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Abstract: Severe freshwater shortages and global pollution make selective removal of target ions from
solutions of great significance for water purification and resource recovery. Capacitive deionization
(CDI) removes charged ions and molecules from water by applying a low applied electric field
across the electrodes and has received much attention due to its lower energy consumption and
sustainability. Its application field has been expanding in the past few years. In this paper, we
report an overview of the current status of selective ion removal in CDI. This paper also discusses
the prospects of selective CDI, including desalination, water softening, heavy metal removal and
recovery, nutrient removal, and other common ion removal techniques. The insights from this review
will inform the implementation of CDI technology.

Keywords: capacitive deionization; selective ion removal; electrode materials; desalination; water
softening; heavy metal; nutrients

1. Introduction

Capacitive deionization (CDI) is an electrochemical-based technology that has drawn
much attention recently due to its advantages of being energy-efficient and environmentally
friendly [1,2]. The early research of CDI dates to the late 1960s; Blair et al. [3] and Arnold
et al. [4] began to study brine desalination, which was then called electrochemical deminer-
alization of water. In 1966, Caudle et al. [5] made electrodes with activated carbon powder
for desalination in flow devices and introduced the concept of capacitive deionization
(CDI). Until the last two decades, the academic interest in CDI exhibited an exponential
increase, leading to tremendous advances [6].

As shown in Figure 1, CDI technology received more and more attention after 2000.
From 2000 to 2010, the number of papers published each year generally showed an upward
trend, although with fluctuations. After 2010, the high efficiency and energy-saving advan-
tages of CDI were recognized, thus attracting more and more academic and application
attention, with rapidly increasing publications.

The CDI process includes two stages of adsorption and desorption, achieving ion
removal. After a small electrical potential (normally <1.5 V to avoid water electrolysis)
is applied between two electrodes, the charged species in the water are adsorbed on the
porous electrode material, generating desalinated water. The desorption process is that
after the adsorption capacity of electrode materials is saturated, the two electrodes are
short-circuited or reversed, and the adsorbed ions are released, producing a brine stream.
The ion adsorption and desorption could be considered as charging and discharging of a
capacitor, and the mechanism of ion adsorption on electrode could be explained by the
electrical double layer (EDL) model [7]. In theory, CDI can remove any charged entity from
water [8]. To overcome the shortcoming of frequent charging and discharging during the
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CDI process, flow-electrode capacitive deionization (FCDI) was proposed, which makes use
of a fluent electrode to achieve continuous ion removal. As technical requirement increases
in ion removal in various regions, more CDI configuration is developed, including MCD],
FCDI, HCDI, and so on [9].
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Figure 1. Numbers of papers with the theme of “capacitive deionization” and the number of
publications per year on “capacitive deionization selective” from 1976 to 2021.

From the perspective of application, CDI technology was first used in the field of
desalination and now is regarded as one of the most promising approaches, because it can
overcome the shortcomings of traditional desalination technology, such as high energy
demand and/or membrane fouling [10,11]. Then, CDI application was extended to various
water treatment fields to remove ionized pollutants such as heavy metals and hardness
ions. Recent studies have reported a broad application of CDI, such as water softening,
heavy metal and nutrient removal, and other common anion removal techniques. For
example, CDI could treat wastewater from several industries, such as mining, metallurgy,
and printing circuits containing various heavy metal ions; CDI could remove Ca?* and
Mg?* in the water softening field; CDI could treat groundwater which contains excessive
concentrations of nitrate and fluoride.

Currently, the state-of-the-art CDI research is rapidly developing and evolving be-
yond conventional fields into new potential applications of recovering resources via CDI
technology. Considering the fact that the types of ions contained in different wastewaters
vary greatly, selective removal has become one of the most crucial functions of future CDI
applications. If CDI can achieve selective removal of ions, its application fields will be
further expanded, and better environmental benefits can be obtained.

For now, research on selective ion removal by capacitive deionization (CDI)-based
technologies has been performed with remarkable progress, with various selectivity mech-
anisms based on more and more new published literature, which suggests that an updated
review is useful for the academic community. A deep understanding of selective removal of
target ions by CDl is still under development. This paper provides a comprehensive review
of selective removal of target ions using CDI-based technologies. The selective mechanism
and the current status of selective various ion adsorption are discussed to provide possible
directions for the subsequent research on CDI technology.
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2. The Main Factors Affecting Ion Selectivity
2.1. Ionic Properties of Ions to Be Selectively Removed

The ion selectivity of CDI in multi-ionic solutions has not yet been clearly elucidated.
Ionic properties such as hydrated radius and ionic charge will affect the sequence of removal
of different ions by CDI [12].

It was generally reported that ions with smaller hydrated radii and higher valences
can be more effectively removed due to the EDL overlapping [13,14]. Table 1 [15] listed the
valence and hydrated radius of various ions. Gabelich et al. [16] studied the electrosorp-
tion behaviors of carbon aerogel electrodes in different solutions and reported that ion
selectivity was based on ionic hydrated radius and that monovalent ions with smaller
hydrated radii were preferentially removed compared to multivalent ions with larger
hydrated radii. However, studies on CDI research using multi-ion systems sometimes
presents contradictory results. Gao et al. [17] reported that multivalent ions were preferen-
tially adsorbed from the aqueous solution (the electrosorption capacities in the following
order: Fe’* > Cu?* > Zn?* > Na*), because cations with larger charge will be more easily
adsorbed onto the electrode surface under the effect of electric field. For cations with same
charge, the one with the smaller hydrated radius would be more effectively adsorbed (the
electrosorption capacities in the following order: Cu?* > Zn?*), because smaller cations can
pass through the pores more easily. Yanting Li et al. [18] observed that the electrosorptive
rates revealed an inversely proportional relationship with ionic hydrated radii. The order
of electrosorptive rates followed K* > Na* > Ca?* > Mg?*. Mohamed Mossad et al. [19]
came to the same conclusion as Gao, who found that the selectivity of cations followed the
order Fe** > Ca?* > Mg?* > Na*.

Table 1. Valence and hydrated radius of each ion.

Ions Valence Hydrated Radius (A)
Li* +1 3.82
Na* +1 3.58
K* +1 3.31
Mg?* +2 4.28
Ca?* +2 412
NH,* +1 3.31
FeZ* +2 428
Cu?t +2 419
Cd?+ +2 426
PbZ* +2 4.01
Cr3+ +3 4.61
Fe3* +3 4.57
F -1 352
Cl- -1 3.32
Br— -1 3.30
I -1 3.31
NO;~ -1 3.35
SO, -2 3.79

Xu et al. [20] examined the ion selectivity of the carbon aerogel and reported that the
amount of adsorbed ions by carbon aerogel (in mol/g aerogel) in treating produced water
increased in the order of C1 (7.7 x 107°) > Br (3.6 x 107°) > 1 (2.6 x 10~°) for anions. In
their study, feed concentration seemed to play a more important role in ion uptake than the
ionic hydrated radius. Ying et al. [21] reported that the sorption capacity of anions followed
the order of Br > Cl at similar initial solution concentrations.

This means that ions with greater charge were more easily adsorbed. For ions having
the same charge, the selectivity was completely dependent on hydrated radius.
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2.2. Operation Parameters
2.2.1. Applied Voltage

According to the principle of CDI, voltage is the driving force that drives ions in
solution to migrate from solution to the electrode surface, making them affect desalination
efficiency and adsorption capacity. Tang et al. [22] described a CDI system to remove
low concentrations of F~ in the presence of NaCl content and found that the higher the
applied voltage (1.2 V), the lower the fluoride ion concentration in the effluent. Shu-Yun
Huang et al. [23] found that the performance of the electric double-layer capacitor of carbon
electrodes could be improved at a higher voltage (1.2 V). The removal capacity of Cu®*
at 1.2 V was 2.50 mg/g, which was considerably higher than that at 0.0 V (1.50 mg/g).
Kim et al. [24] also demonstrated that the charge efficiency of a CDI can be improved by
increasing the discharge voltage.

