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A B S T R A C T

Selective ion removal has been a point of focus in capacitive deionization because of its industrial applications
such as water purification, water softening, heavy metal separation and resource recovery. Conventionally,
carbon is used as electrode material for selectivity. However, recent developments focus on intercalation ma-
terials such as Prussian Blue Analogues, due to their size-based preference towards cations. Selectivity of nickel
hexacyanoferrate electrodes from a mixture of Na+, Mg2+, and Ca2+ ions was studied in this work. Here, a CDI
cell with two identical NiHCF electrodes was operated in two desalination modes: (a) cyclic, in which ions are
removed from and released into the same water reservoir and thus, the ion concentration remains the same after
one cycle, and (b) continuous, in which ions are removed from one water reservoir and released back in a
different reservoir. An average separation factor of ≈15 and 25, reflecting the selectivity of the electrodes, was
obtained for Na+ over Ca2+ and Mg2+ from an equimolar solution of Na+, Ca2+ and Mg2+ in both, cyclic and
continuous desalination. It was concluded that NiHCF, used in a symmetric CDI cell, is a promising material for
highly selective removal of Na+ from a multivalent ion mixture.

1. Introduction

Capacitive Deionization (CDI) is an electrochemical technique in
which polarized electrodes remove ions from water [1,2]. Con-
ventionally, these electrodes are fabricated out of porous carbon [3–7]
with ions stored in micropores with sizes just above and below 1 nm.
Recently, research into intercalation materials for aqueous ion batteries
[8–10] has led to their application in CDI [11–15]. The ion storage in
these materials proceeds via intercalation of ions into the interstitial
lattice sites or in between the layers of the host electrode material. In
some intercalation materials, such as Prussian Blue Analogues (PBAs)
[16–18], the ion insertion is accompanied by the electrochemical re-
duction of a redox-active element in the lattice. These intercalation
materials retain the attributes of porous carbon-based electrodes, such
as a non-toxic nature, easy preparation, and fast charge transfer kinetics
[16], while improving upon the charge adsorption capacity [19] and

eliminating co-ion expulsion from the electrode [4]. The use of PBAs in
CDI is of interest because of their open framework structure, custo-
mizable chemical composition, and size-based selectivity towards ca-
tions [20]. Selective removal of ions using CDI has already been ex-
plored with carbon electrodes [21–24]. Only recently, it has been
studied with electrodes based on intercalation materials as well
[25–27]. However, much of this focus has been on the separation be-
tween cations with the same valence, and very few studies are available
on the selective removal of a cation from a mixture of ions with dif-
ferent valency. This contrasts with the research focus towards carbon
electrodes, where selective removal of ions from a mixture has been
extensively studied [28–31]. This work aims at filling this gap in lit-
erature.

The electrodes used for selective ion-removal here contain nickel
hexacyanoferrate (NiHCF) particles as the active material. It is a PBA
that has been successfully used for desalination [11,17] and was found

https://doi.org/10.1016/j.desal.2020.114346
Received 22 November 2019; Received in revised form 16 January 2020; Accepted 20 January 2020

⁎ Corresponding author at: Laboratory of Organic Chemistry, Wageningen University, Stippeneng 4, 6708 WE Wageningen, The Netherlands.
E-mail address: louis.desmet@wur.nl (L.C.P.M. de Smet).

1 These authors contributed equally.

Desalination 481 (2020) 114346

Available online 06 February 2020
0011-9164/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/00119164
https://www.elsevier.com/locate/desal
https://doi.org/10.1016/j.desal.2020.114346
https://doi.org/10.1016/j.desal.2020.114346
mailto:louis.desmet@wur.nl
https://doi.org/10.1016/j.desal.2020.114346
http://crossmark.crossref.org/dialog/?doi=10.1016/j.desal.2020.114346&domain=pdf


to a have size-based preference for cations in CDI [17] and other
electro-chemical techniques [32–34]. In more detail, the trends ob-
served for alkali metal ions suggest that the affinity of NiHCF particles
towards ions decreases with an increase in their hydrated size in aqu-
eous electrolytes. Studies [32,33,35] have shown that in a mixture of
alkali metal ions, PB and its analogues demonstrate the strongest affi-
nity towards Cs+, and the affinity reduces for the alkali metals above
Cs+ in the group.

