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In order to investigate ionic adsorption and desorption mechanisms on carbon electrode surfaces, capac-
itive deionization experiments were carried out with two types of capacitive deionization (CDI) cell
configurations. A CDI cell equipped with carbon electrodes only and a membrane capacitive deioniza-
tion (MCDI) cell having a cation-exchange membrane on the cathode surface were constructed, and
desalination experiments were carried out at various operating conditions. The conductivity transients
of effluents and currents passed through the cells were accurately measured by a potentiostat in order
to analyze the transport mechanism at the carbon electrode surfaces. The salt removal efficiencies of the
MCDI cell were enhanced by 32.8-55.9% compared to the CDI cell, depending on the operating conditions.
Furthermore, the current efficiencies were improved for the MCDI cell: 83.9-91.3% versus 35.5-43.1% for
the CDI cell. It was verified that ions were selectively transported between the electric double layer at
the electrode surface and the bulk solution in the MCDI cell configuration when a potential was applied.
On the contrary, in the case of the CDI cell, both anions and cations were transported during the sorption
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and desorption processes, which led to decreased salt removal and current efficiencies.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Desalination process such as evaporation, ion exchange, reverse
osmosis (RO), and electrodialysis (ED) are generally applied to sep-
arate ionic substances from aqueous solution [1,2]. These processes
all have various advantages and disadvantages; the equipment for
the evaporation process is very simple and allows for high-purity
fresh water to be obtained, but the energy cost is very high. In the
ion-exchange process, a highly concentrated salt brine waste is gen-
erated during the regeneration of the resins; also, in RO and ED
processes, it is difficult to maintain a constant permeate flux due to
membrane fouling and scaling problems [1,3-5]. Concerns about
environmental and energy problems have increased over recent
years from a global viewpoint. As a promising answer to these prob-
lemsin the area of desalination technology, many studies have been
performed on capacitive deionization (CDI) [6-12].

The CDI process is defined as a potential-induced adsorption of
ions onto the surface of a charged electrode. When an electrical
potential was applied to the electrode, charged ions migrate to the
electrode and are held in the electric double layer (EDL); once the
potential is removed, adsorbed ions are quickly released back to the
bulk solution [13]. It is known that CDI is an energy-efficient desali-
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nation process because it operates at a lower electrode potential
(about 1-2V) at which no electrolysis reactions occur. In addi-
tion, this process is environmentally friendly because it requires
no chemicals during the operation [13,14].

Because the CDI process uses an adsorption reaction on the
electrode surface, it is very important to increase the specific capac-
itance of the electrode itself. Accordingly, many studies have been
conducted to manufacture an electrode for the CDI process from
activated carbon cloth [12], carbon felt [15], carbon nanotubes
[16,17], and carbon aerogels [6-8,13,18]. In addition, previous
researches demonstrated that the capacitance is also dependent
upon the surface properties of electrodes such as surface area, pore
microstructure and size distribution [13,19-21], chemical func-
tional groups [22], and adsorption properties [23].

However, the salt removal efficiency may show large differ-
ences even for the same electrode, depending on the adsorption
and desorption mechanism at the EDL. Conventional CDI is known
to be energy inefficient because of the dissolved salt present in the
pore volume of the carbon electrode [24]. When an electric poten-
tial is applied, counter-ions in the pore adsorb onto the electrode
and co-ions are expelled from the electrodes. This means that ion
adsorption and desorption occur simultaneously on the electrode,
which will seriously reduce desalination efficiency.

To solve these problems, Lee et al. [25] introduced a membrane
capacitive deionization (MCDI) system in which ion-exchange
membranes were incorporated along with the electrodes and
developed an MCDI system to test desalination performance
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Fig. 1. Schematic diagram of capacitive deionization experiments.

in power plant wastewater. According to their results, the salt
removal efficiency by MCDI was 19% higher than that by standard
CDI. Lietal.[17] have constructed a novel MCDI device using carbon
nanotube and nanofiber electrodes and ion-exchange membranes.
They have shown that salt removal by the MCDI system was 49.2%
higher than that by the CDI system. From these works, it has been
verified that an MCDI system can increase desalination efficiency
significantly compared to the CDI system, but the specific mecha-
nism of ion transport in the MCDI system was not yet explained.

