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Abstract: Membrane capacitive deionization (MCDI) is a modification of capacitive deionization
(CDI) using ion-exchange membranes (IEM) in front of the electrodes. Electrode properties, especially
the specific surface area, are known to be strongly related with desalination performance in CDI, but
the effects of other properties in MCDI are not fully understood. The objective of this study was to
investigate the effect of hydrophilicity in activated carbon electrodes on desalination performance
in MCDI. Two types of activated carbon (P60 and YS-2) whose specific surface areas were similar
were used as electrode materials, but they had different hydrophilicity (i.e., P60 was originally
hydrophobic and YS-2 was relatively hydrophilic due to its nitrogen-containing surface chemistry).
These hydrophilic electrodes (either the electrode itself or modified with polydopamine (PDA)) led to
an increase in the salt adsorption capacity (SAC) in MCDI because they facilitated the access of both
ions and water molecules into the electrode pores. In particular, the SAC of the P60 electrode displayed
a large increase to almost reach that of the YS-2 electrode due to the improved hydrophilicity with
PDA modification and the insignificant effects of PDA modification on an already hydrophilic YS-2
electrode. Additionally, PDA-modified IEM in MCDI reduced the SAC as a result of the additional
insulating PDA layer with little changes in hydrophilicity.

Keywords: membrane capacitive deionization (MCDI); desalination; activated carbon; hydrophilicity;
polydopamine

1. Introduction

Capacitive deionization (CDI) is a novel desalination technology that is integrated with energy
storage technology (i.e., electric double layer capacitor). Since the electric double layer has an important
role in CDI, desalination performance is strongly affected by the physical and chemical properties of
the electrode materials. Generally, carbon materials are used as electrode materials in CDI because of
their excellent electrical properties and low cost. Activated carbon (AC) is the most common carbon
material [1-6], and other variants such as carbon nanotubes [7-9], graphene [10-13], and templated
carbon [14-17] have also been employed in CDI technology for desalination.

Membrane capacitive deionization (MCDI) is a modification of CDI with an additional ion
exchange membrane (IEM) equipped onto each electrode (an anion exchange and a cation exchange
membrane). Adding IEMs in CDI has improved desalination performance. Lee et al. [18] reported that
MCDI increased the ion removal rate by approximately 20% when using an activated carbon cloth as
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an electrode and a commercial IEM. Li et al. [19] demonstrated an improved salt removal efficiency of
approximately 37% in MCDI when using graphite-based electrodes incorporated with single-walled
carbon nanotubes and IEM. An additional 5% salt removal efficiency was achieved by applying higher
voltages of up to 1.6 V. Placing the IEM in front of the electrode also significantly increased the charge
efficiency of the salt ion adsorption/desorption [20,21] due to the inhibition of co-ion repulsion affected
by the IEM acting as a charge barrier and the additional ion storage in the interparticle spaces of the
electrode [22-24].

Electrode properties are strongly correlated with the desalination performance in CDI and
MCDI [25]. It is well known that the specific surface area of the electrode is linearly correlated with
the salt adsorption capacity (SAC) [1]. Besides the specific surface area, which is a physical property,
hydrophilicity is also considered to improve the desalination performance in CDI because a hydrophilic
electrode surface allows the ions to be transported more easily within the porous electrode. Although
the electrode modification in CDI has been studied in the literature [26-28], studies focusing on
the hydrophilicity of electrode have been limitedly reported. For example, Kim et al. [29] reported
approximately twice the desalination performance using an AC electrode modified with TiO, using
the sol—gel spray method. The TiOp-modified electrode significantly increased the hydrophilicity from
132° to 15° of contact angle. Xie et al. [30] exhibited that polydopamine (PDA)-modified AC reduced
the contact angle from 120° to 65°, resulting in more than twice the desalination performance in CDI.
Despite these previous works on the hydrophilic modification of electrodes in CDI [29,30], there is
limitedly published data for the effects of hydrophilic electrodes on the desalination performance in
the presence of IEM, that is MCDI.

