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Abstract: This study was conducted to evaluate the feasibility of using electrosorption to remove
cesium (Cs*) ions from aqueous solutions using the membrane capacitive deionization (MCDI)
process. The electrochemical properties were analyzed using cyclic voltammetry (CV) and impedance
spectroscopy (EIS). The activated carbon electrode coated by a polymer layer showed higher specific
adsorption capacity (SAC) and removal efficiency of Cs* than the AC electrode. The effects of
potential, flow rate, initial Cs* concentration, and pH values were investigated to optimize the
electrosorption performance. The electrosorption capacity increased with an increase in the applied
potential and the concentration of Cs™ in the influent water. The pH value is an important parameter
on electrosorption performance. The removal of Cs* ions was affected by the pH of the influent water
because H* ions acted as competing ions during the electrosorption process. Cs* was preferentially
adsorbed to the electrode in the early stages of adsorption but was later replaced by H*. A higher
presence of H* ions could reduce the adsorption capacity of Cs* ions. The ion-exchange layer coated
AC electrode was shown to be favorable for the removal of Cs*, despite the limited electrosorption
ability in a highly acidic solution.
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1. Introduction

Nuclear energy provides a more steady and efficient supply of powerful energy than
traditional energy. However, a large amount of radioactive waste is generated in nuclear
power plants during their daily operations, maintenance, and decommissioning. In 2011,
the nuclear power plant accident in Fukushima Daiichi, Japan, released large amounts of
radioactive elements into the atmosphere, causing serious damage to the environment.
Among the several nuclides, cesium (1*”Cs*) is one of the most dangerous radioactive
elements. This material has a comparatively long half-life of 30 years and emits high-energy
gamma radiation during the decay process [1]. Cs* is chemically similar to sodium and
potassium. It can easily enter the human body and may induce severe diseases, such as
cancer [2,3]. In addition, it can be dispersed in a variety of environments and integrate
easily into soil and water, destroying eco-systems [4,5]. Therefore, effective techniques that
remove Cs* are essential for solving these problems and sustaining the development of
nuclear power plants.

Various technologies, including chemical precipitation, adsorption, membrane sep-
aration, and solvent extraction, have been widely studied for the removal of Cs* from
wastewater [6-9]. However, these methods use excessive amounts of chemicals or consume
high amounts of energy. Meanwhile, electrochemical methods have been developed and
used as alternative options for the remediation of water and wastewater because of a
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relatively simple process, ease of deposition on a large area, and the potential to serve
as a low-cost commercial process that minimizes the generation of secondary radioac-
tive waste. Moreover, the adsorption/desorption of ions can be easily controlled by the
electrochemical method.

Among the electrochemical methods, capacitive deionization (CDI) is reportedly
one of the most promising electrochemical methods for removing ions from aqueous
solutions [10-15]. CDI is also an environmentally friendly process because it does not
produce any additional contaminants during the operation. In the CDI process, the charged
ions from the feed solution are adsorbed onto the electrical double layer (EDL) formed on
the electrode surface [16,17]. CDI performance depends on the applied potential, flow rate,
concentration of feed solution, and electrode material.

The CDI process has been extensively applied for many types of ions, including Na*,
NH*", Cu?*, Zn%*, Cl=, F~, and NO3~ [18-21]. CDI can also be used to remove radionu-
clides from contaminated wastewater from nuclear power plants prior to release. Recently,
it was reported that the activated carbon cloth (ACC)-based CDI electrode exhibited the
Sr2* removal efficiency of 41.45% for an applied potential of 1.2 V [22]. In another study,
the CDI process was used for the removal of Co** and Cs* from aqueous solutions. The
ACC-based CDI electrode achieved the maximum adsorption capacity of Co** and Cs*
which was 16.7 mg g~ ! and 22.9 mg g~ ! at 1.2 V and 20 mg L™}, respectively [23]. It is
necessary to study the electrosorption performance under various experimental conditions,
particularly the removal of Cs*™ under acidic solutions, Huysken et al. [24] investigated
electrosorption in influent with a pH of 2.6 and reported that H* derived from acetic
acid competed for Na* during the electrosorption process. In addition, Shen et al. [25]
reported that when H* ions are present in higher concentrations than In** ions, H* ions are
preferentially adsorbed to the electrode in the early stage of charging. Thus, it is important
to understand the fluctuating performance according to operating conditions in aqueous
solutions for the removal of Cs* during the CDI process.