Theoretically, the higher is the voltage, the stronger is the electrostatic force, but
the applied voltage of CDI is controlled below 1.5V, as faradaic side reactions such as
water electrolysis would occur when the voltage exceeds 1.23 V. In addition, the strong
electrostatic forces may drive the migration of ions with high mobility, thus decreasing
the selectivity to target ions. Li Wang et al. [25] reported that increasing the current
density could reduce the ion selectivity. It should be noted that there is a trade-off between
selectivity and removal rate, according to previous literature.

2.2.2. Solution Flow Rate

In general, a larger solution flow rate promoted more ions to reach the electrode surface,
and, accordingly, the adsorption capacity of the electrode would reach the saturation state
faster. If the flow rate is too large, the contact between the electrode surface and the solution
ions will be insufficient, resulting in a decrease in the adsorption capacity and desalination
efficiency. In addition, if the solution flow rate is low, it will lead to more time and energy
consumption. Olga Pastushok et al. [26] reported that the decline of the electrosorption
by the increase of the solution flow rate was attributed to the low contact time of the
solution with electrodes inside the CDI. Huyskens et al. [27] found a similar phenomenon,
which reported that a high flow rate increased the charge efficiency while at the same time
resulting in a lower overall ion removal.

Therefore, the trade-off between deionization efficiency and energy consumption
should be considered when using solution flow rate to achieve selective removal. Normally,
the negative effect of a high flow rate could be minimized by the increase of a CDI unit
size via a physical scaling-up. Generally, flow rate has a minor effect on selectivity of both
anions and cations [28].

2.23.pH

The balance of ionization is strongly influenced by solution pH. The molecular forms
of ions that belong to weak electrolytes depend on solution pH; for example, when the
pH of the solution is above the acid dissociation constant (pKa) of hydrofluoric acid (HF,
pKa =3.2), F~ is the dominant species [29].

Tianting Pang et al. [30] studied the effect of different DIC species (H,CO3, NaHCOs,
and NayCOs) on the removal of F~ in the MCDI system. DIC species in aqueous solution
have three forms (H,CO3, HCO3~, and CO327), which vary with the pH. The results
showed that different DIC forms have different effects on F~ removal. Enhao Zhu et al. [31]
reported that a high pH is not conducive to selective removal of phosphate, as the OH-
strongly competes with PO,3~ to be adsorbed when pH > 7. Choi et al. [28] found that
the removal selectivity of Na* and Ca?* is the highest at neutral pH. The pH affects the
electrical (zeta) potentials by adsorption of H* or OH™ ions on the surface of electrodes.
For example, in acidic conditions, the presence of more H* causes the zeta potential to be
shielded, thereby reducing the repulsive force between the cation exchange membrane and
the cations.
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The selective ion removal could be achieved by pH adjustment with various ion forms,
including neutral state and charged stage.

2.3. Construction of CDI Reactor
2.3.1. Electrode Materials

Generally, electrode materials can be divided into carbon electrodes and faradic elec-
trode materials. Conventionally, carbon electrodes are usually the material of choice, in
which ions are stored within the electric double layers (EDLs). Numerous carbon materials
have been studied as potential electrode materials for CDI, including activated carbon
(AC) [32], carbon aerogel [33,34], carbon nanotubes (CNTs) [35], and ordered mesoporous
carbon [36].

Activated carbon is one of the most widely used and cost-effective electrode mate-
rials. Its price is low, and its specific surface area can reach as high as 1000~3500 m?/g.
The conductivity of ordered mesoporous carbon is improved compared with activated
carbon, thereby improving the CDI desalination performance. Carbon aerogel is an-
other commonly used electrode material. It demonstrates a moderate specific surface
area (about 400~1100 m?/g) and excellent electrical conductivity (conductivity can reach
25~100 S/cm) [37]. Carbon nanotubes were discovered in 1991 [38]; in these, pores are
mainly located on the outer surface, and almost all of the specific surface area can be di-
rectly used, resulting in excellent CDI performance. Ordered mesoporous carbon possesses
tunable and large pore sizes, high surface areas, periodically arranged monodispersed
mesopore space, and alternative pore shapes [39].

As carbon materials store charge through the surface EDL, they are limited by the
amount of charge storage. In addition, they display an insufficient selectivity toward
various ions. Therefore, the new research interest on carbon electrodes is to use various
methods to modify traditional materials in order to improve their adsorption capacity.
Hawks et al. [40] reported carbon electrodes with subnanometer scale pores that could
be used as an electro-sorbent for selectively removing nitrate. Kaustub Singh et al. [41]
introduced an intercalation material called vanadium hexacyanoferrocyanate (VHCF) as
electrode material and observed a preference for VHCF toward divalent ions. Meanwhile,
the addition of selective ion exchange coatings on the surface of a carbon electrode was also
an applicable approach to achieve selective removal of target ions. Jun Kim [42] applied a
Ca?*-selective nanocomposite (CSN) coating on the activated carbon electrode to achieve
calcium-selective removal.

Although carbon-based materials have made great progress, unavoidable side re-
actions (such as oxidation of carbon anode [43] and co-ion expulsion effect [44]) hinder
carbon-based materials’ advancement and application in desalination of water with high
salt concentration [45].

To overcome the limitations of the CDI in carbon-based electrode materials, faradic elec-
trodes have been proposed. Recent studies have found that faradic electrode materials have
salt removal capacities (>40 mg/g) much higher than carbon materials (~15 mg/g) [46]
and indicate the advantages of low energy consumption and ion selectivity. Faradic elec-
trode materials capture ions by relying on faradic reactions. Ions are inserted or stored in
the lattice crystal structure sites of the intercalation host compounds because of redox reac-
tions [45]. Intercalation materials such as MXenes [47], Prussian blue [48], and manganese
oxides [49] have been studied as CDI electrode materials and showed good performance.

The current research on faradic materials mainly focuses on the removal of sodium
ions and chloride ions [50]. Limited studies reported that faradic electrode materials have
good selectivity for cations (such as Li*, Na*, K*) and have limited ability to remove
anions (such as C17) [45]. Thus, ion exchange membranes have been used to overcome this
limitation. Leandro L et al. [51] reported that Li* can be inserted in A-MnO2 cubic phase
and extracted from aqueous solutions by a topotactic Li* insertion reaction. Seonghwan
Kim et al. [52] studied the selectivity of sodium manganese oxide (Nag44MnO,) for Na*,
K*, Mg2+, and Ca2*. The results showed the high selectivity of Nag 44-xMnO, for Na* over
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other cations, having over 13 times higher selectivity for Na* than for K* and 6-8 times
higher selectivity for Na* than for Mg?* and Ca®*.

2.3.2. Cell Architectures

Under certain operating conditions and electrode materials, the selective removal
performance can be enhanced by optimizing the cell architectures.

As shown in Figure 2, a typical CDI cell is composed of two current collectors used for
electron transmission and a spacer channel for feed water transportation [6].

AEM: anion exchange membrane

CEM: cation exchange membrane

fresh fresh

(b) MCDI (c) FCDI (d)HCDI
Figure 2. Schematic of (a) typical CDI; (b) MCDI; (¢) FCDI; and (d) HCDI.

Typical CDI mostly uses carbon-based materials as electrodes, which realize selectivity
mainly by different physical properties of ions or modifying carbon materials. In the CDI
device, not all of the consumed electric charges are used to adsorb the counterions, and
part of the charges will be used to drive the same ions away from the electrode surface,
resulting in the current efficiency being much lower than the theoretical value. In order to
reduce the influence of the common ion effect and improve ion removal ability, researchers
have designed several CDI cell architectures to enhance the CDI performance.