In this study, we demonstrate the performance of electrodes fabri-
cated using NiHCF in CDI experiments to selectively remove mono-
valent (Na+) over divalent (Ca2+, Mg2+) ions. The preferential re-
moval of Na+ from a mixture of Na+, Ca2+, and Mg2+ is crucial to
maintain the quality of irrigation water as an increase in its Na+ can
result in adverse effects on the physical properties of soil [36] and plant
growth [37,38]. This was achieved with a symmetric two-compartment
CDI cell [39], constructed with two NiHCF electrodes of the same mass,
and identical physical, chemical and electrochemical composition.
These electrodes were separated by an anion-exchange membrane in-
side the cell. The use of identical electrode materials avoids the need for
an anode with an equivalent charge storage capacity and allows for an
uninterrupted selective ion removal in the adsorption and regeneration
steps by reversing the electrode polarities. Part of the potential of the
presented electrochemical setup lies in the cheap, non-toxic and facile
fabrication of ion-selective NiHCF particles, and subsequently, of the
electrodes, and in their easy application in a symmetric, two-compart-
ment deionization cell. Fig. 1a illustrates the intercalation compartment
of the symmetric desalination cell, illustrated elsewhere [40], during
the operation. The other half of the cell undergoes a mirrored dein-
tercalation operation simultaneously, evident from the outlet con-
centrations measured during the desalination cycles. The inset sche-
matic indicates the size-based exclusion of cations by the NiHCF lattice.

2. Experimental section

2.1. NiHCF preparation and characterization

The synthesis of NiHCF active particles was performed by a co-
precipitation method [8,41]. Briefly, a 200 mL solution of 24 mM
NiCl2·6H2O (Alfa Aesar) and 12 mM Na4[Fe(CN)6]·10H2O (Sigma Al-
drich) each was drop-wise added to a (1% by volume) 1 M HCl solution.
The reaction mixture was stirred at a 600 RPM for ≈12 h. Addition of
HCl during the reaction has been reported to induce higher levels of
crystallinity in the cubic lattice NiHCF structure [16]. The precipitate
formed was washed three times with water in a vacuum filtration unit

and the collected residue was dried overnight in a vacuum oven at
40 °C. The surface morphology of the NiHCF particles was studied using
scanning electron microscopy (SEM). An elemental analysis was per-
formed using energy-dispersive X-ray spectroscopy (EDS) to identify the
elements in the active particles. The crystallinity of the NiHCF particles
was assessed by powder X-ray diffraction (XRD) analysis, performed
using a copper source for diffraction angles in the range of
10o < 2θ < 70o.

2.2. Electrode fabrication

The dried NiHCF powder was milled together with conductive
carbon black (Cabot) and mixed with poly-tetrafluoroethylene (PTFE)
(Sigma Aldrich) in ethanol as a solvent, in a weight ratio of 8:1:1 and
subsequently cold-rolled into highly conductive, free-standing elec-
trodes. The thickness of these electrodes was kept at 200 μm with an
area of 20 cm2. The electrodes were dried in an oven at 55 °C to eva-
porate any residual solvent left from the cold-rolling procedure. The
weight of each electrode was between 0.42 and 0.45 g.

2.3. Electrochemical characterization and desalination

The galvanostatic intermittent titration was performed in a three-
electrode cell configuration with NiHCF as the working electrode (WE),
a platinum-coated titanium mesh as a counter electrode (CE) and a Ag/
AgCl electrode as the reference electrode (RE) mounted close to the WE.
The pH of the electrolyte solution (1 M solution of NaCl, MgCl2, and
CaCl2) was kept at pH ≈ 3 by adding HCl. The equilibrium voltage was
measured by interrupting the charging and discharging steps with an
open circuit and measuring the cell voltage. In addition to assessing the
capability of electrodes towards intercalation of cations, the three-
electrode cell configuration was also utilized to control the charging
degree, ϑ, of the electrodes. The assembly was used to set the ϑ values
to either approximately 0 or 1 (by setting the WE potential to 1 or 0 V
vs. Ag/AgCl, respectively).

