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ABSTRACT

In this study, the operating conditions of a membrane capacitive deionization (MCDI) system were
optimized to enhance the desalination rate and water recovery (WR). To improve WR, an inter-
mittent flow mode (IFM) was implemented in the system; the mode comprised a pause step (solu-
tion supply interruption) and flush step (solution supply resumption), during desorption. Optimal
desorption conditions were determined through desorption experiments by considering pause time
(PT) and flush time (FT). Additionally, adsorption was conducted at various current densities by
controlling the total adsorption charge below the maximum allowable charge (MAC). The desorp-
tion rate (discharge rate) exhibited no significant difference when desorption was performed with
or without solution supply to the MCDI cell. Analysis of the discharge rate during the pause step
indicated that it was desirable to set the PT to discharge approximately 90% of the total charge accu-
mulated in the carbon electrode. Furthermore, as FT decreased, WR increased, and the residual charge
on the carbon electrode increased. Consequently, during adsorption, the cell potential increased,
leading to electrode reactions. On the other hand, by increasing the current density while keeping
the supplied charge to the cell below the MAC value, it was confirmed that electrode reactions did
not occur, even at a cell potential of approximately 3.0 V. Increasing the current density correspond-
ingly increased the desalination rate and salt removal efficiency, but it decreased WR.

Keywords: Membrane capacitive deionization; Intermittent flow mode; Water recovery, Desalination

rate; Maximum allowable charge

1. Introduction

Capacitive deionization (CDI) is an electrochemical
deionization technology that involves removing ions from
aqueous solutions using a pair of porous carbon electrodes.
CDI operates on the principle that ions with opposite
charges are adsorbed onto the surfaces of charged electrodes
through electrostatic attraction. CDI is recognized as an
environmentally friendly technology due to its low level of
energy consumption and lack of pollutant generation during
desalination [1-5]. Due to these advantages, CDI is gaining
significant attention as a future desalination technology.

* Corresponding author.

Typically, a CDI cell comprises a pair of carbon elec-
trodes that are separated by a spacer. The adsorption and
desorption processes are performed by adjusting the cell
potential while supplying brine through the spacer. After
applying a potential to the cell, ions in the feed stream are
adsorbed onto a charged electrode. Once the carbon elec-
trode reaches saturation, the adsorbed ions are desorbed
into the feed stream by either shorting the electrodes or
applying a reverse potential [1,2]. In the conventional CDI
cell structure, continuous desalination is not achievable,
as the adsorption and desorption processes are repeated
within a single feed stream. To overcome this limitation,
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flow—electrode CDI (FCDI), which is capable of continuous
desalination, has been introduced [6]. Moreover, various
CDI cell structures have been developed, including inverted
CDI (i-CDI), hybrid CDI, and flow-through CDI [2,7-10].
However, most CDI-related studies (approximately 85%)
are based on conventional CDI (flow-by CDI) or membrane
capacitive deionization (MCDI), wherein adsorption and
desorption occur in a single feed stream [10].

As interest in CDI has increased over the past 20 y, there
has been an exponential growth in the number of published
research papers. However, most scholars have focused on
electrode development (54.5%) and applications (19.6%) [11].
Various carbon electrodes have been developed using car-
bon-based materials, such as activated carbon, carbon nano-
tubes, graphene, and carbon aerogels [12-15]. The morphol-
ogies and structures of the electrodes, including their pore
size distribution, and surface functionalization characteris-
tics, have been optimized [16-18]. Additionally, hybrid elec-
trodes that combine carbon with certain materials, such as
metal oxides or functional polymers, have been developed
[19-23]. Therefore, the adsorption performance levels of car-
bon electrodes for CDI have improved significantly. To facil-
itate the commercialization of the CDI process, it is essential
to study carbon electrodes with excellent performance levels
and ensure the efficient operation of the system. However,
research remains scarce on operational technologies aimed at
enhancing the stability and efficiency of the CDI system.