Membrane capacitive deionization (MCDI) is a modification of CDI by placing ion
exchange membranes (IEMs) in front of each electrode. IEMs allow the transport of
counterions and repulse co-ions by fixed charge groups on the membrane skeleton. Recent
studies demonstrate that membranes can participate in selective ion removal in CDL

Dong et al. [53] studied the influence of IEMs on the selective removal of Pb%* by CDI.
The results showed that IEMs allow the selective removal of Pb** against Ca* and Mg?".
The mechanism of selective removal of Pb?* is believed to be a replacement process. The
relatively strong affinity between Pb?* and the functional groups allows Pb?* to replace
the Ca* and Mg?* arriving earlier on the electrode. Jongmoon Choi et al. [28] reported
that a monovalent cation permselective exchange membrane is more effective for selective
removal of monovalent cations and requires less energy. M. Bryjak et al. [54] reported that
MCDI with lithium-selective membranes can achieve lithium recovery effectively.

The major problem with CDI and MCDI is the requirement of an additional regen-
eration step to remove ions from saturated electrodes after the desalination step, which
leads to discontinuous running. To overcome this limitation, the flow-electrode capacitive
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deionization (FCDI) process has been proposed [55]. The FCDI systems are made up of two
flow electrodes and ion exchange membranes. Because the electrode of FCDI is flowable
during its operation, the electrode flowing out of the electrode chamber can be desorbed
by collision outside the electrode chamber without a separate desorption process, which
achieves continuous charge—discharge operations and greatly improves desalination effi-
ciency. However, there are few studies on selective ion removal in the FCDI field [56]. Most
research and applications are aimed at the removal of salt ions from influent water, and the
flow electrode materials used in FCDI usually lack ion selectivity in the adsorption process.
In order to remove and recover specific ions from wastewater, how to make flow electrodes
with high adsorption selectivity is critical and challenging in future research and might
become a new research hotspot.

Hybrid CDI (HCDI) [57,58] is a new CDI architecture that is composed of a faradaic
electrode, anion exchange membrane, and a carbon electrode. In HCD], cations are removed
from the solution by faradaic electrode, while anions are held in the EDL formed at the
surface of the carbon electrode as shown in Figure 2d.

3. Possible Application Areas of CDI

We systematically reviewed the possible application of CDI, as shown in Figure 3:
(I) desalination, (II) water softening (e.g., hardness ions), (III) heavy metal removal and
recovery, (IV) nutrients (NO3~, NO; ™, and PO437), and (V) other common anions (e.g.,
SO4%~,F~,Br—,and Cl7).

Electrode (+)

) Common Nutrients
Nutrients anions {
Heavy
metals
Hardness
ions — l | ’
= /[Desalination V. EE]
N g
Na softening metals

Electrode (—)

Figure 3. Possible application areas of CDI.

3.1. Desalination

Commonly utilized desalination techniques include reverse osmosis (RO) and thermal
separation methods. These techniques have downsides, including high energy consump-
tion and complex operation [59]. Capacitive deionization (CDI) is an emerging and attrac-
tive process for salt removal, which has the potential to become an alternative to existing
seawater and brackish water desalination technologies.

Recent studies have focused on electrode material development, because it is one
of the most fundamental methods to achieve higher desalination capacity and removal
efficiency in CDI [60]. The Na* removal electrode has evolved from a carbon-based elec-
trode to a faradaic electrode, and the desalination performance increased significantly. The
development of CI~ removal electrodes has been relatively slow; most research employed
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activated carbon, Ag/AgCl, Bi/BiOCl to remove Cl~ [61]. Xu et al. [62] reported that using
mesoporous carbon nano-polyhedra as electrode materials to treat brackish water could
achieve a high desalination capacity of 14.58 mg g~!. Xingtao Xu et al. [63] fabricated
a novel nitrogen-doped graphene sponge (NGS) as CDI electrodes. The results showed
that NGS exhibits an ultrahigh electrosorption capacity of 21.0 mg/g in ~500 mg/L NaCl
solution. Mauro Pasta et al. [64] reported that Ag//Nay;Mns0O;g used as the electrode
could achieve a better selective removal of NaCl. When the salt removal rate was 25%,
the Coulombic efficiencies of Na* and Cl~ removal were 47% and 87%, respectively, sig-
nificantly higher than the other coexisting ions. Chen et al. [65] were desalted using the
BiOCl/ /Nag 44MnO; electrode; Cl1™ is captured at the BiOCl electrode, and Na* is chem-
ically inserted into the Nag44MnO, electrode. Min et al. [66] reported that the Bi/rGO
electrode had a high selectivity for CI~ (CI~ > F~ >> S0O,27), and the adsorption capacity
for C1~ in the mixed solution could reach as high as 62.59 mg-g~!.

Researchers also showed interest in the selective adsorption of other common anions
(Table 2), such as S042~,F,Br ,and Cl.

Table 2. Summary of the selective adsorption of other common anions in the literature.

Target Ions Competing Ions E"ll"he Order ?f Methods/Electrode Material Ref.
ectrosorption
5042~ cl- S042~ > Cl™ Resin/QPVA Coated Electrode [67]
S042~ Cl—, HyPO,~ 5042~ > Cl~ > HyPO4~ Amino-modified activated carbon [68]
SO, Cl~ 5042~ >Cl™ Optimization of operating parameters [69]
F~ Cl~ - Optimization of operating parameters [22]
F- Cl- Cl- >F Optimization of operating parameters [70]
F~, Cro* - - Modeling and kinetic study [71]
F~ Cl—,NO3~ - Using rGO/HA electrode [72]
F~ HCO;~, CO3%~ CO32~ >HCO3~ >F~ Optimization of operation parameters [30]
Br— Cl- Br~ >Cl™ Activated carbon cloth electrode [73]
Cl~ - - Bi anode and Activated carbon cathode [74]
Cl- SO, Cl~ > S0,% Using Bi electrode [75]

3.2. Water Softening

The presence of minerals of hardness in water, such as Ca?* and Mg?*, causes scaling
problems in boilers and heat exchangers. Various methods have been applied to remove
hardness ions in water, including chemical precipitation, nanofiltration, electrodialysis, and
so on [76]. However, these processes suffer from high energy consumption and overuse of
chemicals. CDI has been considered as a new softening process. Table 3 summarized the
recent studies of CDI in water softening.

Jun Kim et al. [42] developed a calcium-selective nanocomposite (CSN) electrode and
showed that the Na* cations are preferentially adsorbed in the EDLs and that later they
are gradually replaced by the Ca?* cations. Similar displacement phenomena were also
observed in other studies [77], referred to as “time-dependent ion selectivity” [78].

It is well known that higher valence ions with smaller hydrated radii can be more
effectively removed because of stronger electrostatic force [79]. The magnesium ion is
reported to have a similar deionization trend to the calcium ion, because magnesium has
the same charge valence and similar hydrated radius as calcium ion [80]. Therefore, the
preferential ion electrosorption is estimated as follows: Ca?* > Mg?* > Na* [81].
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Table 3. Summary of the selective adsorption of hardness ions in the literature.
TargetIons  Competing Ions  The Order of Electrosorption Methods/Electrode Material Ref.
Ca2+ Na* Ca* > Na* Applying a calc'lum sel?ctlve [42]
nanocomposite coating
Ca2 Na* Ca2* > Na* Ca-alginate as .coatmg material on a [77]
negative electrode
Ca%*, Mg?* Na* Ca%* > Mg?* > Na* CNTs/Ca-Selective zeolite composite electrodes [81]
Ca?* Na* Ca?* > Na* Parameter control [78]
CaZ*, Mg?* Na* Ca* > Mg?* > Na* Activated carbon cloth and composites electrodes [80]

3.3. Heavy Metal Removal and Recovery

Heavy metals are increasing in the environment due to urbanization, industrialization,
and chemicalized agricultural activities [82]. Most metals are non-biodegradable and
mobile in aqueous systems and tend to accumulate in living tissues and cause diseases [83].
Arsenic, lead, and mercury occupy the topmost position in the list of hazardous substances
toxic to public health as per the US Environmental Protection Agency (EPA) and the Agency
for Toxic Substances and Disease Registry of the US Department of Health and Human
Services [84]. These heavy metals have cumulative effects in the human body, causing
varying degrees of damage to human organs, even after exposure to minor amounts [85,86].