The dependence of ionic selectivity of the electrodes on the relative
concentration of mono- and divalent ions in the feed solution was ex-
plored by varying their concentration from equimolar mono- and di-
valent ions (optimum CDI concentration [42] of 20 mM) to an excess of
divalent over monovalent ions (concentration ratio monovalent ions:
divalent ions = 1: 3). These concentrations are given in Table 1. The
desalination tests were run for solutions F1 – F6 with a symmetric CDI
cell [17,40]. The solutions were fed to the two compartments from two
separate 70 mL reservoirs. Before starting the tests, the CDI cell was
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Fig. 1. Schematic overview of capacitive deioniza-
tion with NiHCF electrodes in monovalent/divalent
ion mixtures with two different operational modes.
(a) Intercalation compartment from the two-com-
partment CDI cell [40] assembled with identical,
free-standing NiHCF electrodes fed with feed water
containing a mixture of Na+, Ca2+, Mg2+. The
redox-active NiHCF particles are present as grey ag-
glomerates and the black lines running around them
indicates the carbon black in the electrode. The
schematic depicts the selective intercalation of
monovalent cations in the cathode. The Cl− electro-
migrates to the deintercalating compartment of the
cell. (b) Schematic of the change in concentration of
one feed reservoir paired with an electrode during
the cyclic mode of desalination. The ion concentra-
tion decreases during the intercalation half-cycle and
is restored during the deintercalation half-cycle.
Therefore, the concentration remains unchanged

after one full cycle. (c) Schematic presenting the change in concentration of the feed reservoir during the continuous mode of desalination. The ion concentration
decreases with every half-cycle due to switching of the reservoir along with the electrode polarity. This leads to a permanent pairing of a reservoir with a cathode
resulting in a continuous decrease in the concentration of ions.
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short-circuited for 1 h to equilibrate the charge concentration in the
electrodes with ϑ ≈ 0 and 1. As a result, ϑ in both the electrodes be-
comes ≈ 0.5. This step is necessary to ensure that the electrodes start
operation from an identical state of charge, resulting in a symmetric
deionization from both electrode compartments.

The (de)intercalation steps were performed under constant current,
followed by a constant cell voltage applied via a potentiostat (n-stat,
IVIUM technologies).

The desalination experiments were performed in two operational
modes: cyclic and continuous. In cyclic desalination, the symmetrical cell
was fed by two reservoirs containing identical solutions. A constant
current of 10 A/m2 (30 mA/g-NiHCF in both electrodes) was applied
until the cell voltage reached a cut-off of 1.0 V. This was followed by
applying a constant voltage of 1.0 V over the cell for 1 h. This con-
cluded the first step. Once the electrodes were saturated, a current of
−10 A/m2 was applied in the opposite direction until the voltage
reached a cut-off of −1 V. Following this, a voltage of −1 V was ap-
plied over the cell for 1 h to saturate the electrode. This second step
completed one full cycle. One such cycle is given in Fig. S3 Supporting
Information as a sample data set. The main characteristic of cyclic mode
of operation is the periodic switching of electrode polarities only while
keeping the feed reservoirs the same. In contrast, the continuous mode
of operation allows for the switching of electrode polarities as well as
the feed reservoirs. Therefore, after the first step of current and voltage
application, the feed reservoirs are manually exchanged between the
electrodes by simply changing the pipes connecting the cell compart-
ments to the reservoirs. This manual swapping of reservoirs between
the desalination steps is the defining feature of the continuous desali-
nation. Once the electrodes reached equilibrium, samples were taken
from both the reservoirs for ICP analysis. These equilibrium con-
centrations were used for selectivity calculations.

3. Results and discussion

The surface morphology of the NiHCF particles, observed under
SEM (Fig. S1 Supporting Information), shows inter-particle agglom-
eration, and BET analysis shows a small surface area (≈13 m2/g).
While such a small area would be highly detrimental for carbon-based
electrodes in CDI, it does not hamper the performance of intercalation-
based materials, in view of the different mode of ion storage, i.e. inside
the lattice of the intercalation material rather than only near its surface.
An elemental analysis of the NiHCF particles with ICP revealed the
presence of Ni, Fe and Na in the ratio of 1.9:1.2:1. A deficiency in the
amount of Na per formula unit, in comparison to the theoretical value
(1:1:2) can be attributed to the fast precipitation of NiHCF during
synthesis [16].