In this study, we examined the ion-transport mechanisms in
an MCDI system during the sorption and desorption periods. For
this purpose, we fabricated carbon electrodes and constructed two
cells using these electrodes: CDI and MCDI cells. Several desalina-
tion experiments were conducted at various operating conditions,
and the conductivities of effluents and currents passed through the
cells were accurately measured by potentiostat to elucidate the
ion-transport mechanism in the MCDI system.

2. Experimental
2.1. Fabrication and characterization of carbon electrodes

To fabricate the carbon electrodes, a carbon slurry was pre-
pared as a suspension of activated carbon powder (P-60, Daedong
AC Corp., specific surface area=1260m?2/g) and poly(vinylidene
fluoride) (PVdF, M.W.=275,000, Aldrich) in di-methylacetamide
(DMAC, Aldrich). The mixture was stirred for 12 h to ensure homo-
geneity. The slurry was then cast onto a graphite sheet (F02511,
Dongbang Carbon Corp., Korea) to a thickness of 300 wm. The
coated electrode was dried at 50°C in an oven for 2h and then
in a vacuum oven at 50°C for 2 h to remove all organic solvents
remaining in the micropores of the electrode. After the electrode
was dried, the weight was measured to determine the amount of
carbon coated onto the graphite sheet.

To examine the electrochemical properties of the prepared
carbon electrodes, electrical impedance spectroscopy (EIS) mea-
surements were made using a three-electrode system. The carbon
electrode specimen was inserted into the specimen holder with
an exposed apparent surface area of 1.77 cm?2. A platinum net and a
saturated Ag/AgCl electrode were used as the counter and reference
electrodes, respectively. The electrolyte solution used was 0.5M
KCI. All experiments were maintained in a water bath at 25 +0.1°C.

To examine the internal resistance of the electrodes and their
capacitance according to frequency, impedance measurements

were performed with an AutoLab PGST30 potentiostat combined
with a FRA impedance analyzer. The impedance spectra were
obtained at a potential of 0.0V vs. saturated Ag/AgCl in the fre-
quency range of 100 Hz to 20 mHz. An alternating sinusoidal signal
of 25 mV peak-to-peak was superimposed on the DC potential.

2.2. Capacitive deionization experiments

Capacitive deionization experiments were carried out in a flow-
through system, depicted in Fig. 1. The system consisted of a
reservoir, a peristaltic pump, a CDI unit cell, and a conductivity
meter. The CDI unit cell consisted of two parallel porous carbon
electrode sheets separated by a non-electrically conductive spacer
(nylon cloth, 100 wm thick). This prevented an electrical short
and allowed liquid to flow. The size of a carbon electrode was
100 mm x 100 mm. The weight of carbon powder coated on the
electrode was 1.3 g. Graphite sheets were used as inert current col-
lectors on the backside of the carbon electrodes. A Plexiglas plate
was used to assemble the upper and lower parts of the unit cell.

To examine the effect of the ion-exchange membrane on the
desalination efficiency, another CDI cell was constructed with
an ion-exchange membrane. In this cell (MCDI), the cation-
exchange membrane (Neosepta CMX, Tokuyama Soda Corp.) was
inserted between the cathode carbon electrode and spacer. Thus,
the assembly of the unit cell is in this order: plate/graphite
sheet/anode electrode/nylon spacer/CMX membrane/cathode elec-
trode/graphite sheet/plate.

The capacitive deionization experiments were conducted to
compare the salt removal efficiency for the two cell configurations
(CDI and MCDI) of the manufactured electrode. A flow channel was
created by punching a 1-cm-diameter hole in the center of the
electrode so that the solution could be in contact with all sides
of the electrode and could run through a spacer to the central hole.
NaCl solution (200 mg/L) was supplied to the cell using a peristaltic
pump.