The objective of this study was to investigate the effect of hydrophilicity in AC electrodes on
the maximum capacity utilization in MCDI. Two ACs (hydrophobic P60 and hydrophilic YS-2) were
chosen as electrode materials and compared with each other as they have similar specific surface
areas but different hydrophilicities. SACs were obtained from single-pass desalination experiments
in MCDI. Furthermore, the AC electrodes and/or IEMs were modified with PDA to enhance their
hydrophilicity. The results provide the relationship between the electrode hydrophilicity and the
desalination performance in MCDL.

2. Materials and Methods

2.1. Electrode Fabrication

The electrodes were fabricated with two types of ACs by the roll pressing method [1]: P60
(Kuraray Chemical, Osaka, Japan) and YS-2 (Japan Enviro Chemicals, Osaka, Japan). Carbon dough
was prepared by mixing AC powder, carbon black (Super P, Timcal, Osaka, Switzerland), and polymer
binder (PTFE, Sigma Aldrich, St. Louis, MI, USA), by 86:7:7 weight percentage ratio, respectively. The
well-mixed dough was pressed to approximately 300 pm thickness using a roll pressing machine. The
fabricated carbon electrode was dried in a vacuum oven at 120 °C for 12 h followed by cutting the
electrodes in a round shape (20 mm in diameter) with a small hole (4 mm in diameter) at the center of
the electrode.

2.2. Polydopamine Modification

The electrodes and IEM were modified with PDA to increase the surface hydrophilicity [30-32].
For crafting the PDA solution, 2 g L=! of dopamine hydrochloride (Sigma-Aldrich, St. Louis, MI, USA)
was dissolved into 15 mM Tris buffer solution at pH 8.8 (Sigma-Aldrich, St. Louis, MI, USA). As
dopamine is self-polymerized in an alkaline condition, the dopamine solution was immediately poured
onto either an electrode/IEM in a Petri dish. The dopamine solution containing the electrode/[EM
was gently mixed on a rocker platform (RK-1D, Daihan Scientific, Wonju-si, Korea) for 1 h. The
PDA-modified electrodes/IEMs were washed thoroughly with DI water (deionized water) to remove
any residual PDA solution.
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2.3. Electrode Characterization

The physical properties of the two ACs, including the total specific surface area (SSA) and the pore
volume, were measured by N, adsorption isotherms (ASAP 2020, Micromeritics, Norcross, GA, USA) at
—196 °C temperature after degassing them at 110 °C for 2 h and the isotherm data were calculated with
the Brunauer-Emmett-Teller (BET) equation. Fourier-transform infrared spectroscopy (FT-IR, Nicolet
6700, Thermo Scientific, Waltham, MA, USA) was conducted to investigate the surface functional
groups of both the ACs (P60 and YS-2), which were pelletized for measuring their IR spectra by mixing
the samples with KBr salts. The spectra were scanned in a range of 4000~400 cm™!. Hydrophilicities of
the electrodes were measured using a contact angle analyzer (DSA 100, KRUSS, Hamburg, Germany)
with the sessile drop method, in which a 3 pL of DI water droplet was deposited onto the electrode
and/or membrane surface at a minimum of five points and changes in contact angle were tracked for
1 min. The samples were dried for a minimum of 6 h in a vacuum oven at 70 °C. X-ray photoelectron
spectroscopy (XPS, SIGMA PROBE, ThermoFisher Scientific, Waltham, MA, USA) was conducted to
determine the PDA coating quality. XPS spectra were collected using a monochromatic Al K& from 0
to 1200 eV.