The desalination performance of the CDI system is
assessed using various indicators. Representative indicators
include the salt adsorption capacity (SAC), charge efficiency
(CE), average salt adsorption rate (ASAR), water recovery
(WR), salt removal efficiency (SRE), and specific energy
consumption (SEC) [2,24-30]. Among these indicators, SAC
and CE are primarily influenced by the carbon electrode and
cell structure. SAC serves as an indicator of the adsorption
capacities of carbon electrodes. CE, which represents the

Continuous Flow

ratio of the charge supplied to the electrode and the adsorbed
salt, has significantly improved with the introduction of
the MCDI cell structure, which combines an ion exchange
membrane and a carbon electrode [31]. On the other hand,
the ASAR, WR, SRE, and SEC exhibit notable variations
depending on the operating conditions of the CDI system.
The ASAR is calculated by dividing the mass of the adsorbed
salt by the cycle time (CT), which is the sum of the adsorp-
tion time (AT), and the desorption time (DT) [2]. Therefore,
reducing CT as much as possible is essential to increasing the
ASAR. WR refers to the volume ratio of demineralized water
to the total volume of influent supplied to the cell [29,30].
To enhance WR, minimizing the volume of discharged water
during desorption is necessary.

During the adsorption and desorption processes of
the CDI system, the desalted and concentrated solutions
are discharged separately. Fig. 1 shows illustrations of
the two operating modes of the CDI system based on the
influent supply method during desorption. The continu-
ous flow mode (CFM) involves continuously supplying
influent throughout desorption. In this case, as the DT
increases, the volume of discharged water (V, ) increases,
thus decreasing WR. To enhance WR, the desorption pro-
cess can be performed in intermittent flow mode (IFM).
The IFM desorption process consists of pauses and flush
steps. During the pause step, desorption (discharge) occurs
while the solution supply is temporarily stopped. Since no
solution is supplied, the ions desorbed from the carbon
electrode become concentrated in the feed stream inside
the cell. The accumulated salt is then discharged during
the flush step, where solution is supplied. The volume of
discharged water in the IFM is determined by the flush
time. Therefore, compared with CFM, IFM can increase WR
by reducing the volume of discharged water.

To increase the ASAR in the CDI process, it is necessary
to reduce the AT. AT can be minimized by increasing the cell
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Fig. 1. Solution supply methods in capacitive deionization system operation. (a) Continuous flow mode, where the solution is
continuously supplied during desorption. (b) Intermittent flow mode, with pause and flush steps during desorption, where the
solution supply is stopped in the pause step and the desorbed ions are discharged by supplying the solution in the flush step.
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potential or current density during adsorption. However,
if the cell potential is not properly regulated, Faradaic
reactions can occur at the carbon electrode, significantly
impacting the stability and desalination performance char-
acteristics of the CDI system [32-34]. To ensure stable oper-
ation of the MCDI system, irrespective of the cell potential,
a new operational approach based on the maximum allow-
able charge (MAC) was introduced. Yoon and Choi [35]
defined MAC as the total charge accumulated on the carbon
electrode at the onset of electrode reactions. By controlling
the total charge supplied to the carbon electrode below the
MAC value, electrode reactions can be prevented, regard-
less of the cell potential [36-38]. Applying the MAC con-
cept allows flexible control of the cell potential and current
density during adsorption. Consequently, AT can be signifi-
cantly reduced, thus improving ASAR.

The aim of this study is to determine the optimal operat-
ing conditions for increasing the desalination rate and WR of
the MCDI system. To achieve this objective, the desalination
performance of the MCDI system was analyzed, including
SAC, CE, ASAR, WR, SRE, and SEC, under various oper-
ating conditions. The desorption characteristics are exam-
ined based on the influent supply methods (CFM and IFM)
using the MCDI unit cell. Furthermore, the optimal pause
time (PT) and flush time (FT) are derived by evaluating
the desalination performance while varying these parame-
ters in the IFM. Additionally, the effect of the current den-
sity on the desalination performance of the MCDI system is
analyzed during adsorption.