EDS mapping of powdered PBA revealed the presence of Ni, Fe and
Na (in decreasing order) present in the crystal lattice which qualita-
tively supports the results obtained from the elemental analysis. The
crystalline nature of the particles and the presence of cubic lattices were
confirmed by the X-ray diffraction spectra, which display sharp peaks at
positions consistent with those of materials in the Fm3m space groups
(Fig. S1 Supporting Information), and consistent with literature [43].

To demonstrate the capability of the electrodes in intercalating
mono- and divalent ions, a galvanostatic intermittent titration (GIT)
[17,41,44,45] was performed with 1 M solutions of NaCl, MgCl2 and
CaCl2 in a three-electrode cell configuration. The equilibrium voltages
measured during the open-circuit regime of the titration is plotted
against the charge input of the electrode in Fig. 2. The results indicate a
single-phase (de)intercalation for both monovalent (Na+) and divalent
ion (Mg2+) (data for Ca2+ in Fig. S2 Supporting Information) into the
NiHCF particles of the electrodes, in line with literature [46,47]. A si-
milar charge storage capacity of ≈55 mAh/g was measured for NiHCF
electrodes in sodium electrolytes as in magnesium electrolytes, which is
close to the reported maximum capacity of ≈60 mAh/g [17,47]. This
result demonstrates the ability of the NiHCF electrodes to successfully
(de)intercalate both mono- as well as divalent ions with similar, re-
versible capacities. The hysteresis observed in the voltage profiles for
the larger Mg2+ is attributed to the rate-limiting dehydration step ne-
cessary for the intercalation of cations into the NiHCF lattice [48]. It
has been reported that a dehydration step is necessary for the insertion
of cations into the PB lattice [49–51]. Therefore, the larger Mg2+ re-
quires more energy for dehydration to intercalate. This barrier to cation
insertion into the NiHCF lattice results in the shifting of the intercala-
tion curve to lower values of voltage, as measured in Mg electrolyte.

The electrode potentials measured during the GIT experiments in
NaCl were correlated with the charge content of the electrode ϑ, a di-
mensionless number which ranges from 0 to 1 with 0 referring to the

Table 1
Composition of the feed F1 – F6 in the two-compartment deionization cell to
investigate the dependence of electrode selectivity on the relative concentration
of mono- and divalent ions in the electrolyte.

Feed number Na+ (mM) Mg2+ (mM) Ca2+ (mM)

F1 20 20 –
F2 20 – 20
F3 10 30 –
F4 10 – 30
F5 20 20 20
F6 40 40 40

0 10 20 30 40 50 60
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Fig. 2. Equilibrium voltage vs. electrode charge
measured by GIT, for (a) 1 M NaCl, (b) MgCl2 solu-
tion in a three-electrode cell with platinum coated
titanium electrode as counter and a Ag/AgCl elec-
trode as reference. Solid line in (a) represents the
Frumkin adsorption isotherm fitted to the GIT data
for monovalent Na+ cation. Dashed line in (b) serves
as a guide to the eye.
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minimum cation content in the electrode (charged) and 1 referring to
the maximum cation content in the electrode (discharged). The corre-
lation follows from the Frumkin isotherm for monovalent cations [40],

= − ⎡
⎣⎢ −

− ⎤
⎦⎥

− −+E E RT
F

c
c

gln ϑ
1 ϑ

ln (ϑ 1/2),ref
ref (1)

where Eref (reference potential dependent upon the intercalating ion
and its interaction with the lattice of intercalation material), cref, and g
(which is positive here and accounts for the inter-ionic repulsion in the
intercalation particle) were 425 mV, 1 M, and 90 mV respectively, to
get the best fit for both (de)intercalation voltage curves for NaCl, in line
with previous reports [17]. The Frumkin adsorption isotherm however
does not provide a similar insight into the (de)intercalation of divalent
ions in the NiHCF lattice as in its current form, it does not account for
the hysteresis associated with divalent ion insertion. Therefore, the
isotherm can provide a qualitative insight into the (de)intercalation
process of only the monovalent ions into the NiHCF electrodes.

