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Abstract: In this study, carbon aerogels (CAs) were synthesized by the sol-gel method, using envi-
ronmentally friendly glucose as a precursor, and then they were further activated with potassium
hydroxide (KOH) to obtain activated carbon aerogels (ACAs). After the activation, the electrochemi-
cal performance of the ACAs was significantly improved, and the specific capacitance increased from
19.70 F·g−1 to 111.89 F·g−1. Moreover, the ACAs showed a stronger hydrophilicity with the contact
angle of 118.54◦ compared with CAs (69.31◦). When used as an electrode for capacitive deionization
(CDI), the ACAs had not only a better diffuse electric double layer behavior, but also a lower charge
transfer resistance and intrinsic resistance. Thus, the ACA electrode had a faster CDI desalination
rate and a higher desalination capacity. The unit adsorption capacity is three times larger than that
of the CA electrode. In the desalination experiment of 100 mg·L−1 sodium chloride (NaCl) solution
using a CDI device based on the ACA electrode, the optimal electrode spacing was 2 mm, the voltage
was 1.4 V, and the flow rate was 30 mL·min−1. When the NaCl concentration was 500 mg·L−1, the
unit adsorption capacity of the ACA electrode reached 26.12 mg·g−1, much higher than that which
has been reported in many literatures. The desalination process followed the Langmuir model, and
the electro-sorption of the NaCl was a single layer adsorption process. In addition, the ACA electrode
exhibited a good regeneration performance and cycle stability.

Keywords: carbon aerogel; activation; capacitive deionization; desalination; electro-sorption

1. Introduction

The rapid population growth and industrial development have led to a global shortage
of water resources. At the same time, the discharge of pollutants in the environment has
caused a decline in water quality, even in water-rich areas. To solve the water crisis,
extensive researches have been carried out on desalination technology for water reuse. The
conventional technologies which were applied for desalination include distillation [1,2],
reverse osmosis (RO) [3,4], electrodialysis [5,6], ion exchange [7,8], and so on. Meanwhile,
the ever-growing demand for energy saving and fresh water still requires a new desalination
strategy with a lower cost, economic energy consumption, abundant material resources, a
higher deionization capacity, and environmentally friendly features.

Capacitive deionization (CDI) is a desalination technique based on double layer
capacitance theory. By applying a low DC voltage to two porous electrodes, an electrostatic
field can be formed in the solution between the electrodes. The ions will move to the
oppositely charged electrode under the action of an electric field to form an electrical double
layer and are removed from the solution [9–13]. The electrodes’ desorption regeneration can
be achieved by simply shorting the circuit or reversing the polarity of the electrodes. CDI
does not require an ion exchange membrane and a pressure difference, thus it is a promising
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desalination technology which has multiple advantages over other desalinating processes:
(i) this technique works by the process of electro-sorption and it is more energy-efficient
as it does not require any high-pressure pumps; (ii) as the module works in a low applied
voltage, it can be combined with solar/wind power and work in remote areas, where
the availability of electricity is a major issue; (iii) the water reject is much less compared
with other techniques such as RO; (iv) the carbon material can withstand a much higher
temperature than the membranes, thereby it can be used for wider applications; and (v) as
the device works like a capacitor, a high-energy recovery is possible [14,15].

The electrode material directly determines the ions adsorption capacity and adsorption
rate, which is a key factor affecting the performance of the CDI. Carbon materials such
as activated carbon and graphene are the most widely used electrode materials for CDI
devices [16–18]. In recent years, carbon aerogel (CA), a lightweight nano-carbon material
with a three-dimensional network, a large specific surface area, an abundant porosity, and
a high electrical conductivity is expected to be another ideal electrode material. Xu et al.
prepared CAs with resorcinol and formaldehyde and used them as CDI electrodes. The
degree of ions adsorbed to the CA during the treatment of brackish water was found to
be dependent upon the initial ion concentrations in the feed water with the following
selectivity: I > Br > Ca > alkalinity > Mg > Na > Cl [19]. Li et al. provided a high-valence
metal oxides-doped CA for the removal of toxic heavy metals from wastewater, exhibiting
an outstanding decontamination capacity of 57.13 mg·g−1 for Cu(II) (50 mg·L−1 CuCl2
solution) at a low applied voltage of 1.2 V [20]. Kumar et al. added tetraethylorthosilicate
in the preparation of the CA and the obtained carbon-silicon composite aerogel through
organo-inorganic co-assembly represented a good reusability in water desalination by CDI,
observing that the ions desorbed completely after reversing the polarity [21].