2. Experiment setup
2.1. Experimental setup for MCDI experiments

An MCDI unit cell was constructed using a commer-
cially available carbon electrode obtained from PuriChem
Co., Korea. The carbon electrode was cut into a diameter of
10.5 cm (effective area = 85 cm? mass of carbon layer =1.22 g)
using a circular specimen cutter. A 1-cm-diameter hole was
drilled in the center of the carbon electrode to allow for
effluent discharge. The ion exchange membrane was cut to
match the size of the carbon electrode. An anion exchange
membrane (ASE, Astom Co., Japan) was positioned on the
anode carbon electrode, while a cation exchange mem-
brane (CSE, Astom Co., Japan) was placed on the cathode
carbon electrode. To allow the influent to pass, a spacer
(EX31-071/80 PW, NBC Meshtec Inc., Japan) with a thickness
of 180 um was inserted between the ion-exchange mem-
branes. The influent was introduced from the outer side of
the circular carbon electrode, passed through the spacer,
and exited through the central hole.

The MCDI experiments were conducted using a NaCl
solution with a concentration of 585 mg/L. The influent was
supplied to the MCDI cell at a flow rate of 40 mL/min using
a peristaltic pump. The potential and current applied to
the cell during adsorption and desorption were controlled
using a potentiostat (WPG100, WonA Tech Co., Korea).
Additionally, conductivity (Con-BTA) and pH (pH-BTA;
Vernier Software & Technology, USA) sensors were installed
at the effluent discharge point. The measurements of con-
ductivity and pH were performed through an interface
connected to a computer. The configuration of the MCDI

cell and the experimental setup of the MCDI system are
illustrated in Fig. S1.

2.2. Operation of the MCDI system in continuous and intermit-
tent flow modes

The desorption characteristics were compared based on
the solution supply method (CFM and IFM). Prior to desorp-
tion, adsorption was conducted for 240 s while applying a
current density of 2.35 mA/cm? to the cell. After complet-
ing adsorption, the cell potential was switched to -0.1 V,
and desorption lasted for 600 s. The desorption process
was performed in CFM and IFM. In CFM, the solution was
continuously supplied to the cell throughout a DT of 600 s.
Conversely, in the IFM, the solution supply was paused for
the first 420 s and then resumed for 180 s.

To establish a dynamic steady state for the MCDI sys-
tem, the adsorption—desorption cycle was repeated 10 times
for each operation condition. Additionally, the desalination
experiment was replicated twice under the same conditions
to verify the reproducibility of the desalination performance.
During the desalination experiment, the potential, current,
and charge that were supplied to the cell and the conduc-
tivity and pH of the effluent were automatically measured
at 2-s intervals. A correlation between the concentration
and the conductivity of the NaCl solution was established
for the conductivity sensor. By using this correlation equa-
tion, the NaCl concentration was calculated from the
conductivity of the effluent.

2.3. MCDI experiments at various operational parameters

Operating the desorption process in IFM could be more
effective than CFM for increasing WR. To determine the
optimal conditions for IFM, the desalination characteristics
were analyzed by varying the PT and FT. After conducting
adsorption for 240 s at a current density of 2.35 mA/cm?,
desorption was performed by switching the cell potential
to —0.10 V. The desorption characteristics were evaluated by
varying PT and FT.

First, to analyze the desorption characteristics with
respect to PT, the desorption process was conducted with
PT ranging from 120 to 420 s while fixing FT at 180 s. Then,
with PT fixed at 180 s, desalination was performed while
changing FT from 30 to 180 s, and the desalination character-
istics were analyzed based on FT.