Previous studies showed that the CDI process can effectively remove individual
metals (Cu®* [87], Cr3* [88,89], Ni2* [90], and Fe3* [13]) from aqueous solutions. Since it is
common for multiple metal ions to coexist in wastewater, it is significant to understand the
competitive removal behavior of these ions in CDI [91].

Zhe Huang et al. [83] investigated the viability and preference of CDI in removing
cadmium (Cd?*), lead (Pb?*), and chromium (Cr*) ions and reported that the removal of
Cd?* was largely inhibited in the presence of Pb?* and Cr>*, because Cr>* had a higher
charge and Pb?* had a smaller hydraulic radius. Minlin Mao et al. [92] found the MoO, /C
spheres as cathodes showed a high selective capacitive removal efficiency of Pb?* from the
multi-component system. Kim et al. [93] studied the recovery of palladium (Pd) from plat-
ing industry wastewater and achieved highly competitive Pd removal. Seoni Kim et al. [94]
found that using the A-MnO, electrode could effectively capture lithium ions. Fan et al. [95]
investigated the feasibility of removing arsenic from groundwater in the presence of multi-
ple ions. The results showed that the effluent arsenic concentration reduced to 0.03 mg/L.

3.4. Nutrient Removal and Recovery

The concentration of nutrients (such as NO3;~, NO,~, and PO4%") is gradually in-
creasing in municipal and agricultural wastewater due to contamination of soil and rivers
caused by the excessive use of fertilizers and various organic pollutants [96,97]. Nitrate
ions in drinking water are known to cause methemoglobinemia in infants. The EPA [98]
has established the maximum contaminant level (MCL) for NO3;~ of 10 mg/L in drinking
water with reference dose (RfD) 1.6 mg/kg/day. NO, ™ is abundant in the environment due
to the extensive utilization of highly nitrogen-rich compounds. The EPA [98] has regulated
the MCL for NO, ™ of 1 mg/L in drinking water with RfD 0.16 mg/kg/day.

Aquatic plants such as algae can absorb and utilize various forms of nitrogen and
obtain nitrogen from the atmosphere through biological nitrogen fixation to make up for the
lack of nitrogen in the growing environment. However, phosphorus can only be obtained
through the water environment, so the proliferation of algae in freshwater systems is
generally controlled by phosphorus. Meanwhile, phosphorus is a non-renewable resource
and its presence in nature is limited [99]. Removing and recovering nutrients in wastewater
can mitigate the challenges of both environmental systems and fertilizer demands while
improving water quality [100].

Today, several technologies have been already applied for nutrient removal, such as
RO, chemical, and biological processes. However, these technologies face the problems of
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high operational costs and secondary pollution. CDI is a promising alternative for nutrient
removal and recovery, because the concentrations of nutrient species (such as NO3 =, NO, ™,
and PO,437) after secondary treatment are not very high. These species can be separated
when exposed in a low electrical field (normally < 1.5 V).

Recent studies showed the feasibility of using CDI for nutrient removal and recovery.
Yu-Jin Kim et al. [101] fabricated a novel nitrate-selective composite carbon electrode
(NSCCE) that exhibited high selectivity for nitrate ions. The results showed that the
adsorption of nitrate ions was 19 mmol/m?, a 2.3-fold increase over the adsorption achieved
using the MCDI system. Olga Pastushok et al. [26] observed a slight decline in the removal
efficiency of nitrate ions from 48 to 37% in the multi-ions system in comparison to the single-
component nitrate system. Xu et al. [102] achieved the selective recovery of phosphorus
by adjusting the charging and discharging progress of the FCDI. Yanhong Bian et al. [103]
presented that FCDI could concurrently remove nitrogen and phosphate from wastewater
and recovered them as concentrate efficiently.

4. Conclusions and Future Perspectives

CDI is one of the novel ion removal technologies which has gradually attracted
people’s attention in recent years. The selective removal of ions will greatly expand the
application scenarios of CDI. Seawater desalination is the original application field of CDI,
and it is also the most researched and mature field. In addition, CDI also showed good ion
removal performance in the fields of water softening, heavy metal removal, and nutrient
element removal, but most of the research was still in the laboratory stage.

Promoting CDI from laboratory to practical application requires further exploration
from the following aspects:

(I)  For different target ions, the ionic properties need to be paid attention first, and the
hydration radius and valence of the ions often have an important impact on the
selective adsorption of CDL

(I) Choosing appropriate operating parameters will also effectively improve the ion
selectivity of CDL

(II) From the initial carbon-based materials to Faraday electrode materials, the develop-
ment of electrode materials is one of the key factors to achieve CDI ion selectivity. In
addition, under certain operating conditions and electrode materials, the selective
removal performance can be enhanced by optimizing the cell architectures.

Author Contributions: Conceptualization, L.C. and H.G.; writing—original draft preparation, S.C.;
writing—review and editing, W.H., ].S. and H.G.; formal analysis, J.X.; resources, L.C.; supervision,
H.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zhang, X.; Zuo, K.; Zhang, X.; Zhang, C.; Liang, P. Selective ion separation by capacitive deionization (CDI) based technologies: A
state-of-the-art review. Environ. Sci. Water Res. Technol. 2020, 6, 243-257. [CrossRef]

2. Pang, T; Shen, ]. Visualizing the landscape and evolution of capacitive deionization by scientometric analysis. Desalination 2022,
527,115562. [CrossRef]

3. Blair, J.; Murphy, G. Electrochemical Demineralization of Water with Porous Electrodes of Large Surface Area. Saline Watter
Convers. Am. Chem. Soc. 1960, 27, 206-223.

4. Arnold, B.B.; Murphy, G.W. Studies on electrochemistry of carbon and chemically modified carbon surfaces. J. Phys. Chem. 1961,
65, 135-138. [CrossRef]

5. Caudle, D.D. Electrochemical demineralization of water with carbon electrodes. Sci. Rep. 1966, 4, 7397.

6. Porada, S.; Zhao, R.; Wal, A.V.D,; Presser, V.; Biesheuvel, PM. Review on the science and technology of water desalination by
capacitive deionization. Prog. Mater. Sci. 2013, 58, 1388-1442. [CrossRef]

7. Shin, Y.-U,; Lim, J.; Boo, C.; Hong, S. Improving the feasibility and applicability of flow-electrode capacitive deionization (FCDI):

Review of process optimization and energy efficiency. Desalination 2021, 502, 114930. [CrossRef]


http://doi.org/10.1039/C9EW00835G
http://doi.org/10.1016/j.desal.2022.115562
http://doi.org/10.1021/j100819a038
http://doi.org/10.1016/j.pmatsci.2013.03.005
http://doi.org/10.1016/j.desal.2021.114930

Processes 2022, 10, 1075 11 of 14

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

Tang, W.; Kovalsky, P.; He, D.; Waite, T.D. Fluoride and nitrate removal from brackish groundwaters by batch-mode capacitive
deionization. Water Res. 2015, 84, 342-349. [CrossRef]

Elimelech, M.; Phillip, W.A. The Future of Seawater Desalination: Energy, Technology, and the Environment. Science 2011, 333,
712-717. [CrossRef]

Jamaly, S.; Darwish, N.N.; Ahmed, I.; Hasan, S.W. A short review on reverse osmosis pretreatment technologies. Desalination
2014, 354, 30-38. [CrossRef]