Although a good desalination performance was achieved in the present application of
CAs in the CDI, there are still some main drawbacks in the preparation of CAs. The com-
monly used precursors for CAs are toxic and the preparation process is complicated, which
cannot meet the needs of large-scale production. Therefore, more facile and environmen-
tally friendly strategy for the production of CAs is required. Furthermore, the porosity and
specific surface area are important factors affecting the performance of the CDI electrode.
An unavoidable agglomeration and structure collapse during the preparation of the CA
would cause a partial loss of the surface activity. To improve the surface property of the
material, an activation method based on alkali (KOH) is applied to tailor the microstructure
of the CA and obtain activated carbon aerogels (ACAs) with ultrahigh specific surface
areas and an adequate porosity in this study. At high temperature, KOH reacts with carbon
atoms, leading to the reduction of hydroxyl anion into hydrogen gas and the oxidation of
carbon into carbon monoxide. The consumption of carbons, the release of gases, and the
production of potassium steam can widen the space between carbon layers and develop
the network structure of CAs.

The purpose of this study is to prepare CAs from a non-toxic precursor with a simple
and convenient method and activate CAs to offer a CDI electrode with a better desalination
efficiency. In this study, the CAs were prepared using D(+)-glucose as a precursor, and the
ACAs were obtained by a KOH activation. The morphology, surface area, porosity, surface
groups, and composition of the CAs and ACAs were compared. Then, these electrodes were
fabricated and characterized by a dynamic contact angle measurement and electrochemical
properties analysis (cyclic voltammetry, electrochemical impedance spectroscopy). The
NaCl removal performance by the two electrodes was compared, and the effects of the
voltage, flow rate, and the NaCl concentration on the removal efficiency were studied.
Finally, the regeneration property of the CDI electrode was investigated.

2. Experimental Section
2.1. Materials

D(+)-glucose was purchased from Sinoharm Chemical Reagent Co., Ltd., Shanghai,
China. Hydrochloric acid was obtained from J&K Scientific Ltd., Beijing, China. Potas-
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sium hydroxide was provided by Shanghai Aladdin Bio-Chem Technology Co., Ltd.,
Shanghai, China. Aniline was obtained from Sahn Chemical Technology Co., Shanghai,
China. Sodium chloride was purchased from East China Normal University chemical plant,
Tianjin, China.

2.2. Electrode Preparation

D(+)-glucose (10 g), potassium hydroxide (KOH, 1.225 g), and hydrochloric acid (HCl,
2.08 mL) were mixed into 25 mL of deionized water and were heated and stirred. When
the temperature of the solution rose to 333 K, 0.5 mL of aniline was added to the mixture
and then reacted at 433 K for 5 h. After cooling, aerogel was obtained by freeze-drying at
223 K for 72 h. Next, the aerogel was carbonized at a constant temperature of 1073 K for 2 h
under nitrogen protection to obtain CA.

The CA was mixed with KOH at a mass ratio of 1:10 and soaked in 20 mL of deionized
water for 12 h. After vacuum drying at 383 K for 24 h, the product was calcined at 1073 K
for 1 h under nitrogen protection. After cooling, HCl was added and the mixture was
washed with deionized water to achieve neutrality. The ACA was obtained after drying at
353 K for 24 h.

The electrode was prepared by adding CAs/ACAs, carbon black, and polytetraflu-
oroethylene (PTFE) to the mortar at a mass ratio of 8:1:1, and an appropriate amount of
anhydrous ethanol was fully mixed and milled with the above materials. The product was
rolled and cut to the desired size (about 4 × 4 cm) and then overlaid on a nickel foam plate
for tableting, drying at 353 K for 24 h to obtain a CDI electrode. The weight of the active
material (CA/ACA) was 0.1852 g and the thickness of the electrode material was 300 µm.