The desalination tests with the symmetric CDI cell were performed
in two operational modes referred to as cyclic and continuous desali-
nation. The difference between these modes is reflected in the outlet
concentration profiles obtained during these operations, presented in
Fig. 1b & c. In the cyclic desalination mode, after the completion of the
intercalation half-cycle, the electrodes were regenerated (deinterca-
lated) in the same reservoir by reversing their polarities. Therefore, the
concentration of ions in the reservoirs changed in a cyclic manner, as
presented in Fig. 1b, because the reservoirs were permanently paired to
one electrode regardless of its polarity. Therefore, after one full cycle,
which comprised of an intercalation and a deintercalation step, the
reservoir concentration was restored back to its original value.

The results of cyclic desalination on the feed solutions F1 – F5 in
cyclic desalination are presented in Fig. 3. Feeds F1 – F4 contained a
mixture of Na+ and one of the divalent ions. Feed F5 contained all the
three ions. The operation with a symmetric CDI cell resulted in a change
in the concentration of Na+, Ca2+, and Mg2+ in the feed reservoirs.
The closed circles, open triangles and squares represent the average
change in concentration (< Δc>) of Na+, Ca2+, and Mg2+, respec-
tively, after every (de)intercalation half-cycle (See for the concentration
profiles obtained in cyclic mode Figs. S4 & S5 in the Supporting In-
formation). An average Δ[Na+] of ≈ 7 mM was obtained after every
half-cycle for every tested feed sample, regardless of its initial relative
concentration with the divalent ions (Na+/D2+ ratio, with D = Ca,
Mg). This corresponds to 0.5 mmol-Na+/(g-both electrodes) being re-
moved in every half-cycle. In comparison, during the same desalination

tests, the uptake of the divalent ions by the electrodes remained con-
sistently low at ≈0.1 mmol/(g-both electrodes) i.e. Δ[Ca2+] and
Δ[Mg2+] were in the 0.5–1 mM range. The data presented in Fig. 3
demonstrate the high affinity of the NiHCF particles towards mono-
valent ions, which is quantified with a separation factor [25,28,34], β,
calculated as

⎜ ⎟⎜ ⎟= ⎛
⎝

−
−

⎞
⎠

⎛
⎝

⎞
⎠

β
c c
c c

c
c

,M D
M M

D D

D

M
/

,initial ,final

,initial ,final

,initial

,initial (2)

where M and D represent the monovalent (Na+) and divalent (Mg2+ or
Ca2+) ions, cM, initial, cM, final, cD, initial, and cD, final are the concentrations
of the mono- and divalent ions in the beginning and at the end of the
intercalation half-cycle, respectively. A high average β ≈ 15 was
measured for feeds with equimolar ion concentration (F1, F3) and feeds
with the concentration of divalent ions three times as much as that of
the monovalent ions (F2, F4). Such a β value clearly indicates a strong
preference of NiHCF electrodes towards monovalent Na+. This trend is
in contrast to values reported for carbon electrodes which are more
selective towards divalent ions: β values of ≈7 and 24 were reported
towards Ca2+ over Na+ from a 1:5 Ca2+:Na+ solution for different
adsorption times [52]; a β value of ≈1.5 was reported towards Ca2+

over Na+ from a 1:1 Ca2+:Na+ solution [53]. Furthermore, the ob-
tained selectivity here for Na+ over Mg2+ and Ca2+, 13 < β < 17, is
twice as high in comparison to a CDI cell, 6 < β < 8, constructed with
Na0.44-xMnO2, another widely used intercalation material [26]. This
selectivity is also comparable to other systems such as electrodialysis in
which ion-selective membranes are used to achieve preferential ion
adsorption [54,55].