2.4. Desalination Experiments

The MCDI system used to examine the desalination performance is described in Scheme 1. Each
electrode consisted of graphite as the current collector, an AC electrode, and an IEM. An anion-exchange
membrane (AMYV, Selemion, Tokyo, Japan) and cation-exchange membrane (CMYV, Selemion, Tokyo,
Japan) were placed on the anode and cathode, respectively. The pair of electrodes were separated by a
nylon spacer with a thickness of 110 pm. A feed water (10 mM NaCl solution) was supplied to the
cell using a peristaltic pump (Minipuls 3, Gilson, Middleton, WI, USA). The treated solution directly
flowed through a conductivity meter (3573-10C, Horiba, Kyoto, Japan) and was subsequently discarded
(i.e., single-pass mode). CDI experiments were also performed with the same configuration as used
in MCDI except for the presence of the IEM. Voltage was applied using a battery cycler (WBCS3000,
WonATech, Seoul, Korea) for 10 min each at 1.2 V in the charging step and 0 V in the discharging step.
Data were obtained from the third cycle and an average value was calculated from a minimum of three
operations for reproducibility.

The MCDI desalination performance was evaluated in terms of SAC and the average salt adsorption
rate (ASAR). The SAC was calculated by integrating the decreased conductivity, as given in Equation
(1) [33]:

Q'Mw' f (Cin - Cout)dt
m

@

where C;, and Cqy are the influent and effluent concentrations of NaCl (mM); Q is the flow rate (L
min~!); MW is the molecular weight of NaCl (58.443 g mol ™), and m is the electrode weight (g). The
average values of SAC were statistically analyzed by t-test.

ASAR was obtained using Equation (2) [34]:

SAC (mg g_l) =

Q-Mw- f (Cin - Cout)dt
m f dt
CDI was conducted additionally under constant current charging operations to evaluate the

capacity and kinetics of the electrodes using a CDI Ragone plot. Data for MCDI were obtained with
different applied currents (1-3.5 mA cm~2) with a step of 0.5 mA cm~2 during the charging step and

ASAR (mg gt s‘l) =

)

0 V was applied for discharging. More details are described in the literature [35].
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Scheme 1. A schematic diagram of membrane capacitive deionization (MCDI) system. Ion-exchange
membranes were equipped in front of the electrode. Then, 10 mM of NaCl solution was supplied to
the MCDI cell at 2 mL min~' of flow rate. Treated solution flowed by the conductivity meter and was
discarded subsequently. The applied voltage was 1.2 V at the charging step and 0 V at the discharging
step for 10 min each.

3. Results

3.1. Characteristics of Activated Carbon and Electrode

Table 1 summarizes the physical properties of P60 and YS-2 (for both powder and electrode forms)
such as total BET SSA and total pore volume. The total BET SSAs for P60 and YS-2 were similar, being
1621 and 1554 m? g~1, respectively, while they had a similar pore volume of 0.8 cm3 g~!. After the
electrode fabrication, their physical properties reduced at a similar rate of approximately 20% in both
electrodes. The decreased surface area and pore volume can be explained by a probable blockage of
AC pores by the conductive material and binder.

Table 1. Physical properties of P60 and YS-2 as powder and electrode.

Type Activated Carbon  Total BET Specific Surface Area (m? g-1) Total Pore Volume (cm® g~1)
Powd P60 1621 0.82
owder YS-2 1554 0.80
P60 1256 0.65
Electrode YS-2 1217 0.63

BET—Brunauer-Emmett-Teller.

Although both ACs had similar physical properties, the wettability of the two electrodes ('P60
electrode’ and “YS-2 electrode’) appeared to have different behaviors, as shown in Figure 1a. After
1 min, the contact angle value of the YS-2 electrode displayed a large decrease from 118° to 0°, while
that of the P60 electrode slightly decreased from 130° to 115°. The large decrease in the contact angle
on the YS-2 electrode indicates a good wettability. To further analyze the excellent wettability of the
YS-2 electrode, FI-IR analysis was conducted as shown in Figure 1b. The FI-IR spectra of both the
electrodes showed typical ACs: C-O at 900-1300 cm~!; C-H at 1430, 2850, and 2917 cm~!; C=0 at
1093 and 1631 cm™!; and —“OH at 3000-3700 cm™! [36,37], except for an additional peak for the YS-2
electrode at 1570 and 1190 cm ™!, which corresponds to C=N and C-N, respectively. It is known that
there is a possible addition of an N-terminated functional group when activated carbons are treated
with gaseous ammonia [36]. This property of the YS-2 electrode resulted in a faster adsorption of water
molecules as well as dissolved ions into the electrode [38].
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Figure 1. (a) Contact angle changes of two electrodes fabricated with P60 and YS-2 as function of time
and (b) FT-IR spectra of P60 and YS-2.