Modification of CDI can be achieved by inserting an ion-exchange membrane (IEM)
over the electrodes to enhance the properties of the system. This improves the ion removal
performance and life cycle of the electrodes. An important advantage of membrane capaci-
tive deionization (MCDI) compared to conventional CDI is the ion exchange membrane,
which impedes the adsorption of counter ions while preventing co-ions from leaving the
electrode region [26]. In this context, MCDI achieves better deionization rates than typical
CDI in wastewater treatment with higher charge efficiency [27,28].

This study evaluated the electrosorptive removal performance of Cs* from aqueous
solutions using the MCDI process. Cyclic voltammetry (CV), impedance spectroscopy
(EIS) and surface characterization were conducted to elucidate the interaction between Cs*
ions and the electrode surface. The MCDI process was compared to the conventional CDI
process for the removal of Cs+ from aqueous solutions. This system was operated in a
single-pass mode to investigate the electrosorption performance for Cs*. To optimize the
removal performance of Cs*, the effects of potential, flow rate, initial Cs* concentration,
and pH value were investigated. We also discussed the electrosorption selectivity between
Cs* and H*. This study demonstrates the promising potential for using the CDI method as
a means of removing Cs* ions in acid-based aqueous solutions.

2. Materials and Methods
2.1. Preparation of a Carbon Electrode

The commercial activated carbon (AC) electrodes and AC electrodes coated with
cation and anion exchange polymers were obtained from Sion Tech Co., Seoul, Korea. The
carbon electrodes consisted of a carbon slurry containing activated carbon P-60 (Kuraray
Chemical Co., Kurashiki, Japan) on a graphite sheet as a current collector. The physical
properties of the AC are shown in Table 1. The size of electrodes was 100 mm x 100 mm.
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Table 1. Physical properties of activated carbon powder.

Type Sample Sger (m? g1) Viotal (cm® g1) dgjy (nm)
Powder Activated carbon 1250.27 0.55 1.77

2.2. Electrochemical Property of a Carbon Electrode

The morphology of the electrodes was analyzed with a field emission scanning electron
microscope (FE-SEM, Thermoscientific Cios2). The specific surface area and pore volume
were measured by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) meth-
ods using N adsorption-desorption isotherms at —196 °C, respectively (Trista II 3020). For
this analysis, the samples were degassed at 120 °C overnight before the measurements.

To evaluate the electrochemical performance of the electrodes, cyclic voltammetry
(CV) and electrical impedance spectroscopy (EIS) measurements were carried out in a
0.5 M CsNOj; solution using a three-electrode system. A platinum rod and saturated
Ag/AgCl (3 M KCl) electrodes were used as counter and reference electrodes, respectively.
Both CV and EIS were obtained with ZIVE MP2 (WonA tech Co., Daejeon, Korea). CV
measurement of the electrode was performed in the potential range from —0.7 to 0.7
(vs. Ag/AgCl) at a2 mV s~ potential scan rate. The impedance spectra were obtained in
the frequency range from 100 kHz to 20 mHz with an amplitude of 10 mV.

2.3. Capacitive Deionization Experiment

The MCDI unit cell consisted of two parallel carbon electrodes. To prevent short-
circuiting, a spacer with a thickness of 100 pm (100 mesh, Nylon) was used to separate
each pair of electrodes. In addition, the spacer was used as a flow channel for the influent
water within the MCDI cell. The schematic of the single-pass MCDI experiment and cell
configuration is depicted in Figure 1. The influent water flowed in from the marginality of
the electrode and flowed out from the center of the electrode. A unit cell was assembled by
placing plexiglas on both sides of the electrodes.

Peristaltic pump U

Effluent

CDil cell

4

pH/Conductivity

e
Potentiostat

Feed

a, g : Plexiglas plate
b, f : Graphite sheet
c:AC-APL
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L X T T T T
a bc d e g

Figure 1. Schematic diagram of the MCDI experiment and cell configuration.
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Deionization experiments were performed by the single-pass method, where the
influent was passed through the MCDI cell. The concentration, pH, and flow rate of
the feed solution varied from 50~200 mg L~! to 2~4 and 10~30 mL min !, respectively.
An adsorption experiment was conducted at different cell potentials (0.8, 1.0,1.2,1.4 V)
through a potentiostat (WPG100, WonA tech Co., Seoul, Korea). A desorption test was
conducted by changing the cell potential to 0 V immediately after the adsorption test. At
each cell potential, the adsorption/desorption experiment was repeated three times in
succession to ensure equilibrium. A conductivity and pH measurement system (Orion
Versa Star Pro, Thermo Fisher Scientific, Waltham, MA, USA) was installed at the outlet
of the cell and continuously monitored at intervals of 5 s. The concentration of Cs* ions
was measured using inductively coupled plasma optical emission spectroscopy (ICP-OES,
Perkin Elmer, Midland, ON, Canada).