A given potential was applied to the CDI cell using a potentio-
stat (WPG100, WonA Tech Corp.). We first conducted an adsorption
test while applying an already established potential for 3 min, and
then we conducted a desorption test immediately afterward for
2 min by changing the electrode potential to 0V. The conductivity
of the effluent water that passed through the cell was measured
by connecting a conductivity meter to the position where the solu-
tion was released. The conductivity was automatically measured at
1.0-sintervals by connecting the conductivity meter to a data acqui-
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Fig. 2. Complex plane (Nyquist) plot and the R-C plot (capacitance vs. real part of
the impedance Z') on the prepared carbon electrode.

sition system (midi Logger GL200, GraphTech). The CDI tests were
conducted at 1.2 and 1.5V potentials to compare the salt removal
efficiency at these values. The effects of changes in the flowrate
were examined by supplying 20 or 30 mL/min of solution at 1.5 V.

3. Results and discussion
3.1. Electrochemical properties of the prepared carbon electrode

It has been known that the best method to measure double-layer
capacitance is to analyze electrochemical impedance spectroscopy
measurements. A complex plane plot (or Nyquist plot) for the
impedance response obtained from the prepared carbon electrode
is shown in Fig. 2. Two distinct regions appear in the plot for 100 Hz
to 20mHz. This can be explained by the propagation of the AC
signal into the pores of the carbon electrode. According to the the-
oretical analysis on the impedance spectroscopy of porous carbon
electrode, the AC signal is increasingly propagating into the inner
pore sites of the electrode with decreasing frequencies [26-28].
This revealed the charging characteristics of the carbon electrode.

Specific capacitance (C) can be derived from the imaginary part
(Z") of the impedance spectrum according to [27]:

1
c= ‘ — (1)
where w denotes the angular frequency of the applied AC signal.
The corresponding plot of capacitance versus the real part of the
impedance is shown in Fig. 2.

Capacitances increased steeply with decreasing frequency up
to about 1Hz. The AC signal can charge more inner surface sites
of the carbon electrode with decreasing frequency, resulting in a
higher capacitance. At lower frequencies below 0.2 Hz, the total
surface of the carbon seems to be covered, so that the capacitance
remained at an almost constant value [26]. As shown in Fig. 2, spe-
cific capacitance of the carbon electrode prepared in this study was
determined to be about 56 F/g in 0.5 M KCI solution.

3.2. Comparison of effluent concentrations for the CDI and MCDI
cell operations

Desalination experiments for CDI and MCDI cells were per-
formed at a flowrate of 20 mL/min. After applying an adsorption
potential of 1.5V for 3 min, the electrode potential was immediately
changed to 0.0V for 2 min. Fig. 3(a) shows the NaCl concentration
transients of the effluent for each cell configuration. The NaCl con-

centration was determined from the linear relationship between
NaCl concentration and conductivity. The concentration changes
show reproducible results for all cycles of sorption and desorp-
tion. In order to observe the adsorption and desorption behavior
the concentration changes in the second cycle are depicted in
Fig. 3(b). When the adsorption potential was applied ions were
quickly adsorbed, so that the effluent concentration decreased with
time rapidly from the initial 200 mg/L to a minimum of 20.5 mg|/L,
and to 7.1 mg/L for the CDI and MCDI cells, respectively. Due to
the limited ion adsorption capacity of the electrode the number of
ions that are adsorbed to the electrode surface gradually decreases.
Accordingly, the concentration increased slowly after the minimum
point during the adsorption period.

Regarding the desorption performance, the concentrations
increased steeply, showing the maximum values of 833 and
714 mg/L for the CDI and MCDI cells, respectively, when the desorp-
tion potential (0.0 V) was applied. Most ions were desorbed within
60 s after the application of the desorption potential. Because des-
orption proceed rapidly, it was easy to regenerate the electrode
during the process operation.

As can be seen from Fig. 3, desalination occurred more effec-
tively for the MCDI cell than for the CDI cell. It is noticeable that
there is a significant difference in initial concentration changes for
the two cell configurations. In the MCDI cell, the concentration of
the effluent decreased sharply as the potential was applied, while
the concentration increased and then decreased again for the CDI
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Fig. 3. (a) The NaCl concentration transient of effluent measured at a cell potential
of 1.5V with a flowrate of 20 mL/min and (b) the expanded concentration transient
for the second cycle.
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Fig. 4. The distribution and transport of ions at the electrode surface. Distribution of ions at the negatively charged electrode surface (a), and transport mechanism of ions
when electrode potential is removed in the case without ion-exchange membrane (b), and with ion-exchange membrane (c).

cell; moreover, the rate of concentration decrease for the MCDI cell
was greater than for the CDI cell.