In addition to the selective removal of Na+ from a binary mixture
with Mg2+ and Ca2+, the ability of the NiHCF electrodes to selectively
remove Na+ from an equimolar mixture of all three ions was also in-
vestigated. The feed F5 was desalinated to test the influence of the
presence of multiple ions on the selectivity of the NiHCF electrodes. In
this case, an average β value ≈ 20 and 25 was obtained for Na+ over
Ca2+ and Mg2+ respectively. Similar results in CDI have been reported
for preferential removal of Cs+ over Mg2+ with titanium disulfide as
intercalation materials [56]. However, it must be pointed out that the
monovalent ion removed in this study is Na+, the second largest hy-
drated alkali metal ion and considerably larger than Cs+. In addition,
these β values also indicate that the presence of more than one divalent
ion in the feed has no adverse influence on the Na-removal performance
of the electrodes. To the contrary, the selective ion separation becomes
more pronounced with all three ions present in the solution. An in-
crease in the number and type of divalent ions that are difficult to in-
tercalate may work in the favor of Na+ resulting in its preferential
removal from a ternary mixture. A similar phenomenon of competition
between intercalating and non-intercalating ions has been reported
before [57]. However, we do not have experimental evidence to sup-
port this claim and therefore, this only remains a hypothesis.

It can be concluded that within the bounds of the tested con-
centrations of the three ions in the feed solution, the NiHCF active
particles remain highly selective towards Na+ ions. Tables S1–S6 in the
Supporting Information provide all the information of the achieved
concentration reduction,< Δc> , calculated for each ion for every
intercalation half-cycle performed with the feeds F1 – F5 for the left and
the right compartments of the symmetric CDI cell. Charge efficiency
during intercalation Λ, calculated as the ratio of ion uptake and charge
input, was found to be between 85 and 95%. These values have been
tabulated and provided in Table S7 of the Supporting Information.

The second mode of operation, namely continuous desalination, is
of more practical relevance because it results in uninterrupted desali-
nation of the feed reservoirs. This mode requires a manual switching of
the reservoirs between the cell compartments, simultaneously with the
switch in the electrode polarities. As a result, reservoirs are perma-
nently paired with either a positive or a negative electrode, resulting in
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a continuous deionization or enrichment of the reservoir. The sym-
metric nature of the CDI cell becomes highly desirable because desali-
nation can continue without being interrupted for electrode regenera-
tion. A schematic of the expected concentration profile in the depleted
reservoir (diluate) is shown in Fig. 1c. In contrast to cyclic desalination,
this mode of operation permanently removes ions from one reservoir
and concentrates them in the other reservoir (Fig. S6 Supporting In-
formation).

Average concentrations (from two separate runs) of Na+, Ca2+, and
Mg2+ in the diluate and the concentrate output streams from the cell,
during the desalination experiments performed in continuous mode, are
reported in Fig. 4. The decrease and increase in the concentration of the
ions obtained in either of the reservoirs supports the claim of symmetric
operation of the presented CDI cell configuration. It can be seen from
Fig. 4a that> 85% of Na+ (a reduction in concentration from 40 mM to
5 mM) was removed from the solution within the first 7 half-cycles.
During these 7 half-cycles, < 10% of Ca2+ and Mg2+ was removed. On
an average, a separation factor of 20 ± 5 was obtained for Na+ over
Ca2+ and Mg2+. Remarkably, there was no drastic reduction in the
preference towards Na+ even after its concentration in the mixture was
reduced by>90%, as evident from Fig. 4a. Therefore, it can be inferred
that the selectivity of NiHCF electrodes towards Na+ does not strongly
depend on the concentration of Na+ in the ionic mixture.

Fig. 4b presents the concentration of all the ions in the concentrate
reservoir. The decrease in the diluate concentration is associated with
an equivalent increase in the number of ions in the concentrate. This
clearly support the claim of symmetric CDI operation with identical
NiHCF electrodes. As a finer point it may, additionally, be noted that a
slight difference in the performance of the two electrodes may arise
from an unequal distribution of the cell voltage between them, or an
asymmetric charging degree, ϑ, in the electrodes, leading to an in-
complete use of one half of the desalination cell.