3.2. Effects of Electrode Hydrophilicity on MCDI Performance

Figure 2 shows the MCDI performance using P60 and YS-2 electrodes in terms of (a) normalized
conductivity profile; (b) specific current profile; (c) cumulative SAC; and (d) ASAR. The black solid line
and blue dashed line represent the data obtained with the P60 electrode and YS-2 electrode, respectively.
As seen in Figure 2a, the normalized conductivity displayed a lower and broader drop in the case of the
YS-2 electrode during the charging step in comparison to the P60 electrode. Specific currents shown in
Figure 2b also appear higher for the YS-2 electrode at the beginning of the charging step. Figure 2a,b
in the MCDI indicates that more ions were adsorbed onto the surface of the YS-2 electrode in the
initial few minutes of the charging step. Figure 2c,d shows the cumulative SAC and ASAR, calculated
by Equations (1) and (2), respectively. In both the figures, the blue dashed line (YS-2 electrode) was
positioned higher than the black solid line (P60 electrode), which means that faster and higher salt
adsorption was achieved on the YS-2 electrode. It could be inferred that the accessible surface area for
ions on the hydrophilic YS-2 electrode was larger than on the hydrophobic P60 electrode due to an
easier approach for the water molecules into the micropores.
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Figure 2. Membrane capacitive deionization (MCDI) performances using P60 and YS-2 electrodes; (a)

normalized conductivity profiles; (b) specific current (mA g1); (c) cumulative salt adsorption capacity
(SAC, mg g’l) ; and (d) average salt adsorption rate (ASAR, mg g’1 s~1) with time of P60 electrode
(black) and YS-2 electrode (blue). All graphs were the result of the nearest set to the average value.

Table 2 displays the SACs of the P60 electrode and the YS-2 electrode in the MCDI calculated from
the normalized conductivity changes. The SAC of the YS-2 electrode was larger (13.0 + 0.9 mg g~!) than
that of the P60 electrode (11.1 + 1.2 mg g~!). Note that the p-value for those SACs was approximately
0.01, indicating that those SACs are statistically different [39]. As the physical properties of both the
electrodes were similar, the larger SAC of the YS-2 electrode reflects the effect of hydrophilicity on
the desalination performance. Notably, similar behavior was observed in the CDI; the SAC of the
YS-2 electrode was 10.1 + 0.7 mg g~! and that of the P60 electrode was 9.5 + 0.8 mg g~!, as shown
in Supplementary Figure S1. Previous studies on the improved CDI performance using hydrophilic
electrodes have demonstrated that a hydrophilic surface resulted in enhanced ion transportation [30,40]
and ion accessibility to the pores [41], and better interaction between the carbon surface and the
electrolytes [42—44]. The results from Figure 2 and Table 2 demonstrate the effect of hydrophilicity on
MCDI when the physical properties of the electrodes were similar.

Table 2. Salt adsorption capacity (SAC) of P60 electrode and YS-2 electrode in MCDI.

Activated Carbon Electrode

Salt Adsorption Capacity (mg g=1)

P60
YS-2

11.1+1.2
13.0 £ 0.9
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3.3. Enhancement of Hydrophilicity by Polydopamine Modification

Polydopamine surface modification was performed to further evaluate the effects of hydrophilicity
on the electrode. Figure 3 shows the changes in surface hydrophilicity and elemental composition of
PDA-modified electrodes. After PDA modification, the initial contact angles of both electrodes were
significantly reduced (i.e., from 130° to 50° for the P60 electrode and from 118° to 41° for the YS-2
electrode) and the water droplets were almost completely absorbed into both the electrodes after 3 s
Figure 3a,b. These changes in contact angles indicate that both electrodes had higher hydrophilicity
compared to pristine electrodes (i.e., 130° for P60 electrode and 118° for YS-2 electrode). Notably, the
changes in the hydrophilicity of IEMs after PDA modification were negligible (Supplementary Figure
S2). The results of IEM modifications are discussed later.