These results could be explained through the adsorption and
desorption mechanism of ions at the electrode surface. Fig. 4(a)
shows the distribution of ions in the EDL when a negative potential
was applied to the electrode. When the cell potential of 0.0V was
applied (Fig. 4(b)), the cations in the EDL moved to the bulk solu-
tion to re-establish electro-neutrality, which led to the desorption
of ions; however, some anions could move from bulk solution to
the EDL by electrostatic force. Accordingly, some amount of cations
adsorbed at the electrode surface could not escape and were held in
the EDL. In this situation, when the adsorption potential was reap-
plied to the electrode, the cations in the EDL were adsorbed onto the
electrode surface. And anions expelled from the electrode simul-
taneously moved back to the bulk solution. This resulted in the
slight uptick of effluent concentration at the beginning of adsorp-
tion period, as shown in Fig. 3 for the CDI cell.

Fig. 4(c) shows the transport of ions at the cathode combined
with a cation-exchange membrane. In this case, the cations in the
EDL could penetrate the cation-exchange membrane during the
desorption process, but anions in bulk solution were rejected by
the membrane. Accordingly, desalination efficiency was improved
because of the selective transport of ions between the EDL and bulk
solutions.

On the other hand, as shown in Fig. 3, the concentrations of
the effluent increased sharply along with the desorption, which
resulted in a four-fold increase in concentration. Most ions were
desorbed within 1 min after the application of desorption potential.
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Fig. 5. The concentration transient of effluent measured at a cell potential of —1.5V
with a flowrate of 20 mL/min. Solid line: MCDI cell, dashed line: CDI cell.
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Because the desorption proceeded rapidly, it was easy to regenerate
the electrode during the process, meaning that it should be possible
to increase the recovery ratio of the feed solution by reducing the
desorption time.

In order to confirm the selectivity of the ion-exchange mem-
brane, desalination experiments were carried out at the cell
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Fig. 7. The cumulative charges passed through the cell at a potential of 1.5V with a
flowrate of 20 mL/min. Solid line: MCDI cell, dashed line: CDI cell.
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Table 1

Comparison of salt removal efficiencies and the amount of salt removal for the CDI and MCDI cells at various operating conditions.

Operating conditions Salt removal efficiency (%)

Amount of salt removal (mg NacCl/g of carbon)

CDI cell MCDI cell CDI cell MCDI cell
1.2V_20 mL/min 492 76.6 227 3.54
1.5V_20 mL/min 62.5 83.0 2.88 3.83
1.5V_30 mL/min 53.1 76.2 3.68 5.28
potential of —1.5V and the results are depicted in Fig. 5. As according to the following equation [17]:
expected, the concentration changes for the CDI cell showed c
results similar to those with the cell potential at 1.5V. Con- n4(%) = (1 _ ‘—’ff) « 100 (2)
versely, few ions were adsorbed and desorbed for the MCDI cell Co

due to the rejection by the cation-exchange membrane. From
these results, it was verified that the cation-exchange mem-
brane on the cathode surface functioned well to transport ions
selectively.

3.3. Current comparisons of the CDI and MCDI cell operations

Fig. 6 shows the changes in current transients supplied to the cell
during five sorption-desorption cycles at 1.5 V adsorption potential
and 0.0V desorption potential, showing reproducible results for all
cycles. For the CDI cell configuration, when a sorption potential
was applied, the initial current of about 0.6 A rapidly decreased to
around 0.1 A within 50 s and then continued to decrease gradually
while about 0.1 A of current was supplied to the MCDI cell over the
entire sorption period.

The current flow results provide further evidence of an ion-
transport mechanism at the electrode surface. As described earlier,
both anions and cations moved oppositely between the EDL and
the bulk solution in the CDI cell configuration, which resulted in
accumulation of ions in the EDL. When the voltage was applied
to the electrodes again, ions in the EDL migrated to the electrode
and to the bulk solution simultaneously. As a result, high currents
are required to move these ions at the beginning of the adsorption
period in the CDI cell configuration.