The specific adsorption capacity (SAC) of the electrode was calculated using the
following equation:

V(Co— Carg)

SAC(mg/g) = -

M

where V is the total volume of influent water supplied to the cell during the adsorption
process; Cg and Cpyg are the initial influent concentration and average effluent concentration,
respectively; and m is the mass of the carbon electrode. The specific adsorption rate (SAR)
was obtained by dividing the SAC value with the adsorption time.

The charge efficiency (A) is the ratio of the salt adsorption amounts over the charge in
a CDI, which was calculated by the following equation:

_ VP‘(CO - Cavg)

A
M, [ Idt

@

where F is Faraday’s constant, My, is the molar mass of CsNOj3 and [ is the current density.
The removal efficiency was calculated by the following equation:

Co— C
Removal efficiency (%) = (Ocﬂvg) x 100 ©)]
0

3. Results and Discussion
3.1. Charaterization of the Electrodes

A large surface area and suitable pore volume of porous carbon are key factors for
high electrosorption performance in the CDI process. Figure 2 shows the SEM images of
the surface of the activated carbon (AC) electrode and the activated carbon electrode coated
by the cation polymer layer, referred to as the AC-CPL. The AC electrode was porous
and rough, whereas the AC-CPL had a relatively uniform and smooth surface owing to
the influence of a cation exchange layer. Figure 2c shows that the surface of the carbon
electrode was completely covered with a cation-exchange layer that had a maximum
thickness of about 3.4 um. The shape of the sturdy electrode surface was expected to
mitigate the degradation of electrode performance caused by the physical adsorption of
wastewater-related contaminants since there is less opportunity to come into contact with
contaminants and adsorb them [12].
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Figure 2. SEM image of surface of activated carbon electrode (a); SEM images of surface (b) and
cross-section (c) of the activated carbon electrode coated by the cation polymer layer.

3.2. Electrochemical Charaterization of the Electrodes

Cyclic voltammetry (CV) was performed to characterize the electrochemical properties
of both electrodes. Figure 3 shows the CV curves of the AC and the AC-CPL at a scan rate of
2 mV s~ ! in the voltage range of —0.7 to 0.7 V. The CV curve for the AC represents typical
capacitor behavior and has a nearly rectangular shape. In contrast to the symmetrical
AC, the curve for AC-CPL has a relatively high current value at the whole potential.
Additionally, anodic and cathodic peaks were observed at ~0.20 and —0.52 V, respectively,
which corresponds to the Faradaic reactions provided by the surface functionalities of
the cation-exchange layer. The specific capacitance of the AC-CPL calculated from the
CV result was 113.94 F g_l, which had an increased value compared with that of the AC
(73.67 F g~ 1). The presence of the cation-exchange layer contributed to improving the
capacitance of the carbon electrode.

4

3}

Current (mA)

alj ——AC-CPL
_4 N 1 " | ‘ 1 . 1 N 1 M 1 L 1 "
-08 06 -04 02 00 02 04 06 08
Voltage (V vs Ag/AgCl)

Figure 3. Comparison of cyclic voltammetry curves of AC and AC-CPL in 0.5 M CsNO3 at 2 mV s~
scan rate.

Electrochemical impedance spectroscopy (EIS) analysis was carried out to investigate
the electrical resistance of the electrode materials. Figure 4 shows the Nyquist plots of the
alternating current (AC) impedance spectroscopy for the prepared electrodes. The intercept
of the curve at the real axis (Z’) in the high-frequency range corresponds to the solution
resistance (Rs). The diameter of the semicircle represents the charge-transfer resistance
(Ret), also known as the interfacial reaction resistance. The linear part of the low-frequency
region represents the Warburg impedance corresponding to the frequency dependence of
ion diffusion/transport in aqueous solution [29]. The R values were measured at 7.8 ohms
and 9.0 ohms for the AC and AC-CPL, respectively. The R associated with the electrode-
electrolyte interface was determined from the width of the semicircle that appears at high
frequencies. The Rt was lower in the AC-CPL than in the AC, which might be related to
the pseudo-capacitive contribution increased by the cation-exchange layer. The thin and
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firmly coated cation-exchange layer played a positive role in reducing the charge resistance
of the AC.