2.3. Design of CDI System and Measurement of NaCl Removal

The salt solution used in this experiment was a NaCl solution. The CDI system was
operated in a cyclic desalination mode consisting of a CDI module, a DC stabilized power
supply, a conductivity meter, a peristaltic pump, and a reservoir (Figure S1a). The specific
experimental process was as follows: 35 mL of NaCl solution was withdrawn from the
reservoir at a flow rate of 30 mL·min−1 and injected into the CDI module using a peristaltic
pump. The solution flowed back to the reservoir after the treatment in the CDI module. In
the CDI system, a conductivity meter probe was inserted in the reservoir to detect the total
conductivity of the solution. When the adsorption on the electrodes reached equilibrium,
a certain voltage was applied to the two electrodes of the CDI and the electro-sorption
desalination started.

The basic structure of the CDI module is shown in Figure S1b. The components
consisted of 1st polypropylene plate, 1st silicone rubber gasket, 1st CDI electrode, a silicone
rubber gasket, 2nd CDI electrodes, 2nd silicone rubber gaskets, and 2nd polypropylene
plates. The polypropylene plates were used to fix and support the CDI electrodes. The
silicone rubber gaskets could seal and adjust the spacing and prevent the short circuit of the
CDI electrodes. The CDI electrode is responsible for the removal of ions from the solution.

It is difficult to develop a real-time monitoring of the changes in the concentration of
ions by a chemical measurement. When the temperature is kept constant, the concentration
of the ions in the NaCl solution has a linear relationship with the conductivity in a certain
concentration range. Therefore, the change in the ions’ concentration in the solution can
be analyzed through a real-time monitoring of the conductivity. In this study, 20, 50, 100,
200, 500, and 1000 mg·L−1 NaCl standard solutions were used to establish the relationship
between the ions’ concentration and conductivity. According to the linear fitting of the
experimental data (Figure S2), the equation for the relationship between the concentration
of the NaCl solution (y) and the conductivity (x) could be obtained as y = 0.5506x, with
the correlation coefficient R2 = 0.9997. These results showed that there was a good linear
relationship between the concentration and conductivity of the NaCl solution in the range
of 0~1000 mg·L−1.
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2.4. Characterization of Material

A morphological characterization of the CA and ACA was implemented using a
ZEISS Merlin Compact field emission scanning electron microscope (SEM). To analyze the
textural characteristics of the CAs and ACAs, low-temperature (77 K) nitrogen adsorption–
desorption isotherms were recorded using a Micromeritics ASAP−2460 Surface Area and
Porosity Analyzer. Fourier transformed infrared (FT-IR) spectroscopy (Nicoler Nexus 870,
Thermo Scientific, Waltham, MA, USA) was employed to assess the functional groups and
the structural changes. X-ray photoelectron spectroscopy (XPS) was conducted using the
Thermo Scientific ESCALAB 250Xi to determine the composition of CA and ACA.

2.5. Characterization of Electrode

The hydrophilicity of the CAs and ACAs was tested by a JC2000DM contact angle
meter. During the determination, 2 µL of water was dropped vertically on the electrode
surface, the contact angle of the same electrode was tested 3 times, and the average value
was calculated.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
performed with a CHI 670D electrochemical workstation to evaluate the electrochemical
performance of the CA and ACA electrodes. A three-electrode system using the prepared
CA/ACA electrode as the working electrode, the platinum wire as the counter electrode,
the saturated calomel electrode as the reference electrode, and a 1 M NaCl solution as the
electrolyte was adopted for the above analysis.

CV is a simple and convenient electrochemical technique that can be used to calculate
the specific capacitance of an electrode material. In this experiment, the scan voltage range
was −0.8 to 0 V and the scan rate was 5, 10, 20, and 50 mV·s−1, respectively. The specific
capacitance value (C) of the electrode material was calculated according to Equation (1):

C =
1

2vm
(

Vf − Vi

) ∫ Vf

Vi

I(V)dV (1)

where v is the scan rate (mV·s−1), m is the mass of electrode material (g), Vi and Vf are the
starting and ending voltage (V) of the scan, respectively, and I is the current intensity (A).

EIS is often used to test the charge transfer resistance and ion diffusion behavior of the
electrode. In this experiment, the frequency range was 0.01~105 Hz, the initial voltage was
the open circuit voltage, and the amplitude was 5 mV.