The desorption rate can be found indirectly from the current
change. As soon as the desorption potential was applied, the cur-
rents fell to nearly zero within 1 min. This means that desorption
of ions occurs very quickly. Compared with the CDI cell, it was
observed that the desorption rate of MCDI cell was retarded due
to the membrane resistance.

Fig. 7 shows the cumulative charges passed through the cell
during the sorption and desorption periods. As expected from the
transient current data, the charges increased linearly with increas-
ing time for the MCDI cell, while in the CDI cell, a sudden increase of
charges appeared at the beginning of the sorption period. The total
charges supplied during the 3 min sorption period were measured
at 32 and 20 C for the CDI and MCDI cells, respectively. Essentially
similar charges were passed through the MCDI cell during desorp-
tion process, indicating that the sorption and desorption occurred
mainly at the electrode surfaces due to the selective ion-exchange
membrane in the MCDI cell configuration.

3.4. Comparison of salt removal efficiencies at various operating
conditions

In order to compare the salt removal efficiencies related to
the operating conditions for both cells, the electrosorption exper-
iments were carried out at different cell potentials and flowrates.
The effluents of adsorption and desorption period for each cycle
were collected separately and the average NaCl concentration was
measured to examine the amount of salt removed for each set of
operating conditions. The salt removal efficiency, 4, was calculated

where Cp and C,p are the influent and average NaCl concentrations
of effluent during the adsorption period, respectively.

Table 1 shows the salt removal efficiencies and the amount of
salt removal obtained at various operating conditions. Each of the
CDI units tested exhibited increased salt removal with increased
cell potential. Compared with the CDI cell, the MCDI cell exhibited a
much better removal efficiency. For the case of a 1.5V cell potential
with a flowrate of 20 mL/min, the salt removal efficiencies of the CDI
and MCDI cells were 62.5 and 83.0%, respectively. This shows that
salt removal of the MCDI cell was 32.8% higher than that of the CDI
cell. A high salt removal of 76.2% was recorded even for the flowrate
of 30 mL/min in the MCDI cell configuration.

To compare the performances of the CDI and MCDI cells, the
current efficiency was calculated. Current efficiency is defined as
the ratio of ions adsorbed to the current passed through the cell
and determined as following equation [29,30]:

(Co—Cef)-V-F

flclt

where V is volume of effluent, F is Faraday’s constant and I is the
current supplied.

Fig. 8 shows the current efficiencies obtained at various oper-
ating conditions for the CDI and MCDI cell configuration. In the
CDI cell the current efficiencies were in the range of 35.5-43.1%,
while the efficiencies increased to 83.8-91.3% for the MCDI cell.
The higher current efficiency for the MCDI over the CDI cell was
attributed to the selective adsorption and desorption in the MCDI
cell configuration. According to the experimental results, it was
concluded that introducing an ion-exchange membrane to the CDI
cell as an ion-selective barrier was crucial to enhance the salt
removal efficiency.

% 100 (3)
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Fig. 8. Comparison of current efficiencies for the CDI and MCDI cells at various
operating conditions.
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4. Conclusions

Capacitive deionization has been regarded as a powerful deion-
ization technology because of its advantageous features such as
energy-efficiency and environmental friendliness. To enhance the
salt removal efficiency of the CDI process, we investigated the
adsorption and desorption mechanism on carbon electrode sur-
faces in this study.

Deionization experiments were carried out with two types of
CDI cell configurations: a CDI cell with carbon electrodes only, and
an MCDI including an ion-exchange membrane. The salt removal
efficiencies of the MCDI cell were enhanced by about 32.8-55.9%
compared to the CDI cell depending on the operating conditions.
Furthermore, the current efficiencies were 35.5-43.1% for the CDI
cell but 83.9-91.3% for the MCDI cell, about twice that of the CDI
cell.

In the case of the CDI cell, some part of the ions was retained
in the pore volume of the carbon electrode. Because these accu-
mulated ions were re-adsorbed at the electrode surface when a
potential was again applied, the salt removal efficiency and cur-
rent efficiency were decreased in the CDI. Conversely, there was no
accumulation of ions in the EDL for the MCDI cell due to the selective
transport of ions by the ion-exchange membrane. It was concluded
that introducing an ion-exchange membrane to the CDI cell as an
ion-selective barrier was crucial to enhance the salt removal effi-
ciency.
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