Sadrzadeh, M.; Mohammadi, T. Sea water desalination using electrodialysis. Desalination 2008, 221, 440-447. [CrossRef]

Hou, C.-H.; Huang, C.-Y. A comparative study of electrosorption selectivity of ions by activated carbon electrodes in capacitive
deionization. Desalination 2013, 314, 124-129. [CrossRef]

Li, H,; Zou, L,; Pan, L.; Sun, Z. Using graphene nano-flakes as electrodes to remove ferric ions by capacitive deionization. Sep.
Purif. Technol. 2010, 75, 8-14. [CrossRef]

Chen, Z.; Zhang, H.; Wu, C.; Wang, Y.; Li, W. A study of electrosorption selectivity of anions by activated carbon electrodes in
capacitive deionization. Desalination 2015, 369, 46-50. [CrossRef]

Nightingale, E.R. Phenomenological theory of ion solvation effective radii of hydrated ions. Phys. Chem. 1959, 63, 1381-1387.
[CrossRef]

Gabelich, C.J.; Tran, T.D.; Suffet, .H. Electrosorption of inorganic salts from aqueous solution using carbon aerogels. Environ. Sci.
Technol. 2002, 36, 3010-3019. [CrossRef]

Gao, Y,; Pan, LK,; Li, H.B.; Zhang, Y.P; Zhang, Z.].; Chen, YYW.,; Sun, Z. Electrosorption behavior of cations with carbon nanotubes
and carbon nanofibres composite film electrodes. Thin Solid Film. 2009, 517, 1616-1619. [CrossRef]

Li, Y,; Stewart, T.C.; Tang, H.L. A comparative study on electrosorptive rates of metal ions in capacitive deionization. J. Water
Process Eng. 2018, 26, 257-263. [CrossRef]

Mossad, M.; Zou, L. A study of the capacitive deionisation performance under various operational conditions. J. Hazard. Mater.
2012, 213, 491-497. [CrossRef]

Xu, P; Drewes, ].E.; Heil, D.; Wang, G. Treatment of brackish produced water using carbon aerogel-based capacitive deionization
technology. Water Res. 2008, 42, 2605-2617. [CrossRef]

Ying, T.Y.; Yang, K.L.; Yiacoumi, S.; Tsouris, C. Electrosorption of ions from aqueous solutions by nanostructured carbon aerogel.
J. Colloid Interface Sci. 2002, 250, 18-27. [CrossRef] [PubMed]

Tang, W.; Kovalsky, P.; Cao, B.; Waite, T.D. Investigation of fluoride removal from low-salinity groundwater by single-pass
constant-voltage capacitive deionization. Water Res. 2016, 99, 112-121. [CrossRef] [PubMed]

Huang, S.-Y.; Fan, C.-S.; Hou, C.-H. Electro-Enhanced removal of copper ions from aqueous solutions by capacitive deionization.
J. Hazard. Mater. 2014, 278, 8-15. [CrossRef] [PubMed]

Kim, T.; Dykstra, ].E.; Porada, S.; Van Der Wal, A.; Yoon, J.; Biesheuvel, PM. Enhanced charge efficiency and reduced energy use
in capacitive deionization by increasing the discharge voltage. J. Colloid Interface Sci. 2015, 446, 317-326. [CrossRef]

Wang, L.; Lin, S.H. Mechanism of Selective Ion Removal in Membrane Capacitive Deionization for Water Softening. Environ. Sci.
Technol. 2019, 53, 5797-5804. [CrossRef]

Pastushok, O.; Zhao, F; Ramasamy, D.L.; Sillanpaa, M. Nitrate removal and recovery by capacitive deionization (CDI). Chem. Eng.
J. 2019, 375, 121943. [CrossRef]

Huyskens, C.; Helsen, J.; De Haan, A.B. Capacitive deionization for water treatment: Screening of key performance parameters
and comparison of performance for different ions. Desalination 2013, 328, 8-16. [CrossRef]

Choi, J.; Lee, H.; Hong, S. Capacitive deionization (CDI) integrated with monovalentcation selective membrane for producing
divalent cation-rich solution. Desalination 2016, 400, 38—46. [CrossRef]

Hefter, G.T. Acidity constant of hydrofluoric acid. J. Solut. Chem. 1984, 13, 457—470. [CrossRef]

Pang, T.; Marken, F.; Zhang, D.; Shen, J. Investigating the role of dissolved inorganic and organic carbon in fluoride removal by
membrane capacitive deionization. Desalination 2022, 528, 115618. [CrossRef]

Zhu, E.; Hong, X.; Ye, Z.; Hui, K.S.; Hui, K.N. Influence of various experimental parameters on the capacitive removal of
phosphate from aqueous solutions using LDHs/AC composite electrodes. Sep. Purif. Technol. 2019, 215, 454-462. [CrossRef]
Zou, L.; Morris, G.; Qi, D. Using activated carbon electrode in electrosorptive deionisation of brackish water. Desalination 2008,
225, 329-340. [CrossRef]

Jung, H.-H.; Hwang, S.-W.; Hyun, S.-H.; Lee, K.-H.; Kim, G.-T. Capacitive deionization characteristics of nanostructured carbon
aerogel electrodes synthesized via ambient drying. Desalination 2007, 216, 377-385. [CrossRef]

Liu, Y,; Nie, C.; Pan, L.; Xu, X,; Sun, Z.; Chua, D.H.C. Carbon aerogels electrode with reduced graphene oxide additive for
capacitive deionization with enhanced performance. Inorg. Chem. Front. 2014, 1, 249-255. [CrossRef]

Wang, L.; Wang, M.; Huang, Z.-H.; Cui, T.; Gui, X.; Kang, F.; Wang, K.; Wu, D. Capacitive deionization of NaCl solutions using
carbon nanotube sponge electrodes. J. Mater. Chem. 2011, 21, 18295-18299. [CrossRef]

Tsai, Y.-C.; Doong, R.-A. Activation of hierarchically ordered mesoporous carbons for enhanced capacitive deionization application.
Synth. Met. 2015, 205, 48-57. [CrossRef]

Oren, Y. Capacitive delonization (CDI) for desalination and water treatment—Past, present and future (a review). Desalination
2008, 228, 10-29. [CrossRef]

Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56-58. [CrossRef]


http://doi.org/10.1016/j.watres.2015.08.012
http://doi.org/10.1126/science.1200488
http://doi.org/10.1016/j.desal.2014.09.017
http://doi.org/10.1016/j.desal.2007.01.103
http://doi.org/10.1016/j.desal.2012.12.029
http://doi.org/10.1016/j.seppur.2010.07.003
http://doi.org/10.1016/j.desal.2015.04.022
http://doi.org/10.1021/j150579a011
http://doi.org/10.1021/es0112745
http://doi.org/10.1016/j.tsf.2008.09.065
http://doi.org/10.1016/j.jwpe.2018.10.021
http://doi.org/10.1016/j.jhazmat.2012.02.036
http://doi.org/10.1016/j.watres.2008.01.011
http://doi.org/10.1006/jcis.2002.8314
http://www.ncbi.nlm.nih.gov/pubmed/16290630
http://doi.org/10.1016/j.watres.2016.04.047
http://www.ncbi.nlm.nih.gov/pubmed/27151285
http://doi.org/10.1016/j.jhazmat.2014.05.074
http://www.ncbi.nlm.nih.gov/pubmed/24937658
http://doi.org/10.1016/j.jcis.2014.08.041
http://doi.org/10.1021/acs.est.9b00655
http://doi.org/10.1016/j.cej.2019.121943
http://doi.org/10.1016/j.desal.2013.07.002
http://doi.org/10.1016/j.desal.2016.09.016
http://doi.org/10.1007/BF00647171
http://doi.org/10.1016/j.desal.2022.115618
http://doi.org/10.1016/j.seppur.2019.01.004
http://doi.org/10.1016/j.desal.2007.07.014
http://doi.org/10.1016/j.desal.2006.11.023
http://doi.org/10.1039/c3qi00102d
http://doi.org/10.1039/c1jm13105b
http://doi.org/10.1016/j.synthmet.2015.03.026
http://doi.org/10.1016/j.desal.2007.08.005
http://doi.org/10.1038/354056a0

