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ABSTRACT: Capacitive deionization (CDI) is an alternative promising desalination technology due to its environmen-
tally friendly and cost-effective process. In this study, the effects of carbon electrode parameters, such as porous
carbon layer thickness and water channel gap distance on CDI efficiency, were systematically evaluated in terms of
salt adsorption capacity (SAC). In addition, kinetic salt adsorption rate was discussed. The study demonstrated that
appropriate carbon layer thickness of electrode and gap distance between electrodes were crucial parameters for CDI

cell fabrication to optimize the desalination performance.
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INTRODUCTION

Capacitive deionization (CDI) is a promising alterna-
tive technology for water desalination. With respect
to cost-effective and environmentally friendly process,
CDI is claimed to be more effective approach for de-
salination of water with low and moderate salt content
than traditional technologies such as ion exchange,
electrodialysis, and reverse osmosis [1,2]. The CDI
technology is based on an electrochemically controlled
process via an electrical double layer (EDL) mech-
anism. It is operated at a relatively low electrical
voltage (typically 0.8-1.6 V) to safely and easily drive
the adsorption of charge ions by electrostatic force
attraction, resulting in the removal of ions from the
feed water.

In general, the adsorption performances of CDI
mainly depend on the nature of electrode materi-
als such as surface area, pore size, and electrical
conductivity. The most preferred electrode material
would have high surface area of porous carbon groups
contributing to good electrical conductivity and low
cost. Most studies focused on novel activated carbon
materials to improve an electrosorption capacity as
much as possible [3-5]. However, the carbon electrode
property may differ from pristine carbon due to elec-
trode fabrication parameters. In the literature, there
have been few relevant studies focusing on the carbon
electrode property. In this short report, we explored
how the porous carbon layer thickness on the electrode
and gap distance for water flow channel between a pair
of electrodes affected the electrosorption performance,
such as adsorption capacity and adsorption rate, in the
CDI process. We believed that the study could provide
invaluable findings concerning the impact of electrode
fabrication parameters for further optimizing the CDI
process.

MATERIALS AND METHODS
Materials

Power activated carbon (PC) was received from Right
Solution Co., Ltd., Bangkok, Thailand. = Conduc-
tive graphite powder was purchased from MTI Cor-
poration, CA, USA. Polytetrafluoroethylene (60 wt%
H,0) (PTFE) and ethanol (EtOH) were received from
Aldrich, MA, USA.

Methods

Electrode preparation

A typical procedure available in the literature was used
for the preparation of carbon-based electrode [6-8].
Briefly, PC, conducting graphite, and PTFE in a mass
ratio of 80:5:15, respectively, were mixed together and
formed a dough-like mixture with EtOH. The mixture
was, then, spreaded evenly onto a graphite sheet with a
geometric surface area of 1x1 cm? (for electrochemical
tests) and 8x8 cm? (for CDI measurements). The
porous carbon layer thickness was controlled by a
plastic frame during the kneading and rolling of the
mixture onto the graphite sheet. The electrodes were
dried in an oven at 120°C for 24 h.

Material characterization

The surface morphology and thickness of the porous
carbon electrodes were determined by scanning elec-
tron microscopy and energy dispersive X-ray spectrom-
eter (SEM-EDX, Hitachi SU8030). Nitrogen adsorption
measurements were performed using Micromeritics
3Flex 3500 with N, at 77 K. Prior to the analyses, the
porous carbon electrodes (1x1 cm?) were degassed
under vacuum at 180°C for 3 h. The specific surface
area was calculated by applying the Brunauer-Emmett-

www.scienceasia.org


http://dx.doi.org/10.2306/scienceasia1513-1874.2023.086
http://www.scienceasia.org/
mailto:saowaluk@nanotec.or.th
www.scienceasia.org

860

Teller (BET) model. Electrochemical behavior was de-
termined by electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) using a potentio-
stat (Palmsens, Palmsens4). All measurements were
performed in a conventional three-electrode system.
The sample was used as a working electrode, Ag/AgCl
(saturated KCl) as a reference electrode, and Pt wire as
a counter electrode. EIS was conducted in 0.5 M NaCl
solution with the frequency range of 0.01-100 kHz
with 10 mV sinusoidal voltage. The areal capacitance
(C, F/cm?) of the electrodes was obtained by Eq. (1):

[ 1dE
C=—%" 1
2av(E,—E;) )
where E; and E, are the lower and upper of working
potential window (V), I is the current (A), a is the
active area of electrode (cm?), and v is the scan
rate (V/s).