The MCDI experiments were performed at different
current densities to assess the desalination performance.
The current density was adjusted from 2.35 to 5.88 mA/cm?.
According to a previous study, the MAC value of the carbon
electrode used in the experiment was 45.3 C/g [39]. Based
on this finding, adsorption was conducted until the total
charge supplied to the carbon electrode reached 39.3 C/g
(86.8% of the MAC value) for each current density. After
adsorption, desorption was performed for 226 s at a cell
potential of -0.10 V. The desorption was performed in IFM
with a PT of 180 s and an FT of 46 s.

The adsorption—desorption cycles were repeated 10 times
for each operating condition. Furthermore, the MCDI exper-
iment was conducted twice under the same conditions to
ensure the reproducibility of the results. Throughout the
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experiment, various measurements were taken, including
the potential, current, and charge applied to the cell and the
concentration and pH of the effluent. Based on these mea-
surements, the desalination performances (SAC, CE, WR,
ASAR, SRE, and SEC) were evaluated using the equations
provided below [2,29].

C,—C...) V.,
SAC(mg/g)=(0’:;g)a @
CE(% (Co=Co) Vou F 100 2
(%)= Mo -1-(AT) ) @
(CO_Cavg)
SRE(%)=~~——"%/x100 (3)
")="Te)
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WR(/O)fm 1 “ (AT FT) 100 (5)
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SEC(J/gNaCl) = —=xd ®)

(Co - Cavg ) Va

where C, is the influent concentration (mg/L), C__and V
are the average concentration (mg/L) and total volume (L) of
the effluent during adsorption, m is the mass of the carbon
electrode (g), M, is the molar mass of NaCl (mg/mol), I is
the current supplied to the cell during adsorption (A), F is
the Faraday constant (96,485 C/mol), Q is the influent flow
rate (mL/min), and @ is the cell potential.

3. Results and discussion

3.1. Desorption characteristics of MCDI cells depending on the
solution supply method

After conducting adsorption for 240 s at a constant cur-
rent of 2.35 mA/cm?, desorption was performed for 600 s
with a cell potential of —0.10 V. Fig. 2a shows the change in
effluent concentration during desorption in the CFM and
IFM. In the CFM, where the solution was continuously
supplied, rapid desorption occurred initially, resulting in
the effluent concentration reaching a maximum value of
1,420 mg/L. Subsequently, the effluent concentration gradu-
ally decreased and eventually approached the influent con-
centration of 585 mg/L. In contrast, during the pause step
(420 s) of IFM, the solution supply was halted, allowing the
desorbed ions to accumulate in the feed stream inside the
cell. When the solution was reintroduced in the flush step,
the concentrated salt was discharged completely, thus signifi-
cantly increasing the effluent concentration. Consequently,
the maximum effluent concentration in the IFM reached
4,290 mg/L, which is approximately three times higher than
that in the CFM. Furthermore, approximately 60 s after the

introduction of the flush solution, the effluent concentration
converged to the influent concentration.

The transport rate and mass of ions transported during
the MCDI operation could be analyzed based on the cur-
rent density and cumulative charge supplied to the cell [35].
Fig. 2b depicts the changes in current density and cumulative
desorption charge over time during desorption. Evidently,
desorption progressed rapidly after applying the desorp-
tion potential, regardless of the solution supply method.
This phenomenon indicated that ions were efficiently
desorbed and moved to the feed stream due to the high elec-
trode potential, even without solution supply. As ions were
desorbed, the electrode potential decreased, thus exponen-
tially decreasing the current density. Additionally, a slight
increase in current density was observed when the solution
was supplied during the IFM flush step.

