. The concentration of both cations
and anions as a function of desalination steps, during the treatment of
feed F1, is shown in Fig. 2 (a) and (b). The diluate and the concentrate
reservoirs are depicted by fading and increasing color gradients,
respectively. The trends in the figure confirm the symmetrical operation
with respect to cations as well as anions, while they also demonstrate
that the proposed cell can successfully distinguish between both cations
(Na+ and Mg2+) and both anions (Cl− and SO42− ), simultaneously. The
MCM blocks the divalent SO42− and allows the monovalent Cl− to
selectively pass through it, while the NiHCF electrode selectively in
tercalates monovalent Na+ over divalent Mg2+. Furthermore, the se
lective removal of monovalent ions remained highly independent of
their concentration over divalent ions in the feed, even after the
monovalent ion concentration reduced by over 90 % in the feed. For
example, from cycle 3 to 4 in Fig. 2 (a), the concentration of Cl− in the
diluate went from 12 % to 2 % while that of SO42− went from 93 % to 92

Fig. 2. (a) Concentration of Cl− (black hollow squares) and SO42− (red hollow triangles) relative to the initial F1 concentration, in the diluate and the concentrate
chambers as a function of the number of steps, treated by the symmetric cell with identical NiHCF electrodes, separated by a MCM with 15 layers. (b) Concentration
of Na+ (black squares) and Mg2+ (red triangles) relative to the concentration of F1, in the diluate and the concentrate chamber as a function of the number of cycles,
treated by a symmetric cell with identical NiHCF electrodes, separated by a MCM with 15 layers. (c) Concentration of anions in the diluate, during the treatment of
F2, by MCM with 5, 15, and 31 layers. (d) Selectivity, β, of a MCM with 15 layers towards Cl− over SO42− from F2, as a function of Cl− concentration in the diluate,
obtained over multiple experiments.
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Cl− and SO42− , respectively, increases with increasing number of layers
from 5 to 15 (Fig. 2 (c) & S3 a). For example, the MCM with 5 layers
removed ≈15 % SO42− at 50 % Cl− removal, while the MCM with 15
layers removed only ≈7 % SO42− at 50 % of Cl− removal. For an odd
number of layers on membrane surface, the increase in selectivity fol
lows from an increase in the excess charge density of the MCM. The
highest selectivity of the MCM, obtained with 15 layers, towards the
monovalent Cl− over the divalent SO42− is attributed to the charge
exclusion effect of the outermost, negatively charged PSS layer. The
electrostatic repulsion of this outermost layer is larger towards the − 2
charge of the SO42− than the − 1 charge of the Cl− ion. This chargebased exclusion is driven by the charge of the outermost layer since
the MCM preference switched towards SO42− when the terminating
layer is positively charged, as observed for the even number of PEMs,
namely 6, 10, and 14, as shown in Fig. 1 (b), (c), and S3 (b). This
property of PEMs has also been reported before in ED literature [36,53].
Here, the treatment of feeds F1 and F2, containing a mixture of Cl− and
SO42− , provides an insight into the charge-exclusion based selectivity of
the MCM.
A further increase in the number of layers to 23 (Figure S5 a) and 31
switches the membrane selectivity towards SO42− , resembling the
selectivity properties of a bare membrane and MCMs with an even
number of PEM, namely 6, 10, and 14, as shown in Figure S5 (b) and
(c). The observed switch in preference of the MCM from monovalent
towards divalent ions can be related to an overall positive bulk charge
that develops on the MCM surface with an increasing number of layers.
[54] This phenomenon has been attributed to the charge balance within
the PEM which is reported to be a combination of an interlayer attrac
tion between PDADMAC and PSS and extrinsic interactions between
PDADMAC/PSS layers and the salt counterion.[54] In short, as the
number of layers increase, the amount of newly adsorbed PSS reduces
while the PDADMAC compensates its charge with external counter ions,
other than PSS, giving the PEM an overall positive bulk charge.[1] Thus,
a switch in selectivity of the MCM, as obtained in this study between 15
and 23 layers, as shown in Fig. 2 (c) and S3 (a), is expected with
increasing number of layers. Therefore, a PSS-terminated MCM
with ≤ 15 layers prefers the monovalent ions, while divalent ions are
preferred by an MCM with ≥ 23 layers, regardless the type of termi
nating layer. Interestingly, the MCM with ≤ 15 layers can also be made
divalent ion-selective when the outermost layer is PDADMAC instead of
PSS, as shown in Figure S5 (b).
The preference of MCM towards one anion over the other is quan
tified as β,[5,8,15,55]
(
)(
)
c1,initial − c1,final
c2,initial
β=
c2,initial − c2,final
c1,initial