50
o AC

40 - o AC-CPL
E 30 F 5
=
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Figure 4. Nyquist plots of AC, and AC-CPL in 0.5 M CsNOj solution. (Color of navy: Rs and Ret of
the AC, color of olive: Rg and Rt of the AC-CPL).

3.3. CDI Performance of the Electrodes

Figure 5 shows the flow rate dependence on the SAC and the removal efficiency for
the AC and AC-CPL. The SAC value showed a tendency to decrease for the AC as the flow
rate increased but showed a progressively increased value for the AC-CPL electrode at the
same flow rate. The SAC values were higher for the AC-CPL than for the AC. In the AC
electrode, the SAC value showed a tendency to decrease with a flow rate increase because
the electrosorption process requires high contact time between the electrode surface and
the ionic solution. The highest removal efficiency of Cs* was 5 mL min~! for the AC
and 10 mL min~! for the AC-CPL. Then the efficiency gradually decreased as the flow
rate increased because a low flow rate provided sufficient contact time for reactants with
the electrode.

40 100
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s (a) B | 7@ : o
30t > i
~ g . = 3
S | 2 60t
o ——— '
D 20t 1 = ~3
= I v -
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Figure 5. Comparison of the AC, and the AC-CPL for (a) specific adsorption capacity of Cs* ions and (b) removal efficiency
according to the flow rate (Experimental conditions: Influent of 200 mg L~! Cs* ions at pH 3 solution was fed at 1.2 V for

10 min).
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Figure 6a shows the conductivity of the effluent for the AC-CPL according to the
potential variation from 0.8 V to 1.4 V. The tests were conducted by maintaining a constant
flow rate at 20 mL min~! for 10 min. As soon as an electric potential was applied, the
conductivity decreased sharply. The reason for the decreased electrical conductivity at the
initial stage was due to the accumulation of charged ions by the electrodes. Following this,
the electrical conductivity of the effluent water increased. The higher applied potential
induced a stronger electrostatic force, which had a positive effect on the electrosorption
performance. [17] A desorption potential of 0 V was applied immediately after adsorp-
tion. The conductivity increased rapidly, and the value close to the concentration of the
injected water was measured. The results revealed that desorption proceeded rapidly, and
the regeneration of the electrode in the CDI system was facile. The specific adsorption
capacity and charge efficiency of Cs* according to the applied potential are depicted in
Figure 6b. The SAC value increased with increasing applied potential, indicating that the
electrosorption performance was enhanced. The charging efficiency showed the highest
value at 1.2 V. Charge efficiency can be defined as the ratio of the adsorbed amount of salt
over the charge, and is an important parameter in evaluating electrosorption performance
in CDI cells. The energy requirement per ion removed can be explained in terms of the
value of the charge efficiency, and the higher the charge efficiency, the lower the energy
consumption. In general, the charge efficiency depends on the cell potential, which in-
creases as the charging potential increases [30]. The applied potential at 1.4 V reduced the
charge efficiency, which is reportedly due to the possibility of side reactions (e.g., water
electrolysis, oxidation of carbon electrode) [31-33]. Thus, the applied potential of 1.2 V was
used in the follow-up test.
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Figure 6. (a) Effluent conductivity of CsNOj3 according to the cell potentials during the adsorption process and (b) specific

adsorption capacity of Cs* ions and charge efficiency (Experimental conditions: Influent of 200 mg L~! Cs* ions at pH 3

solution was fed with a flow rate of 20 mL min~! for 10 min adsorption/desorption, respectively).

Figure 7 shows the maximum adsorption capacity of the AC-CPL depending on the
concentration of Cs* and the flow rate of the influent water. As shown in Figure 7, the
maximum adsorption capacity increased according to the Cs* concentration in the influent
water regardless of the flow rate. These results can be explained by Gouy-Chapman-Stern
(GCS) theory and electric double layer expansion [34]. An electric double layer can be more
effectively formed on the porous structure of the carbon electrode, along with an increase
in the ion concentration of the solution, thereby providing more advantageous conditions
for the electrosorption process. When the Cs* ion concentration in the influent water was
50 mg L' and 100 mg L', the maximum adsorption capacity decreased according to an
increase in the flow rate, whereas the maximum adsorption capacity increased according
to an increase in the flow rate in the influent water of 200 mg L~! Cs*. The enhanced
adsorption capacity of 200 mg L~! Cs* influent water is attributed to fast ion transport [35].
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The fast flow rate, especially at high concentrations of influent, demonstrates excellent rate
capability along with a high ion adsorption capacity.