Figure 3c,d represent the XPS spectra of the P60 and YS-2 electrodes in pristine (black line) and
PDA-modified (red line) forms. Three major peaks—C1s, Ols, and Fls—were commonly observed in
the spectra of the pristine electrode, indicating carbons, oxygenated functional groups, and fluorine
from a PTFE binder, respectively. After the PDA modification, an additional N1s peak, an increase in
the Ols peak, and a decrease in the C1s peak were observed. These changes were commonly attributed
to the presence of polydopamine on the electrode surface because dopamine includes both hydroxyl
and amine groups [30].

(@) 18° (b) 0°
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- F1s .
= S F1s
2 Ots Pristine > Ots Pristine
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Figure 3. Contact angle images of (a) P60 electrode and (b) YS-2 electrode after polydopamine (PDA)
modification (upper-right images were taken after 3 s) and XPS spectra of (c) P60 and (d) YS-2 as
pristine (black) and PDA-modified electrodes (red).

Figure 4 shows the relative SAC in MCDI for three combinations of the electrode and IEM:
PDA-modified electrode and pristine IEM (Eppa + IEMp), pristine electrode and PDA-modified IEM
(Ep + IEMppp), and PDA-modified electrode and IEM (Eppa + IEMppa). The SACs were summarized
in Table 3. Relative SAC was calculated from these SACs by subtracting from and dividing by the
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SAC of the MCDI (refer to Table 2) with a pristine electrode and IEM. As shown in Figure 4, the
PDA-modified P60 electrode significantly increased the SAC by approximately 20%, while the changes
in SAC using the YS-2 electrode before/after PDA modification were insignificant. The probable
explanation is that the PDA modification of the hydrophobic P60 electrode had a large effect on the
desalination performance, while the YS-2 electrode with already good wettability did not get affected
by additional hydrophilic modification.

A similar large change in the SAC in case of the P60 electrode compared to the YS-2 electrode was
observed in the CDI configuration without IEM, as shown in Supplementary Figure S3. In CD], the
observed SACs were 10.2 + 1.0 and 10.2 + 1.5 mg g~! for the PDA-modified P60 and YS-2 electrodes,
respectively, with 0.7 and 0.1 mg g~ improvement. This improvement is consistent with a previous
study showing a higher desalination performance achieved by decreasing the contact angle of the
modified electrodes [35,36]. As can be seen in Figure 4 and Supplementary Figures S1 and S3, PDA
modification improved the SAC of P60 electrodes to a level almost similar to the SAC of PDA-modified
YS-2 electrodes. This result with the PDA-modified electrodes in both the MCDI and CDI suggests
that the SAC of approximately 13-14 mg g~! for MCDI (10 mg g~! for CDI) may be the maximum
achievable value because both the electrodes became sufficiently hydrophilic with a good wettability.
It is important to note that the total BET SSA of the AC was reduced by approximately 10% after PDA
modification (851 m? g~! for P60 and 864 m? g~! for YS-2) in consideration, the increase in electrode
mass was about 20%. Therefore, the higher SAC, regardless of the reduced SSA, means that a more
hydrophilic electrode promotes the access of both ions and electrolytes into the electrode pores [38].

However, the SAC decreased by approximately 8% when the IEM was modified with PDA
in both the types of electrodes. This decrease in SAC with PDA-modified IEM may be due to the
unchanged hydrophilicity (Supplementary Figure S52) and the hindered ion transportation through
the PDA, which covered the IEM and possibly acted as an insulator. Despite the negative effects of
the PDA-modified IEM, the SAC slightly increased when the IEM was simultaneously used with a
PDA-modified electrode in the MCDI. Although there is no evidence for an increased SAC when using
both PDA-modified electrode and IEM, there appears to be a synergetic effect where the dissolved salt
ions are transported faster and/or in higher quantity between similar hydrophilic materials.