2.6. CDI Experiments

The CA and ACA electrode were prepared in the same way and applied in the CDI
system. To explore the effects of the electrode’s spacing, voltage, flow rate, and salt
concentration on desalination, different electrode spacings (2~6 mm) were constructed by
adjusting the silicone rubber gaskets, different voltages (0.8 to 1.6 V) were applied to the
CDI electrodes, different flow rates (10 to 50 mL·min−1) were regulated by a peristaltic
pump, and different concentrations (100–500 mg·L−1) of the NaCl solutions were added
to the CDI system. The solution concentration change was monitored by measuring the
conductivity until the equilibrium was reached. The conditions of an electrode spacing of
2 mm, a flow rate of 30 mL·min−1, a DC voltage of 1.4 V, and a NaCl solution concentration
of 100 mg·L−1 were selected to compare the desalination performance of CDI using CA
and ACA.

To investigate the stability of the CDI electrode, 35 mL of NaCl solution with a
concentration of 100 mg·L−1 was used in the CDI system, and a DC voltage of 1.4 V was
applied. When the solution concentration dropped to a stable level, the electrodes were
short circuited so that the ions adsorbed on the electrodes could return to the solution.
When the solution concentration changed to the initial value, the electrodes regeneration
was completed. The above operations were one process, the next process was performed
after one process was completed, and these processes were repeated five times.
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3. Results and Discussion
3.1. Characterization of CA and ACA

It can be seen from the SEM images (Figure S3) that the CAs and ACAs have a
similar three-dimensional coral-like structure assembled by nanorods. After the KOH
activation, the nanorods of the ACA (67 nm) became smaller in diameter than that of
the CA (90 nm) and they were assembled more evenly. According to the N2 adsorption–
desorption isotherms and pore size distribution measurement (Figure S4), the CA and
ACA showed a type I and II isotherm, respectively, and there were more mesopores and
micropores in the ACAs. The specific surface area and total pore volume significantly
increased from 567 m2·g−1 and 0.300 cm3·g−1 (CA) to 2413 m2·g−1 and 1.389 cm3·g−1

(ACA) after the activation treatment due to the etching effect of the KOH.
The CAs and ACAs had a similar FTIR spectra (Figure S5), but the relative intensity of

the bands at 3422 cm−1 (stretching vibrations of O–H), 2921 cm−1 (stretching vibration of
C–H), 1384 cm−1 (bending vibration of C–H), and 1126 cm−1 (bending vibration of C–O)
increased after the activation, indicating that the ACA contained more oxygen-containing
functional groups. XPS analysis (Figure S5) also demonstrated that the oxygen content
increased from 6.35% to 12.14% due to the activation by the KOH. The C1s spectrum of
the ACA showed a higher C–O (31.20%) and COOH (15.57%) content than that (23.01%
and 7.49%) of the CA. The O1s spectra also indicated that the C–O–C and COOH content
increased from 31.92% and 6.41% to 67.68% and 23.90%, respectively, after the activation.
The increase in oxygen-containing functional groups would improve the hydrophilicity of
the material.

3.2. Electrode Characterization

The contact angle meter was used to analyze the hydrophilicity of the CA and ACA
electrodes. The water contact angle image is shown in Figure S6. The hydrophilicity of
the material increased as the water contact angle decreased. When a contact angle is less
than 90◦, the material exhibits a hydrophilic character, while it is hydrophobic when the
contact angle is larger than 90◦ [22]. From Figure S6, it can be observed that the contact
angles of the CA and ACA were 118.54◦ and 69.31◦, respectively, indicating that the CA
was hydrophobic and the ACA was hydrophilic. It was clear that the hydrophilicity of the
carbon aerogel significantly increased after the KOH activation. Perhaps alkali activation
processes could introduce more oxygen-containing functional groups [23,24].