Processes 2022, 10, 1075 12 of 14

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

Wei, W.; Yu, C.; Zhao, Q.; Qian, X,; Li, G.; Wan, Y. Synergy effect in photodegradation of contaminants from water using ordered
mesoporous carbon-based titania catalyst. Appl. Catal. B Environ. 2014, 146, 151-161. [CrossRef]

Hawks, S.A.; Ceron, M.R; Oyarzun, D.I; Tuan Anh, P.; Zhan, C.; Loeb, C.K.; Mew, D.; Deinhart, A.; Wood, B.C.; Santiago, ].G.; et al.
Using Ultramicroporous Carbon for the Selective Removal of Nitrate with Capacitive Deionization. Environ. Sci. Technol. 2019, 53,
10863-10870. [CrossRef]

Singh, K.; Li, G.; Lee, J.; Zuilhof, H.; Mehdi, B.L.; Zornitta, R.L.; De Smet, C.P.M.L. Divalent Ion Selectivity in Capacitive
Deionization with Vanadium Hexacyanoferrate: Experiments and Quantum-Chemical Computations. Adv. Funct. Mater. 2021, 31,
2105203. [CrossRef]

Kim, J.; Jain, A.; Zuo, K.; Verduzco, R.; Walker, S.; Elimelech, M.; Zhang, Z.; Zhang, X.; Li, Q. Removal of calcium ions from
water by selective electrosorption using target-ion specific nanocomposite electrode. Water Res. 2019, 160, 445-453. [CrossRef]
[PubMed]

Zhang, C.; He, D.; Ma, J.; Tang, W.; Waite, T.D. Faradaic reactions in capacitive deionization (CDI)—Problems and possibilities: A
review. Water Res. 2018, 128, 314-330. [CrossRef] [PubMed]

Wu, T.; Wang, G.; Zhan, F; Dong, Q.; Ren, Q.; Wang, J.; Qiu, J. Surface-Treated carbon electrodes with modified potential of zero
charge for capacitive deionization. Water Res. 2016, 93, 30-37. [CrossRef]

Elisadiki, ].; King’ondu, C.K. Performance of ion intercalation materials in capacitive deionization/electrochemical deionization:
A review. |. Electroanal. Chem. 2020, 878, 114588. [CrossRef]

Leong, Z.Y.; Yang, H.Y. A Study of MnO, with Different Crystalline Forms for Pseudocapacitive Desalination. ACS Appl. Mater.
Interfaces 2019, 11, 13176-13184. [CrossRef]

Srimuk, P.; Kaasik, F,; Kriiner, B.; Tolosa, A.; Fleischmann, S.; Jackel, N.; Tekeli, M.C.; Aslan, M.; Suss, M.E.; Presser, V. MXene as a
novel intercalation-type pseudocapacitive cathode and anode for capacitive deionization. J. Mater. Chem. A 2016, 4, 18265-18271.
[CrossRef]

Lee, J.; Kim, S.; Yoon, J. Rocking Chair Desalination Battery Based on Prussian Blue Electrodes. ACS Omega 2017, 2, 1653-1659.
[CrossRef]

Wu, T.; Wang, G.; Wang, S.; Zhan, F; Fu, Y.; Qiao, H.; Qiu, J. Highly Stable Hybrid Capacitive Deionization with a MnO, Anode
and a Positively Charged Cathode. Environ. Sci. Technol. Lett. 2018, 5, 98-102. [CrossRef]

Li, Q.; Zheng, Y.; Xiao, D.; Or, T.; Gao, R; Li, Z.; Feng, M.; Shui, L.; Zhou, G.; Wang, X.; et al. Faradaic Electrodes Open a New Era
for Capacitive Deionization. Adv. Sci. 2020, 7, 2002213. [CrossRef]

Missoni, L.L.; Marchini, F; Del Pozo, M.; Calvo, E.J. A LiMnyOy4-Polypyrrole System for the Extraction of LiCl from Natural Brine.
J. Electrochem. Soc. 2016, 163, A1898. [CrossRef]

Kim, S.; Yoon, H.; Shin, D.; Lee, J.; Yoon, J. Electrochemical selective ion separation in capacitive deionization with sodium
manganese oxide. ]. Colloid Interface Sci. 2017, 506, 644—648. [CrossRef] [PubMed]

Dong, Q.; Guo, X.; Huang, X,; Liu, L.; Tallon, R.; Taylor, B.; Chen, J. Selective removal of lead ions through capacitive deionization:
Role of ion-exchange membrane. Chem. Eng. J. 2019, 361, 1535-1542. [CrossRef]

Bryjak, M.; Siekierka, A.; Kujawski, J.; Smolinska-Kempisty, K.; Kujawski, W. Capacitive Deionization for Selective Extraction of
Lithium from Aqueous Solutions. J. Membr. Sep. Technol. 2015, 4, 110-115. [CrossRef]

Jeon, S.-I; Park, H.-R.; Yeo, J.-G.; Yang, S.; Cho, C.H.; Han, M.H.; Kim, D.K. Desalination via a new membrane capacitive
deionization process utilizing flow-electrodes. Energy Environ. Sci. 2013, 6, 1471-1475. [CrossRef]

Nativ, P,; Lahav, O.; Gendel, Y. Separation of divalent and monovalent ions using flow-electrode capacitive deionization with
nanofiltration membranes. Desalination 2018, 425, 123-129. [CrossRef]

Lee, J.; Kim, S.; Kim, C.; Yoon, J. Hybrid capacitive deionization to enhance the desalination performance of capacitive techniques.
Energy Environ. Sci. 2014, 7, 3683-3689. [CrossRef]

Datar, S.D.; Mane, R.; Jha, N. Recent progress in materials and architectures for capacitive deionization: A comprehensive review.
Water Env. Res 2022, 94, €10696. [CrossRef]

Anderson, M.A.; Cudero, A.L.; Palma, J. Capacitive deionization as an electrochemical means of saving energy and delivering
clean water. Comparison to present desalination practices: Will it compete? Electrochim. Acta 2010, 55, 3845-3856. [CrossRef]
Choi, J.; Dorji, P; Shon, H.K.; Hong, S. Applications of capacitive deionization: Desalination, softening, selective removal, and
energy efficiency. Desalination 2019, 449, 118-130. [CrossRef]

Xiong, Y;; Yu, F; Ma, J. Research Progress in Chlorine Ion Removal Electrodes for Desalination by Capacitive Deionization. Acta
Phys. -Chim. Sin. 2022, 38, 2006037. [CrossRef]

Xu, X; Tan, H.; Wang, Z.; Wang, C.; Pan, L.; Kaneti, Y.V.; Yang, T.; Yamauchi, Y. Extraordinary capacitive deionization performance
of highly-ordered mesoporous carbon nano-polyhedra for brackish water desalination. Environ. Sci. Nano 2019, 6, 981-989.
[CrossRef]

Xu, X.; Sun, Z.; Chua, D.H,; Pan, L. Novel nitrogen doped graphene sponge with ultrahigh capacitive deionization performance.
Sci. Rep. 2015, 5, 11225. [CrossRef] [PubMed]

Pasta, M.; Wessells, C.D.; Cui, Y.; La Mantia, F. A Desalination Battery. Nano Lett. 2012, 12, 839-843. [CrossRef] [PubMed]