Another consequence of the (de)intercalation of cations is dissolu-
tion of the metallic components of the lattice in the treated water. This
results in the loss of capacity of the electrodes over time. Such losses
have previously been reported in literature as well [42,53]. It has been
recently reported that Mg2+ can replace Ni2+ in the lattice resulting in
dissolution of the iron centres of the lattice as well [51]. This can en-
hance the fade in capacity of the electrodes. Fig. S7 gives the con-
centration profile of nickel and iron in the treated water for both cyclic
as well as continuous desalination modes. While the continuous mode
results in the accumulation of nickel and iron in the concentrate and the
diluate chamber, respectively. In contrast, the build-up of nickel during
the cyclic desalination mode is slowed down by its partial adsorption by
the electrode. This further shows the ability of the NiHCF electrodes to
intercalate ions of multiple valences.

The preference of NiHCF electrodes towards monovalent ions was
also tested after the electrodes were run for 200 cycles. The

concentration profile obtained from this experiment is given in the Fig.
S8 of the Supplementary Information. The preference towards mono-
valent Na+ ions was clearly preserved. However, after 200 cycles, the
divalent ions were removed in larger amounts (≈20%) in comparison
to the time when fresh electrodes were used (≈10%). In the same in-
terval, Na+ concentration dropped by ≈90%. This resulted in a small
reduction in the separation factor β for monovalent Na+ over divalent
Ca2+ and Mg2+ to ≈11 ± 4 in comparison to the value of 20 ± 5
obtained using fresh electrodes, as mentioned in Fig. 4. Therefore, it can
be concluded that as far as long-term selectivity is considered, the
preference of NiHCF electrodes towards monovalent ions over divalent
ions was preserved.

The selectivity of NiHCF electrodes towards Na+ from a mixture
containing Ca2+ and Mg2+ ions can be primarily attributed to their
different dehydration energies with divalent ions having higher en-
ergies than monovalent ions [58] which follows from their hydrated
ionic radii: Na+=3.58 Å; Ca2+=4.12 Å; Mg2+=4.28 Å [59]. The in-
tercalation of these ions in the NiHCF lattice requires partial dehydra-
tion of the inserting ion [49]. Thus, a larger dehydration energy would
make the intercalation of a divalent ion thermodynamically unfavor-
able in comparison to the monovalent ion, present in the ionic mixture.
Another, entropic, barrier to the intercalation of divalent ions in the
NiHCF lattice is their requirement for the simultaneous reduction of
two Fe3+ atoms in the lattice. In contrast, Na+ intercalation only re-
quires one Fe3+ center to be reduced. These combined effects yield the
high selectivity of the NiHCF electrodes observed here for monovalent
Na+ ion.

4. Conclusion

A symmetrical CDI cell was assembled with identical electrodes
fabricated with NiHCF as active particles. Six different concentrations
of Na+, Ca2+, and Mg2+ were desalinated in cyclic and continuous
mode. In the cyclic mode, high values of the selectivity factor (calcu-
lated as the ratio of the amount of monovalent and divalent ions re-
moved relative to their initial concentration) βNa/Ca and βNa/Mg, be-
tween 13 and 17 were obtained for the feed solution containing a
mixture of Na+ with Ca2+ and Mg2+, respectively in the ratio of 1:1
(equimolar) and 1:3 (divalent ions three times as much as the mono-
valent ions). The selective removal of Na+ remained unaffected by the
increase in the concentration of divalent ions in the solution. An
equimolar mixture of all three ions, when desalinated in cyclic mode,
resulted in a high average β≈ 20 and 25 towards Na+ over the divalent
Ca2+ and Mg2+ ions, respectively. During the continuous desalination
of the equimolar solution containing all three ions, a symmetrical in-
crease and decrease in ion concentration was obtained in the reservoirs
feeding the two compartment CDI cell. In addition,> 95% of all
Na+ions was removed from the solution while only 10% of Mg2+ions
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during continuous desalination of F6. The dashed
lines serve as a guide to the eye.

K. Singh, et al. Desalination 481 (2020) 114346

5



and Ca2+ions was removed. The average β varied between 15 and 25
for Na+ over Ca2+ and Mg2+. Furthermore, the preference towards
Na+ did not decrease with its decreasing concentration in the diluate
stream out of the continuous desalination cell. Therefore, the developed
electrochemical system serves as an elegant solution for continuous,
highly selective removal of monovalent ions from a mixture of mono-
valent and divalent ions via capacitive deionization.
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