The electrochemical performance of the CDI electrode was closely related to its de-
salination effect. Generally, the electrode with a higher specific capacitance and a lower
resistance tends to have a better desalination performance. In this study, the electrochemi-
cal performance of the CDI electrodes was tested using a three-electrode system. The CV
characteristics of the CA and the ACA at 5, 10, 20, and 50 mV·s−1 are shown in Figure 1a,b.
There was no regular rectangular shape in the CV diagram of the CA electrode, and a peak
appeared at −0.35 V due to the Faradaic redox reaction, which showed that the capacitance
behavior of the electrode was affected not only by the double layer effect but also by the
pseudo capacitive effect [25,26]. The CV diagram of the ACA electrode exhibited a more
obvious rectangular shape, indicating that the double layer effect dominated the capacitive
behavior of the electrode. At the same time, it could also be observed that the specific
capacitance of either the CA or the ACA electrode gradually decreased as the scan rate
increased. When the scan rate increased from 5 mV·s−1 to 50 mV·s−1 and the specific
capacitance of the CA and the ACA electrode decreased from 19.70 F·g−1 to 7.08 F·g−1 and
111.89 F·g−1 to 70.50 F·g−1, respectively, because the ions have more time to diffuse from
the solution to the pores of the electrode at a low scan rate [27]. In addition, the specific
capacity of the ACA electrode was almost six times that of the CA electrode at the same
scan rate, indicating that the ACA electrode had a better electrochemical performance.
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Figure 1. The CV curves of CA (a) and ACA (b) electrodes at different scan rates, their corresponding
specific capacitance (c), and AC impedance Nyquist curves (d).

To investigate the difference in the conductivity of the CA and ACA electrode, an
AC impedance test was performed, and the AC impedance Nyquist diagram is shown
in Figure 1d. The Nyquist curve consists of a semi-arc in the high frequency region and
a straight line in the low frequency region. The semi-arc in the high frequency region
represents the charge transfer resistance at the interface between the solution and the
electrode. The larger the semi-arc radius is, the greater the charge transfer resistance is [28].
The straight line in the low frequency region represents the ion diffusion behavior. The
more vertical the line is, the better the double layer behavior is [29]. In the high frequency
region, the semi-arc of the CA electrode had a larger radius, while the semi-arc of the ACA
electrode was not obvious, indicating that the CA had a greater charge transfer resistance
than the ACA electrode. At the same time, the intercept of the curve on the x-axis in the
high-frequency region reflects the intrinsic resistance of the electrode, and the smaller the
x-intercept is, the smaller the intrinsic resistance is [30]. It could be observed that the ACA
electrode had a smaller intercept, showing its low intrinsic resistance. According to the
above characterizations, the hydrophilicity of CA was improved significantly after the
activation, which made the ACA electrode have a smaller charge transfer resistance. In
addition, the ACA electrode with a more vertical straight line in the low frequency region
had a better double layer behavior.

3.3. Desalination Performance of CDI Electrodes

The NaCl solution (100 mg·L−1) was desalted using CDI based on the CA and ACA
electrodes, respectively. As shown in Figure 2, the conductivity of the ACA system drops
rapidly, and the electro-adsorption is already close to equilibrium at 15 min. While the
conductivity of the CA system decreased slowly, it gradually approached equilibrium
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at 20 min. The ACA electrode not only had a fast removal rate but also a greater total
amount of the adsorption. The CA electrode could remove 17.7% of NaCl, and the salt
adsorption capacity (SAC, qt) and rate (SAR) was 3.66 mg·g−1 and 0.122 mg·g−1·min−1,
respectively. The ACA electrode could remove 46.5% of NaCl, and the qt and SAR was
9.73 mg·g−1 and 0.487 mg·g−1·min−1, which was about three and four times that of the
CA electrode, respectively. It can be seen that the deionization performance of the CDI was
greatly improved after the KOH activation modification of the CA, and the ACA electrode
was more efficient and suitable for desalination.
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Figure 2. Desalination performance of CA and ACA electrodes.

At the same voltage, a different electrode spacing can produce a different electric field,
which will affect the adsorption capacity of the CDI electrodes, so it is necessary to study
the effect of electrode spacing on the desalination performance. In this study, CDI devices
with electrode spacings of 2, 4, and 6 mm were used to analyze the desalination property
of the ACA electrode. From Figure 3a, it can be observed that the desalination rate of the
ACA electrode was 15.39, 22.27, and 41.34%, respectively, when the electrode spacing was
6, 4, and 2 mm. At the same applied voltage, the closer the electrodes are, the higher the
desalination rate is, and the faster the solution conductivity decreases. The thickness of the
diffuse electric double layer generated by the electrode increases, and the distance from the
ions to the electric double layer becomes shorter as the electrode spacing is reduced, so the
adsorption performance of the CDI is improved.