Chen, F; Huang, Y.; Guo, L.; Sun, L.; Wang, Y.; Yang, H.Y. Dual-Ions electrochemical deionization: A desalination generator.
Energy Environ. Sci. 2017, 10, 2081-2089. [CrossRef]


http://doi.org/10.1016/j.apcatb.2013.04.048
http://doi.org/10.1021/acs.est.9b01374
http://doi.org/10.1002/adfm.202105203
http://doi.org/10.1016/j.watres.2019.05.016
http://www.ncbi.nlm.nih.gov/pubmed/31174072
http://doi.org/10.1016/j.watres.2017.10.024
http://www.ncbi.nlm.nih.gov/pubmed/29107916
http://doi.org/10.1016/j.watres.2016.02.004
http://doi.org/10.1016/j.jelechem.2020.114588
http://doi.org/10.1021/acsami.8b20880
http://doi.org/10.1039/C6TA07833H
http://doi.org/10.1021/acsomega.6b00526
http://doi.org/10.1021/acs.estlett.7b00540
http://doi.org/10.1002/advs.202002213
http://doi.org/10.1149/2.0591609jes
http://doi.org/10.1016/j.jcis.2017.07.054
http://www.ncbi.nlm.nih.gov/pubmed/28763768
http://doi.org/10.1016/j.cej.2018.10.208
http://doi.org/10.6000/1929-6037.2015.04.03.2
http://doi.org/10.1039/c3ee24443a
http://doi.org/10.1016/j.desal.2017.10.026
http://doi.org/10.1039/C4EE02378A
http://doi.org/10.1002/wer.10696
http://doi.org/10.1016/j.electacta.2010.02.012
http://doi.org/10.1016/j.desal.2018.10.013
http://doi.org/10.3866/PKU.WHXB202006037
http://doi.org/10.1039/C9EN00017H
http://doi.org/10.1038/srep11225
http://www.ncbi.nlm.nih.gov/pubmed/26063676
http://doi.org/10.1021/nl203889e
http://www.ncbi.nlm.nih.gov/pubmed/22268456
http://doi.org/10.1039/C7EE00855D

Processes 2022, 10, 1075 13 of 14

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Min, X.; Zhu, M.; He, Y.; Wang, Y.; Deng, H.; Wang, S; Jin, L.; Wang, H.; Zhang, L.; Chai, L. Selective removal of C1~ and F~ from
complex solution via electrochemistry deionization with bismuth/reduced graphene oxide composite electrode. Chemosphere
2020, 251, 126319. [CrossRef]

Zuo, K,; Kim, J.; Jain, A.; Wang, T.; Verduzco, R.; Long, M.; Li, Q. Novel Composite Electrodes for Selective Removal of Sulfate by
the Capacitive Deionization Process. Environ. Sci. Technol. 2018, 52, 9486-9494. [CrossRef]

Chen, X.H.; Deng, W.Y.; Miao, L.W.; Gao, M.; Ao, T.Q.; Chen, W.Q.; Ueyama, T.; Dai, Q.Z. Selectivity adsorption of sulfate by
amino-modified activated carbon during capacitive deionization. Environ. Technol. 2021; Online ahead of print. [CrossRef]

Tang, WW.; He, D.; Zhang, C.Y.; Waite, T.D. Optimization of sulfate removal from brackish water by membrane capacitive
deionization (MCDI). Water Res. 2017, 121, 302-310. [CrossRef]

Tang, W.W.; Kovalsky, P.; Cao, B.C.; He, D.; Waite, T.D. Fluoride Removal from Brackish Groundwaters by Constant Current
Capacitive Deionization (CDI). Environ. Sci. Technol. 2016, 50, 10570-10579. [CrossRef]

Gaikwad, M.S.; Balomajumder, C. Simultaneous electrosorptive removal of chromium(VI) and fluoride ions by capacitive
deionization (CDI): Multicomponent isotherm modeling and kinetic study. Sep. Purif. Technol. 2017, 186, 272-281. [CrossRef]
Park, G.; Hong, S.P; Lee, C.; Lee, J.; Yoon, J. Selective fluoride removal in capacitive deionization by reduced graphene
oxide/hydroxyapatite composite electrode. J. Colloid Interface Sci. 2021, 581, 396—402. [CrossRef] [PubMed]

Cohen, I.; Shapira, B.; Avraham, E.; Soffer, A.; Aurbach, D. Bromide Ions Specific Removal and Recovery by Electrochemical
Desalination. Environ. Sci. Technol. 2018, 52, 6275-6281. [CrossRef] [PubMed]

Chang, J.J.; Duan, F; Su, C.L.; Li, Y.P; Cao, H.B. Removal of chloride ions using a bismuth electrode in capacitive deionization
(CDI). Environ. Sci. Water Res. Technol. 2020, 6, 373-382. [CrossRef]

Chang, J.; Li, Y,; Duan, E; Su, C.; Li, Y.; Cao, H. Selective removal of chloride ions by bismuth electrode in capacitive deionization.
Sep. Purif. Technol. 2020, 240, 116600. [CrossRef]

Gabrielli, C.; Maurin, G.; Francy-Chausson, H.; Thery, P; Tran, T.T.M; Tlili, M. Electrochemical water softening: Principle and
application. Desalination 2006, 201, 150-163. [CrossRef]

Yoon, H.; Lee, J.; Kim, S.-R.; Kang, J.; Kim, S.; Kim, C.; Yoon, J. Capacitive deionization with Ca-alginate coated-carbon electrode
for hardness control. Desalination 2016, 392, 46-53. [CrossRef]

Zhao, R.; Van Soestbergen, M.; Rijnaarts, H.H.M.; Van Der Wal, A.; Bazant, M.Z.; Biesheuvel, PM. Time-dependent ion selectivity
in capacitive charging of porous electrodes. J. Colloid Interface Sci. 2012, 384, 38—44. [CrossRef]

Blanchard, G.; Maunaye, M.; Martin, G. Removal of heavy metals from waters by means of natural zeolites. Water Res. 1984, 18,
1501-1507. [CrossRef]

Seo, S.-].; Jeon, H.; Lee, ] K.; Kim, G.-Y.; Park, D.; Nojima, H.; Lee, J.; Moon, S.-H. Investigation on removal of hardness ions by
capacitive deionization (CDI) for water softening applications. Water Res. 2010, 44, 2267-2275. [CrossRef]

Liu, Y.; Ma, W,; Cheng, Z.; Xu, ].; Wang, R.; Gang, X. Preparing CNTs/Ca-Selective zeolite composite electrode to remove calcium
ions by capacitive deionization. Desalination 2013, 326, 109-114. [CrossRef]

Jose, A.; Ray, ].G. Toxic heavy metals in human blood in relation to certain food and environmental samples in Kerala, South
India. Environ. Sci. Pollut. Res. Int. 2018, 25, 7946-7953. [CrossRef] [PubMed]

Huang, Z.; Ly, L.; Cai, Z; Ren, Z.]. Individual and competitive removal of heavy metals using capacitive deionization. |. Hazard.
Mater. 2016, 302, 323-331. [CrossRef] [PubMed]

Wang, W. Biodynamic understanding of mercury accumulation in marine and freshwater fish. Adv. Environ. Res. 2012, 1, 15-35.
[CrossRef]

Sah, D.; Verma, PK.; Kumari, K.M.; Lakhani, A. Chemical partitioning of fine particle-bound As, Cd, Cr, Ni, Co, Pb and assessment
of associated cancer risk due to inhalation, ingestion and dermal exposure. Inhal. Toxicol. 2017, 29, 483-493. [CrossRef]

Khan, M.R.; Ahmad, N.; Ouladsmane, M.; Azam, M. Heavy Metals in Acrylic Color Paints Intended for the School Children Use:
A Potential Threat to the Children of Early Age. Molecules 2021, 26, 2375. [CrossRef]