CDI experiments

The porous carbon electrodes were assembled into a
self-made CDI apparatus with batch mode operating.
All experiments were operated with a flow rate of
30 ml/min in a 500 mg/1 NaCl solution with a volume
of 140 ml. A direct voltage was applied on the opposite
electrodes. The NaCl concentration was calculated by
a standard calibration curve between the conductivity
and the concentration of NaCl solutions. Removal
efficiency and salt adsorption capacity (SAC, mg/g)
were defined by Egs. (2) and (3), respectively:

Cy—C,

Removal efficiency (%) = % x100 (2)
)

(CO — Ce)v

SAC = 3)

where C, and C, are the initial and final NaCl concen-
trations (mg/1), V is the volume of the NaCl solution

(1), and m is the total mass of the electrodes (g). The
charge efficiency was calculated according to Eq. (4):

Al F
Charge efficiency = % @

where F is the Faraday constant (96,485 C/mol), SAC
is the electrosorption capacity (mol/g) and % is the
charge (C/g) obtained by integrating the correspond-
ing current. The kinetic rate constant was calculated
from the pseudo-first-order equation (5):

kt
1 —q,)=1 - 5
og(q. —q.) = logq, 2303 Q)

where g, is the saturated SAC (mg/g), g, is the SAC at
different times (mg/g), k is the rate constant (min™'),
and t is the adsorption time (min).
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RESULTS AND DISCUSSION

A diagram showing the system setup in batch mode
(cycling) was depicted in Fig. 1a. The assembled CDI
unit cell was composed of two porous carbon elec-
trodes separated by a silicone sheet acting as a channel
for water flow. The current collectors were used as
a supporter for the porous carbon-based electrode.
Fig. 1b shows the electrode parameters: porous carbon
layer thickness and water channel gap distance that
were studied in this report.

Surface morphology was analyzed using SEM. The
top view image (Fig. 2a) exhibits the irregular shape of
PC, and the corresponding EDX image (Fig. 2b) shows
the detected elements of C and E It was confirmed
that the PTFE binder was randomly distributed on the
PC particles. The cross-sectional images in Fig. 2c-e
present the thickness of porous carbon layer on the
graphite sheet in approximate thicknesses of 300, 600,
and 800 pm. Therefore, the tested porous carbon
electrodes were labeled E-thin, E-mid, and E-thick,
respectively. The specific surface area of the porous
carbon electrodes had a significant difference from
pristine PC. They were 380, 480, and 574 m?/g for
E-thin, E-mid, and E-thick, respectively; which were
reduced approximately 50-67% as compared with pris-
tine PC (1,155 m?/g). Reducing the surface area of the
porous carbon electrodes was mainly because of PTFE
binder covering for holding all PC particles together on
the film structure, resulting in the pore blocking.

To probe the internal resistance of the porous
carbon electrodes, EIS spectroscopy was conducted
in 0.5 M NaCl for clear observation. Nyquist plots
of the electrodes were presented in Fig. 2a. The
Nyquist plot of the EDL electrode materials generally
consists of a vertical line in a low-frequency region,
corresponding to capacitive behavior and a semicircle
in a high-frequency region, indicating electrolyte resis-
tance. Additionally, an x-intercept value refers to the
total internal resistance implying an electrode material
resistance when all experiments were performed under
identical environments. The vertical line of all elec-
trodes exhibited almost the same steep slope indicating
EDL formation control; whereas, the E-thin had a lower
x-intercept value and a smaller diameter of semicircle
than those of the thicker electrodes. This suggested
that the internal resistance decreased with a decrease
of porous carbon layer thickness on the electrode. The
result indicated that the mobility of electrolytes in the
textural pores was facilitated by the short diffusion
path[9, 10] and a small contact resistance between the
current collector and the active material interface [11].

The electrochemical property of the porous carbon
electrodes was studied by cyclic voltammetry (CV) in a
low concentrat ion of electrolyte (10 mM NacCl solution
was used for relative electrolyte with CDI experiment).
The voltammograms (Fig. 3b) shows an oval shape
without a redox peak indicating their charge storage
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Fig. 1 (a) Diagram for CDI setup system and CDI unit cell configuration; and (b) gap for water flow between a pair of

electrodes (an image of porous carbon electrode).
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Fig. 2 SEM images: (a) top view of the porous carbon electrode; (b) the corresponding EDX mapping with C (red) and F
(Green) elements; and (c-e) cross-section views indicating the thickness of various porous carbon layer.

ability through EDL process [3]. The corresponding
areal capacitances were 81, 72, and 50 mF/cm? for E-
thin, E-mid, and E-thick, respectively. As a result, the
increase of porous carbon layer thickness on the elec-
trode led to the decrease of areal capacitance owing to
increasing internal resistance.

To study salt adsorption efficiency, CDI experi-
ments were performed at a constant voltage and batch
mode experiment. We first investigated the effect of
operating voltage on the electrosorption performances
of E-thin in a 500 mg/1 NaCl solution. Fig. 3c shows the
conductivity change during the adsorption process of
different voltages: the solution conductivity decreased

sharply and then reached an equilibrium state. With
increasing operating voltage, the removal efficiency
increased from 10% to 30% owing to high voltages in-
ducing high electrostatic forces between the electrode
surface and ions [3, 12, 13]. However, salt adsorption
capacity reached the highest value at 4.1 mg/g when
the applied voltage was at 1.2 V. A higher applied volt-
age over 1.2 V did not yield a greater salt adsorption
capacity possibly due to the side reactions occurring
at the high voltages [12,14,15]. So, the applied
voltage of 1.2 V would be used as adsorption operating
voltage in the other CDI experiments. Fig. 3d exhibits
the conductivity profile in a single CDI cycle with
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Fig. 3 Electrochemical tests: (a) Nyquist plots analyzed in a 0.5 M NacCl solution; and (b) CV curves performed at a scan rate
of 10 mV/s in a 10 mM NaCl solution. Conductivity profiles: (c) different applied voltages for adsorption and (d) different
applied voltages for desorption with using 1.2 V operating voltage for adsorption. Salt adsorption capacity as a function of
time: (e) the different porous carbon layer thicknesses; and (f) the variation of gap distance between a pair of E-thin electrodes.
All electrosorption performances were analyzed in a 500 mg/1 NaCl solution.