35
[ Eppa+ IEM;
30
[CE,  +IEMg,
25 B
—_ B Eppp + IEMpp,
X 20f |
'
O 15- _
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10} J i
15| i
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Figure 4. Relative salt adsorption capacity (SAC) in MCDI with three combinations of electrode and
ion-exchange membrane (IEM); PDA-modified electrode and pristine IEM (EPDA + IEMP), pristine
electrode and PDA-modified IEM (EP + IEMPDA), and PDA-modified electrode and IEM (EPDA +
IEMPDA). Relative SAC was calculated by SAC at each combination divided from SAC at MCDI with
pristine electrode and IEM.
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Table 3. Comparison of salt adsorption capacity (SAC) for three MCDI configurations.

Activated Carbon Electrode

Salt Adsorption Capacity (mg g~1)

Eppa + IEMp !

Ep + IEMppp 2

Eppa + IEMppa 3

P60
YS-2

129+ 04
132 +£0.8

10.2 + 0.6
120+ 04

13.8 +0.2
13.0 £ 0.7

9of 12

1 MCDI with PDA-modified electrode and pristine IEM. 2 MCDI with pristine electrode and PDA-modified IEM.
3 MCDI with PDA-modified electrode and PDA-modified IEM.

To evaluate the effects of hydrophilic electrodes on desalination performance from the
thermodynamic and kinetic points of view, a CDI Ragone plot was drawn, as shown in Figure 5. A
shift in to the right means an improvement in the SAC and in the upward direction means a fast rate
of salt adsorption (i.e., ASAR) [35]. As seen in Figure 5, YS-2 values (blue points) were positioned
in a higher region, indicating better kinetics than P60 (black points) both before and after the PDA
modification. After PDA modification, each plot shifted higher and to the right, indicating a higher
and faster desalination performance. The improvement in SAC with the P60 electrode was larger than
that with the YS-2 electrode, which is consistent with the larger increase in capacity (Figure 4). The
results in Figures 4 and 5 support the theory that the use of hydrophilic electrodes could improve the
desalination performance of MCDL

0.1 T T
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) ! n
- L_D¢S &
o o® =
= \" n
X X
|
< *
/2] o A
< oorl @ PEOEs +EM,
"'l A P60 Eqp, +IEM, ]
~@ YS2E, +EM,
~ M YS2 Epp, +IEM,
1I0 2I0
SAC (mg g™

Figure 5. Capacitive deionization (CDI) ragone plot using pristine and PDA-modified P60 and YS-2 electrodes.
4. Conclusions

This study investigated the effect of the hydrophilicity in activated carbon electrodes on the
desalination performance in MCDI. Our experiments employed P60 and YS-2 activated carbons, which
have similar specific surface areas, but different hydrophilicities due to the C-N or C=N bonding. The
results demonstrated that hydrophilic YS-2 electrode have larger SAC, indicating a positive effect of
hydrophilicity on the desalination performance. After PDA modification to enhance the hydrophilicity
of the electrode and/or IEM, the SAC of the P60 electrode effectively increased, resulting from a
dramatically improved hydrophilicity. Conversely, PDA-modified IEM reduced the desalination
performance in the MCDI by inhibiting ion transportation by acting as an insulator without changing
the hydrophilicity. These results provide the effects of hydrophilicity of activated carbon electrodes
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on the desalination performance in MCDI and require further comparable study on the effects of
hydrophilic electrode when treating high-salinity water or using high electric field and so on.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/23/5055/s1,
Figure S1: Salt adsorption capacity (SAC) of P60 and YS-2 electrodes in CDI, Figure S2: Contact angle image of
ion-exchange membrane before/after polydopamine (PDA) modification, Figure S3: Salt adsorption capacity of
PDA-modified P60 electrode and YS-2 electrode.
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