Huang, C.-C.; Su, Y.-]. Removal of copper ions from wastewater by adsorption/electrosorption on modified activated carbon
cloths. J. Hazard. Mater. 2010, 175, 477-483. [CrossRef]

Rana, P.; Mohan, N.; Rajagopal, C. Electrochemical removal of chromium from wastewater by using carbon aerogel electrodes.
Water Res. 2004, 38, 2811-2820. [CrossRef]

Rana-Madaria, P.; Nagarajan, M.; Rajagopal, C.; Garg, B.S. Removal of chromium from aqueous solutions by treatment with
carbon aerogel electrodes using response surface methodology. Ind. Eng. Chem. Res. 2005, 44, 6549-6559. [CrossRef]
Dermentzis, K. Removal of nickel from electroplating rinse waters using electrostatic shielding electrodialysis/electrodeionization.
J. Hazard. Mater. 2010, 173, 647-652. [CrossRef]

Joseph, L.; Jun, B.-M.; Flora, ].R.V,; Park, C.M.; Yoon, Y. Removal of heavy metals from water sources in the developing world
using low-cost materials: A review. Chemosphere 2019, 229, 142-159. [CrossRef] [PubMed]

Mao, M.; Yan, T,; Chen, G.; Zhang, ].; Shi, L.; Zhang, D. Selective Capacitive Removal of Pb%* from Wastewater over Redox-Active
Electrodes. Environ. Sci. Technol. 2021, 55, 730-737. [CrossRef] [PubMed]

Kim, D.I; Gwak, G.; Dorji, P.; He, D.; Phuntsho, S.; Hong, S.; Shon, H. Palladium Recovery through Membrane Capacitive
Deionization from Metal Plating Wastewater. ACS Sustain. Chem. Eng. 2018, 6, 1692-1701. [CrossRef]

Kim, S; Lee, J.; Kang, ].S.; Jo, K;; Kim, S.; Sung, Y.-E.; Yoon, J. Lithium recovery from brine using a lambda -MnO, /activated
carbon hybrid supercapacitor system. Chemosphere 2015, 125, 50-56. [CrossRef] [PubMed]


http://doi.org/10.1016/j.chemosphere.2020.126319
http://doi.org/10.1021/acs.est.8b01868
http://doi.org/10.1080/09593330.2021.2005689
http://doi.org/10.1016/j.watres.2017.05.046
http://doi.org/10.1021/acs.est.6b03307
http://doi.org/10.1016/j.seppur.2017.06.017
http://doi.org/10.1016/j.jcis.2020.07.108
http://www.ncbi.nlm.nih.gov/pubmed/32771748
http://doi.org/10.1021/acs.est.8b00282
http://www.ncbi.nlm.nih.gov/pubmed/29749732
http://doi.org/10.1039/C9EW00985J
http://doi.org/10.1016/j.seppur.2020.116600
http://doi.org/10.1016/j.desal.2006.02.012
http://doi.org/10.1016/j.desal.2016.03.019
http://doi.org/10.1016/j.jcis.2012.06.022
http://doi.org/10.1016/0043-1354(84)90124-6
http://doi.org/10.1016/j.watres.2009.10.020
http://doi.org/10.1016/j.desal.2013.07.022
http://doi.org/10.1007/s11356-017-1112-x
http://www.ncbi.nlm.nih.gov/pubmed/29302906
http://doi.org/10.1016/j.jhazmat.2015.09.064
http://www.ncbi.nlm.nih.gov/pubmed/26476320
http://doi.org/10.12989/aer.2012.1.1.015
http://doi.org/10.1080/08958378.2017.1406563
http://doi.org/10.3390/molecules26082375
http://doi.org/10.1016/j.jhazmat.2009.10.030
http://doi.org/10.1016/j.watres.2004.02.029
http://doi.org/10.1021/ie050321p
http://doi.org/10.1016/j.jhazmat.2009.08.133
http://doi.org/10.1016/j.chemosphere.2019.04.198
http://www.ncbi.nlm.nih.gov/pubmed/31078029
http://doi.org/10.1021/acs.est.0c06562
http://www.ncbi.nlm.nih.gov/pubmed/33289377
http://doi.org/10.1021/acssuschemeng.7b02923
http://doi.org/10.1016/j.chemosphere.2015.01.024
http://www.ncbi.nlm.nih.gov/pubmed/25681679

Processes 2022, 10, 1075 14 of 14

95.

96.

97.

98.

99.

100.

101.

102.

103.

Fan, C.S,; Liou, S.Y.H.; Hou, C.H. Capacitive deionization of arsenic-contaminated groundwater in a single-pass mode. Chermo-
sphere 2017, 184, 924-931. [CrossRef] [PubMed]

Fewtrell, L. Drinking-water nitrate, methemoglobinemia, and global burden of disease: A discussion. Environ. Health Perspect.
2004, 112, 1371-1374. [CrossRef]

Khan, M.R; Samdani, M.S.; Azam, M.; Ouladsmane, M. UPLC-ESI/MS analysis of disinfection by-products (perchlorate, bromate,
nitrate, nitrite and sulfite) in micro-filtered drinking water obtained from spring, well and tap water (desalinated) sources. |. King
Saud Univ. Sci. 2021, 33, 101408. [CrossRef]

EPA. U.S. Edition of the Drinking Water Standards and Health Advisories Tables; Environmental Protection Agency: Washington, DC,
USA, 2018.

Zhang, J.; Tang, L.; Tang, W.; Zhong, Y.; Luo, K.; Duan, M.; Xing, W.; Liang, J. Removal and recovery of phosphorus from
low-strength wastewaters by flow-electrode capacitive deionization. Sep. Purif. Technol. 2020, 237, 116322. [CrossRef]

Xie, M.; Shon, HK,; Gray, S.R.; Elimelech, M. Membrane-Based processes for wastewater nutrient recovery: Technology,
challenges, and future direction. Water Res. 2016, 89, 210-221. [CrossRef]

Kim, Y.-J.; Choi, ].-H. Selective removal of nitrate ion using a novel composite carbon electrode in capacitive deionization. Water
Res. 2012, 46, 6033-6039. [CrossRef]

Xu, L;; Yu, C,; Tian, S.; Mao, Y.; Zong, Y.; Zhang, X.; Zhang, B.; Zhang, C.; Wu, D. Selective Recovery of Phosphorus from Synthetic
Urine Using Flow-Electrode Capacitive Deionization (FCDI)-Based Technology. ACS ES&T Water 2021, 1, 175-184.

Bian, Y.; Chen, X,; Lu, L.; Liang, P,; Ren, Z.J. Concurrent Nitrogen and Phosphorus Recovery Using Flow-Electrode Capacitive
Deionization. ACS Sustain. Chem. Eng. 2019, 7, 7844-7850. [CrossRef]


http://doi.org/10.1016/j.chemosphere.2017.06.068
http://www.ncbi.nlm.nih.gov/pubmed/28655111
http://doi.org/10.1289/ehp.7216
http://doi.org/10.1016/j.jksus.2021.101408
http://doi.org/10.1016/j.seppur.2019.116322
http://doi.org/10.1016/j.watres.2015.11.045
http://doi.org/10.1016/j.watres.2012.08.031
http://doi.org/10.1021/acssuschemeng.9b00065

	Introduction 
	The Main Factors Affecting Ion Selectivity 
	Ionic Properties of Ions to Be Selectively Removed 
	Operation Parameters 
	Applied Voltage 
	Solution Flow Rate 
	pH 

	Construction of CDI Reactor 
	Electrode Materials 
	Cell Architectures 


	Possible Application Areas of CDI 
	Desalination 
	Water Softening 
	Heavy Metal Removal and Recovery 
	Nutrient Removal and Recovery 

	Conclusions and Future Perspectives 
	References