Table 1 CDI performances with variation of porous carbon
layer thicknesses and gap distances of the CDI electrodes.

Sample SAC(mg/g)

Charge

Pseudo-first-order model

efficiency k(min™) q,(mg/g) r

2

E-thin 5.61+0.43 0.51+0.03 0.058 5.92 0.9982
E-mid 3.93+£0.10 0.25+0.01 0.042 4.44 0.9972
E-thick 3.77£0.55 0.22+0.03  0.040 4.38 0.9896
G-1x 5.61+£0.43 0.51+0.06 0.058 5.92 0.9982
G-2.5x 4.34+£0.74 0.18+0.03  0.052 4.24 0.9957
G-5x 2.73+£1.15 0.06+0.05 0.037 3.32 0.9953

an operating voltage of 1.2 V during the adsorption
step and a variation of desorption voltages (0, —0.3,
—0.6 V). After the conductivity reached a plateau
at adsorption equilibrium, the conductivity increased
again until reaching approximately initial conductivity.
All desorption voltages presented a desorption time
difference, but they were not significantly different
in electrosorption capacity. Due to an appropriate
desorption time, the desorption operating voltage at
—0.3 V was selected.

Subsequently, the CDI performances over the dif-
ferent porous carbon layer thicknesses of the electrodes
were evaluated. Fig. 3e presents a variation of the
salt adsorption capacity with the operating time of
all electrodes. It was found that the salt adsorption
capacity increased steeply at the initial time and then
reached an adsorption equilibrium after 60 min for E-
thin. Besides, the salt adsorption profile of the thicker
electrodes (E-mid and E-thick) illustrated a similar
pattern with a slow adsorption rate and gradually
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almost constant around 90 min. The corresponding
salt adsorption capacity values were summarized in
Table 1, in accordance with the results analyzed using
the pseudo-first-order adsorption kinetic model. All
samples had a regression that fitted well with the
pseudo-first-order model and verification r? values
above 0.98. E-thin had the highest salt adsorption
capacity value (5.61 mg/g) and a faster adsorption rate
constant (0.058 min~!) compared with the other elec-
trodes. E-mid and E-thick had almost similar salt ad-
sorption capacity values of 3.93 mg/g and 3.77 mg/g,
respectively. It was suggested that a saturation of salt
adsorption capacity occurred due to a limitation of long
ion pathways into the porous carbon structure layer of
the thicker electrodes. Therefore, it confirmed that E-
thin had a better electrosorption performance in terms
of salt adsorption capacity and salt adsorption rate
than the thicker electrodes.

To further study another parameter, the effect of
gap distance for water flow channel on electrosorption
performances was tested. The gap between a pair
of electrodes was varied: 1 (G-1x), 2.5 (G-2.5x), and
5(G-5x) times thickness of E-thin (300 pm). The
results of the salt adsorption capacity as an influence
of gap channel distancing were presented in Fig. 3f
and Table 1. It was found from the electrosorption
performances of E-thin with different gap distances
that the increase of gap distance reduced the salt
adsorption efficiency. Moreover, the adsorption rate
constant of G-1x showed the highest value, indicating
the fastest adsorption process among the different
tested gap distances. The wider channel created a
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longer ion diffusion distance from water stream to the
electrodes and a weaker electric field strength [16,17].
So, it was confirmed that a narrow gap distance for
water flow channel contributed to the highly efficient
electrosorption performance.

Furthermore, charge efficiency with respect to en-
ergy consumption efficiency was shown in Table 1. We
observed a relatively higher charge efficiency of the
thinner electrode than those of the thick electrodes;
while the narrower gap distance revealed a signif-
icantly higher charge efficiency compared with the
wider distances. Therefore, it suggested that the high
charge efficiency was associated with the electrode pa-
rameters: the thin porous carbon layer on the electrode
and the narrow gap between a pair of electrodes.

CONCLUSION

The present study investigated the effect of two carbon
electrode parameters: porous carbon layer thickness
and the gap distance between a pair of electrodes on
salt adsorption efficiency. CDI performances revealed
that the increase in porous carbon layer thickness of
the electrode reduced the capacity and the rate of salt
adsorption. It originated from the limitation of the
long ion pathways into the porous structure of the thick
carbon layer electrode. For gap distance, the narrow
distance between a pair of electrodes facilitated the
high electrosorption performance, a result of the strong
electrical field. Therefore, the appropriate thickness of
the electrode and gap distance for CDI unit cell assem-
bly would optimize capacitive deionization efficiency
for further practical application.
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