Regardless of the solution supply method, the total
desorption charge during desorption was 39.3 C/g, which
is the same as the charge supplied during adsorption. This
finding demonstrated that the charge supplied during
adsorption was completely discharged during desorption. In
CEM, the desorption charge at 420 s was 39.0 C/g (99.0% of
the total desorption charge). Similarly, the desorption charge
during the pause step (420 s) of IFM was 37.4 C/g, showing
no significant difference from CFM. Thus, it was inferred
that the discharge rate (desorption rate) was not greatly
influenced by the solution supply method.
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Fig. 2. Changes in (a) effluent concentration and (b) current
density during desorption at different solution supply meth-
ods. Desorption processes were performed after the adsorption
process at a current density of 2.35 mA/cm? for 240 s.
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WR in the MCDI process was determined by the vol-
ume of effluent during desorption. To enhance WR, it is
essential to minimize the volume of the desorption solution.
The desorption process in CFM increased the discharged
water volume, potentially reducing WR. However, IFM was
advantageous for increasing WR because the solution was
discharged during the flush step. Therefore, WR could be sig-
nificantly enhanced by optimizing the PT and FT in the IFM.

3.2. Effect of the pause time in the intermittent flow mode

The optimal PT was determined by analyzing the
desorption characteristics in IFM with varying PT’s. After
completing the adsorption process (240 s @ 2.35 mA/cm?),
the desorption process was performed while changing PT
from 120 to 420 s, with FT fixed at 180 s. Fig. 3 shows the
concentration change in the effluent during desorption at
different PTs. During the pause step, ions desorbed from
the electrodes accumulated in the feed stream inside the
cell. When the solution was supplied, the concentrated salt
was discharged at once, thus rapidly increasing the effluent
concentration. As PT increased, the desorption charge was
expected to increase, thus increasing the concentration of
salt in the feed stream. Consequently, as PT increased from
120 to 420 s, the maximum effluent concentration increased
from 4,180 to 4,640 mg/L. In the IFM, the DT was the sum of
the PT and FT. Since the solution was supplied during the
flush step, FT played a crucial role in determining WR. Thus,
it was desirable to minimize FT. If the PT was overly short,
a long FT was required for complete discharge. Therefore,
to reduce FT, it was recommended to set the PT in a man-
ner that allowed the desorption of most ions during the
pause step.

To determine the optimal PT, the cumulative desorp-
tion charge over time was analyzed during desorption.
Fig. 4 shows the changes in the cumulative charge during the
pause and flush steps when PT was varied. The inset in Fig. 4
displays the total desorption charge at the pause and flush
steps. Regardless of the PT, the discharge rates during the
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Fig. 3. Changes in effluent concentration during desorption at
various pause times. Desorption processes were performed
after the adsorption process at a current density of 2.35 mA/cm?
for 240 s.

pause step were evidently similar. As PT increased from 120
to 420 s, the desorption charge in the pause step increased
from 31.0 to 37.4 C/g. Conversely, the desorption charge in
the flush step decreased from 8.3 to 2.0 C/g as PT increased.
The cumulative desorption charges in both the pause and
flush steps amounted to 39.3 C/g, which is identical to the
charge supplied during adsorption.

As the PT was shortened, the total desorption charge
during the pause step decreased. Consequently, a relatively
long FT could be necessary to discharge all the accumulated
charges on the carbon electrode. Conversely, if the PT was
increased, the FT could be reduced, potentially increasing
the DT. Therefore, it was necessary to determine the opti-
mal PT by considering the discharge rate during the pause
step. Fig. 4 shows that the cumulative desorption charge
increased rapidly until approximately 180 s after the start of
desorption. At PT =180 s, the cumulative desorption charge
reached 35.1 C/g. This finding indicated that the discharge
proceeded rapidly until approximately 90% of the charge
accumulated on the carbon electrode was discharged, after
which the discharge rate gradually declined. Therefore, the
most efficient approach was to discharge approximately
90% of the total desorption charge during the pause step
and to discharge the remaining amount during the flush
step. Based on this analysis, the optimal PT was 180 s.