polyethylenimine/PSS PEs, respectively, that resulted in a selectivity of
≈ 2.5. Additionally, the β values presented in Fig. 2 (d) are also com
parable to the Cl− /SO42− selectivity of 27, obtained in nanofiltration
with PDADMAC/PSS-coated membrane.[56]
To investigate the mechanism of the ion selectivity of the MCM based
on dehydration energy of the anions, two additional solutions contain
ing a mixture of only monovalent anions were treated with the sym
metric cell containing a MCM with 15 layers. Feeds F3 and F4, as
described in Table 1, contained monovalent phosphate, H2PO4− and
nitrate, NO3− , respectively, with Cl− . The concentration of these anions
in the diluate, as obtained during the desalination experiment, is given
in Fig. 3 (a) and (b). It is evident from the graph that the PEM does not
differentiate much between Cl− and NO3− , as both were removed with
only a marginal preference for NO3− ions. However, the modified
membrane preferred Cl− over H2PO4− , delivering a β ≈ 3 towards Cl
ions. This selectivity behavior of the MCM can be ascribed to the
dehydration energy of the passing anion, all carrying the same charge.
H2PO4− was the second most rejected anion, after SO42− which carried
a − 2 charge. Even though the dehydration energy of SO42− is the largest
among all the anions here (ΔGhydration = 1080 kJ/mol),[24] its rejection
is better explained by charge-exclusion because, for a bare AEM, SO42−
was preferentially transported over Cl− , as shown in Figure S5 (c). Once
the membrane surface had a negative charge (e.g. for MCM with 15
layers), the transport of SO42− through the MCM was hindered, hinting

where 1 and 2 represent the two competing ions and c1,initial, c2,initial,
c1,final, and c2,final are the ion concentrations in the beginning and at the
end of the adsorption step, respectively. The β for Cl− over SO42− , ob
tained for 15 layers from multiple experiments is shown in Fig. 2 (d).
Even with the scatter in the data, it can be safely concluded that the
selectivity towards Cl− was maintained even after 90 % of it was
removed. The majority of the β values were found to be in the range of
7 < β < 14. The NiHCF electrodes simultaneously removed Na+ selec
tively over Mg2+ with an average β ≈ 17. The β for Cl− over SO42− fell
typically between 3 < β < 6 for 5 layers and 4 < β < 9 for 9 layers, as
shown in Figure S6 (a) and (b), highlighting the correlation between
the anion selectivity and the number of layers. In contrast, the bare
membrane from the control experiment showed an affinity towards
SO42− with β ≈ 2. For further comparison, a β ≈ 7 was obtained towards
Cl− over SO42− during the treatment of F2 with the symmetric CDI cell
containing a commercial, monovalent anion–selective membrane
(Figure S5 d). The β values, obtained here for MCM with 15 layers, are
higher than the values reported in ED[36] and reverse ED,[51] with
membranes coated with poly(allylamine hydrochloride)/PSS and

Fig. 3. Change in concentration of (a) monovalent phosphate (H2PO4− ) and
chloride (Cl− ) during treatment of feed F3 and (b) nitrate (NO3− ) and Cl−
during treatment of feed F4 by symmetric NiHCF cell containing a MCM with
15 layers.
5

K. Singh et al.

Chemical Engineering Journal 432 (2022) 128329

that the ΔGhydration did not play as significant a role as its − 2 charge. On
the other hand, the reduced degree of rejection of H2PO4− may be
attributed to two factors: (a) reduced electrostatic repulsion from the
terminating PSS layer because of its − 1 charge; (b) smaller dehydration
energy (ΔGhydration = 465 kJ/mol), which can ease the removal of the
water solvation shell around the anion, facilitating its passage through
the membrane. Finally, NO3− was the most preferred anion of all. This
high preference may be attributed to its lowest dehydration energy
(ΔGhydration = 300 kJ/mol), which is even smaller than that of Cl−
(ΔGhydration = 340 kJ/mol). In addition, it retains the advantage of
reduced electrostatic repulsion because of its monovalent nature, like
Cl− and H2PO4− ions. Thus, the anion preference of the MCM, based on
the ease of dehydration, can be summarized as: NO3− > Cl− > H2PO4− >
SO42− . Unlike the size-based exclusion seen towards cations in NiHCF
electrodes, the trend observed here does not depend on the hydrated
anion size, as NO3− is bigger than both Cl− [57] and H2PO4− [24], and
yet it is the easiest to remove. Thus, the size of an anion on its own does
not provide complete information about the MCM selectivity.
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