40
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Figure 7. Maximum adsorption capacity of Cs* ions as a function of flow rate and influent concen-
tration. Adsorption was conducted until the cell potential reached 1.2 V (Experimental conditions:
Influent of pH 3 was fed for 60 min adsorption).

The radioactive wastewater containing Cs* generated in nuclear facilities is stored in a
highly acidic solution, and the pH value is an important indicator. We measured the effect
of pH to further investigate the electrosorption performance for the AC-CPL. Figure 8a
shows the concentration of Cs™ in the effluent water during the electrosorption process.
The concentration of Cs™ in the effluent decreased rapidly at the initial stage and gradually
increased to the initial concentration. In particular, the amount of adsorbed Cs* decreased
after the electrode reached saturation at pH 3, which was presumably due to the co-ions
release from the EDL near the pores and neutral salt discharge from the electrode [12]. We
monitored the pH variation of the influent solution during the electrosorption process,
and the results are shown in Figure 8b. In contrast to the concentration curves of Cs*
ions in the effluent, the water pH variation showed the opposite trend, indicating that H*
ions were competitively electrosorbed at the electrode surface. This result was definitively
observed at pH 2 (Figure S1). It shows that the concentration of the effluent reached
31.92 mg L~! in the first 45 s and increased rapidly to the initial influent concentration.
The maximum adsorption capacity was 0.75 mg g~ !, and it can be seen that the adsorption
of H" dominated through the results of the pH profile. Generally, the pH of the influent
water directly affects the zeta potentials by adsorbing H* or OH™ ions on the surface of
electrodes [36]. In acidic conditions, the zeta potential was shielded due to the adsorption
of more H*, and consequently, the electrosorption performance decreased significantly [13].

Ragone plots of SAR vs. SAC in the CDI system visually show the electrosorption
performance of the electrode. As presented in Figure 9, the SAC increased, and the SAR
decreased during the electrosorption process. The surface area adsorbed on the electrode
reduced in size as the electrosorption proceeded. When the concentration of Cs* in the
influent water increased, the Ragone plot shifted to the upper and righter area. The SAR
and SAC show similar initial values, but as the adsorption time elapsed, most of the SAR
values showed a decreasing curve, and the SAC value at pH 4 reached a constant value. At
pH 3, the SAC value decreased as the adsorption time increased, which was largely due to
the adsorption of H* competing ions, as mentioned in Figure 8.
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Figure 8. Changes in Cs* concentration (a), and pH of effluent (b) according to pH in the influent (Experimental conditions:
Influent of 200 mg L~! Cs* ions concentration was fed with a flow rate of 20 mL min~! at 1.2 V for 60 min adsorption).
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Figure 9. Ragone plots of effluent according to the concentration and pH of Cs* ions in the influent
(Experimental conditions: Influent of pH 3 or pH 4 was fed with a flow rate of 20 mL min~1).

4. Conclusions

In this study, we investigated the parameters for the effective removal of Cs* ions
from an aqueous solution using an AC-CPL by a CDI process. The CEL-AC electrode
confirmed higher SAC and removal efficiency for Cs* ions than the AC electrode. The ion
adsorption capacity of the AC-CPL was strongly dependent on the applied potential, flow
rate, initial concentration of Cs*, and initial pH value. When the potential increased, the
adsorption capacity increased, and the charge efficiency decreased at 1.4 V. The maximum
adsorption capacity decreased with increasing flow rate in 50 and 100 mg L~! Cs* influent
water, respectively. On the other hand, the maximum adsorption capacity increased
with the increase of the flow rate in 200 mg L~! Cs* influent water. The effect of pH on
the electrosorptive removal of Cs* ions was examined and showed that Cs* ions were
preferentially adsorbed to the electrode in the early stage of adsorption. However, the
adsorbed Cs* ions were gradually replaced by H* ions, especially in the case of low pH.
A greater presence of H* ions reduced the adsorption capacity of the Cs* ions. These
findings indicate that, with the exception of highly acidic solutions, the electrosorptive
removal method using an AC-CPL can be applied successfully for the removal of Cs* ions
from acidic waste-water solutions.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app112110042/s1, Figure S1: Changes in concentration and pH of Cs* ions of effluent during
the adsorption process (Experimental conditions: Influent of 50 mg L~ Cs* ions at pH 2 was fed
with a flow rate of 20 mL min~! at 1.2 V for 60 min).
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