3.3. Determination of optimal flush time in the intermittent
flow mode

After conducting adsorption for 240 s at a current den-
sity of 2.35 mA/cm? desorption was performed with a fixed
PT of 180 s and an FT that varied from 30 to 180 s. Fig. 5
shows the total desorption charge in the pause and flush
steps as FT was changed. The sum of the desorption charges
in the pause and flush steps was 39.3 C/g, indicating that all
the charges supplied during adsorption were discharged
during desorption. However, as the FT was shortened, the

40

@ 35 Pause time
e 120's
o i — 150s
o %0 40 —— 180s
] s 3
< [ s 2 240s
O 25 | £ £ —— 300s
< £ & _—
8 ; 36 6 3 420 s
2 £ £
2 204 Y 4
o 5 5
e s 32 2 5
] 3 3
T 15 A 2 2
Q 30 0
.“% 100 150 200 250 300 350 400 450
® 104 Pause time (s)
E
S -
O 54 - -
T
7 T T e ——

0 60 120 180 240 300 360 420 480 540 600

Desorption time (s)

Fig. 4. Cumulative desorption charges at different pause times.
The solid and dotted lines represent the cumulative desorp-
tion charge in the pause and flush steps, respectively. The
inset shows the total desorption charge during the pause and
flush times.



D.-H. Lee, ].-H. Choi / Desalination and Water Treatment 310 (2023) 6877 73

o
o
o

5.0

375 4 45

r 4.0
37.0 4

r35
36.5
r3.0
36.0
F25

35.5 4
F20

350 L4

Total desorption charge in the flush step (C/g)

345 T T T T T T
0 30 60 90 120 150 180

Total desorption charge in the pause step (C/g)

Flush time (s)

Fig. 5. Variations in total desorption charges during the pause
and flush times. Desorption processes were performed with a
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desorption charge in the pause step increased, while the
desorption charge in the flush step decreased. At FTs of 180
and 30 s, the desorption charges during the pause step were
35.1 and 37.6 C/g, respectively. The number of desorbed ions
was expected to increase as the desorption charge in the
pause step increased. In fact, measuring the effluent con-
centration during the flush step (Fig. S2), confirmed that
the maximum concentration of the effluent increased as the
FT decreased.

The charges that remained undischarged during the
pause step were subsequently discharged in the flush step.
Sufficient time was required for complete discharge during
the flush step. If the FT was insufficiently long, some charges
remained on the carbon electrode. Moreover, as the FT
decreased, the amount of residual charge (Q ) increased.
When the adsorption process was repeated with an adsorp-
tion charge (Q,,) of 39.3 C/g while the charge remained on
the carbon electrode, the total charge accumulated on the car-
bon electrode (Q, = Q.. + Q,,) increased. Since Q_ increased
as FT decreased, the Q, of the carbon electrode increased
upon completion of the adsorption process. In a previ-
ous study, it was observed that the discharge rate during
desorption was proportional to Q. [39]. Consequently, as
the FT decreased, the Q, of the carbon electrode increased,
thus increasing the desorption charge during the pause
step.

Fig. 6 displays the final cell potential measured during
the adsorption of each cycle, with the adsorption—-desorp-
tion cycle repeated 10 times. For all FTs, the cell potential
in the first cycle exhibited similar values ranging from 1.50
to 1.52 V. However, as the cycles were repeated, the cell
potential increased until the third cycle and then stabilized.
Moreover, a significant increase in the final cell potential was
observed as the FT shortened. For FT = 180 s, the final cell
potentials in the first and tenth cycles were 1.50 and 1.52 V,
respectively, with no significant difference. However, for
FT = 30 s, the cell potential increased by 0.12 V from 1.52
to 1.64 V. Since the electrode potential was directly related
to the charge stored in the carbon electrode, the cell poten-
tial increased as Q, increased [35,39]. As mentioned previ-
ously, as FT decreased, Q, increased, thus increasing Q..
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Fig. 6. Changes in the final cell potential during adsorption
according to the number of cycles. The adsorption process
was conducted at a current density of 2.35 mA/cm? for 240 s,
while the desorption process was performed with a fixed PT
of 180 s and varying FT from 30 to 180 s.

Consequently, it was inferred that the cell potential grad-
ually increased with decreasing FT.

Fig. S3 depicts the pH change in the effluent during the
repeated adsorption—desorption cycle with varying FTs.
When the FT was greater than 46 s, the pH of the effluent
remained stable throughout the cycle repetitions. However,
at FT = 30 s, the pH gradually decreased as the cycle was
repeated. The pH change in the effluent during MCDI opera-
tion was attributed to electrode reactions [40]. When FT was
shortened, the Q, of the carbon electrode increased during
adsorption due to the accumulation of Q . Once Q, sur-
passes the MAC value of the carbon electrode (45.3 C/g), an
electrode reaction occurs. Based on Fig. S3, it was inferred
that electrode reactions did not occur until the FT was
46 s. However, at FT = 30 s, the Q, of the carbon electrode
exceeded the MAC value due to Q , indicating the occur-
rence of electrode reactions. Electrode reactions during
MCDI operation could pose significant challenges to desali-
nation performance and system stability [34]. Therefore,
the optimal FT, which could enhance WR while ensuring
stability against electrode reactions, was 46 s.

3.4. Desalination performance with the current density of the
adsorption process

Increasing the current density applied to the cell during
adsorption could shorten the AT and increase the ASAR.
Adsorption was conducted by varying the current density
from 2.35 to 5.88 mA/cm? until a total charge of 39.3 C/g was
applied to the cell. The desorption process was performed
under the optimized desorption conditions (PT = 180 s,
FT =46 s, and DT = 226 s). Fig. 7 shows the changes in efflu-
ent concentration and cell potential during adsorption at
different current densities. As the current was applied,
the concentration of the effluent first rapidly decreased
and then reached a constant state. With increasing current
density, the AT was shortened from 240 to 96 s, and the
effluent concentration decreased from 405 to 143 mg/L.
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Table 1

Desalination performance levels of MCDI experiments at different current densities

Current density (mA/cm?) SAC (mg/g) CE (%) SRE (%) ASAR (mg/g-min) WR (%) SEC (kJ/g)
2.35 11.61 +0.04 974+03 30.3+0.1 1.50 £ 0.01 83.9 2.01 +0.00
3.53 11.52 +0.01 96.6 +0.1 45.0+0.0 1.79 £0.00 77.7 2.51+0.01
471 11.43 +0.03 95.9+0.2 59.6 +0.1 1.98 £0.01 723 3.05+0.04
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Fig. 7. Changes in (a) effluent concentration and (b) cell poten-
tial during adsorption at various current densities. The desorp-
tion process was performed for 226 s at a cell potential of
—0.10 V, with a PT of 180 s and an FT of 46 s.

Conversely, as the charge accumulated on the car-
bon electrode increased, the cell potential exhibited a lin-
ear increase over time. Additionally, the cell potential
increased with increasing current densities. This relationship
between cell potential and current density was attributed
to the decrease in feed stream concentration and the conse-
quent increase in electrical resistance. Consequently, it was
inferred that the iR drop in the feed stream intensified, thus
increasing the cell potential. Notably, at a current density
of 5.88 mA/cm? the cell potential displayed fluctuations.
This behavior could be attributed to concentration varia-
tions in the feed stream caused by the pulsation phenome-
non during influent water supply via a peristaltic pump.
By altering the current density from 2.35 to 5.88 mA/cm?,

the final cell potential increased from 1.62 V to a maximum
value of 3.15 V. However, as depicted in Fig. 54, the pH of
the effluent remained stable during ten cycles of adsorption—
desorption at a current density of 5.88 mA/cm?. This obser-
vation confirmed that the electrode reaction did not occur,
even at cell potentials of 3 V or higher, as long as the charge
supplied during adsorption was controlled to be below the
MAC value.

The desalination performance indicators (SAC, CE,
SRE, ASAR, WR, and SEC) for MCDI experiments at vary-
ing current densities were calculated and are presented in
Table 1.

As the current density increased, a slight decrease was
observed in SAC and CE. This decrease could be attributed
to the shortened AT value at high current densities. The ini-
tial effluent concentration during adsorption could influ-
ence the average concentration of the effluent. Conversely,
as the current density increased, the effluent concentra-
tion decreased, and the SRE increased proportionally.
Additionally, the shortened AT increased the desalination
rate, ASAR, by 36%, from 1.50 to 2.04 mg/g-min. However,
the increased current density decreased the volume of
desalted water, thus decreasing WR. Furthermore, there
was a significant increase in SEC due to the increased elec-
trical resistance. Table 1 clearly demonstrates the signifi-
cant variation in the desalination performance of the MCDI
system depending on the current density. Additionally, the
desalination performance indicators exhibited conflicting
relationships with each other. Therefore, it was essential
to consider the purpose of desalination when determining
the optimal operating conditions for the MCDI system.

4. Conclusion

Optimal operating conditions were determined to
enhance the desalination performance of an MCDI system.
The desorption characteristics were analyzed based on
the influent supply method. Desorption experiments were
conducted to derive the optimal desorption conditions by
varying the PT and FT in the IFM. Furthermore, MCDI
experiments were performed with varying current densi-
ties during adsorption, and the desalination performances
(SAC, CE, SRE, ASAR, WR, and SEC) were compared. The
results revealed that the supply method of the solution
did not significantly affect the desorption characteristics.
Therefore, it was concluded that operating the desorption
process in the IFM mode would be effective to increase WR.
Additionally, by considering discharge rates, it was rec-
ommended to set the PT so that approximately 90% of the
total desorption charge was discharged during the pause
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step. On the other hand, as FT decreased, WR increased.
This increased the residual charge on the carbon electrode
and subsequently increased the cell potential, resulting
in electrode reactions. By adjusting the adsorption rate
through the current density, significant differences were
observed in various desalination performance indicators,
such as SRE, ASAR, WR, and SEC.

The desalination performance of the MCDI system
can vary depending on specific factors, such as the con-
centration and composition of the influent, as well as the
operating conditions. Additionally, the adsorption capac-
ity and specifications (size and thickness) of the carbon
electrode used in the MCDI system can impact the overall
desalination performance. WR in the MCDI system is sig-
nificantly influenced by the desorption rate. To enhance
both WR and ASAR, it is crucial to increase the desorption
rate. The findings presented in this study are expected to
offer valuable insights for optimizing the operating condi-
tions and effectively configuring the MCDI system to meet
specific desalination goals.
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Fig. S1. Configuration of the MCDI cell and the experimental setup of the MCDI system.



D.-H. Lee, ].-H. Choi / Desalination and Water Treatment 310 (2023) 68-77 77

6000
50001 %
Flush time
o 30s
4000 | —8— 46s
—v— 60s
~—4—-90s
—a— 120s
3000 4 —a— 180s

2000 H .f

Effluent concentration (mg/L)

0 T T T T T T
0 10 20 30 40100 120 140 160 180

Flush time (s)

Fig. S2. Changes in effluent concentration during desorption
at various flush times. Desorption processes were performed
after the adsorption process at a current density of 2.35 mA/
cm? for 240 s. The PT was fixed at 180 s, while the FT varied
between 30 and 180 s.
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Fig. S3. Changes in effluent pH over ten consecutive cycles of
adsorption and desorption processes at flush times of 30, 46,
and 60 s. The adsorption process was conducted at a current
density of 2.35 mA/cm? for 240 s, while the pause time during
desorption was set at 180 s.
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Fig. S4. Changes in effluent pH over ten consecutive cycles
of adsorption and desorption. The adsorption process was
conducted at a current density of 5.88 mA/cm? for 96 s, and
desorption was performed at a cell potential of 0.1 V for 226 s

(PT=180s and FT =46 s).
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