The voltage affects the electric field strength between the electrodes and the thickness
of the electric double layer, thus affecting the desalination property of the electrode. In this
study, different DC voltages (0.8–1.6 V) were applied to the CDI electrodes. As shown in
Figure 3b, it was observed that the desalination rate of the ACA electrode increased from
11.72% to 30.14% as the applied voltage increased from 0.8 V to 1.4 V. When the voltage
continued to increase to 1.6 V, the desalination rate of the electrode decreased to 22.06%.
The higher the voltage is, the greater the electric field strength is, and the thicker the double
layer is, the more pores of the electrode material which can be used by the ions in the
solution increases, thus a higher number of ions are adsorbed. However, a high voltage will
lead to a redox reaction of the solution at the electrode, which will reduce the utilization
of the electrical energy, and then decrease the desalination efficiency and electro-sorption
capacity [31]. In this study, 1.4 V was selected as the optimal voltage.
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Figure 3. Effects of electrode spacing (a), applied voltage (b), volume flow rate (c), and NaCl
concentration (d) on desalination performance.

It was found that the performance of the CDI was greatly affected by the volume flow
rate of the solution. As shown in Figure 3c, the desalination rate of the ACA electrode
increased from 18.09% to 39.07% firstly, and then decreased to 16.31% in the flow rate range
of 10 to 50 mL·min−1. This is due to the fact that the formation of the electric double layer is
affected when the solution flows through the electrode. The double layer becomes thinner
when the flow rate is too high. In addition, too high of a flow rate results in a shorter
solution residence time and an insufficient contact between the ions in the solution and the
electrode surface. These factors together lead to a decrease in the desalination rate. At a
too low of a solution flow rate, the ions adsorbed on the surface of the electrode may be
desorbed into solution due to the long residence time, also resulting in a lower desalination
rate [32]. The optimal flow rate in this experiment was 30 mL·min−1.

Electro-adsorption desalinations of 100, 200, 300, and 500 mg·L−1 NaCl solutions with
the ACA electrode were also investigated, and the results are shown in Figure 3d. With the
initial NaCl concentration increasing from 100 to 500 mg·L−1, the desalination rate dropped
from 57.90% to 27.31%, but the unit adsorption capacity of the ACA electrode increased
from 10.95 mg·g−1 to 26.12 mg·g−1, showing that the capacitance of the electric double
layer was improved at a higher concentration of NaCl. When the initial concentration
of NaCl was 500 mg·L−1, the adsorption capacity of the CDI was 26.12 mg·g−1, which
was higher than those reported in many literatures (Table 1). For example, under the
same experimental conditions, the adsorption capacity of the CDI using a functionalized
graphene electrode in the study of Liu et al. was 13.72 mg·g−1 [33].
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Table 1. Comparison of NaCl adsorption capability of ACA electrode and other electrode materials.

Electrode Materials Adsorption Conditions qm (mg·g−1) Reference

Carbon aerogel 1.2 V, 500 mg·L−1, 50 mL 15.7 [34]

Porous carbons 1.2 V, 500 mg·L−1, 30 mL 17.2 [35]

Activated carbon 1.5 V, 1000 mg·L−1, 50 mL 14.6 [36]

Porous carbon spheres 1.2 V, 500 mg·L−1, 20 mL 15.8 [37]

Graphene 1.4 V, 500 mg·L−1, 35 mL 13.7 [33]

Carbon sponge 1.2 V, 500 mg·L−1, 80 mL 16.1 [38]

Graphene 1.2 V, 100 mg·L−1 9.2 [39]

Carbon nanofiber 1.2 V, 1000 mg·L−1, 50 mL 12.8 [40]

Graphene 1.8 V, 100 mg·L−1, 50 mL 4.8 [41]

Porous carbon spheres 1.6 V, 500 mg·L−1, 50 mL 5.8 [42]

Graphitic porous carbon
nanosheets 1.2 V, 500 mg·L−1 19.3 [43]

MoS2−graphene 1.2 V, 500 mg·L−1, 50 mL 19.4 [18]

ACA 1.4 V, 500 mg·L−1, 35 mL 26.1 This study

The adsorption process and mechanism of the CDI based on the ACA electrode can
be further understood by fitting the electro-adsorption data of different concentrations
of the NaCl solution. The models of pseudo-first order and pseudo-second order were
used to analyze the adsorption kinetics of the ACA electrode desalination. According to
Table 2 (see SI Text S1 for the calculation method), it can be observed that the pseudo-first
order model fits well with the kinetic data when the values of qe,cal and qe are closer. The
Langmuir and Freundlich isotherm models were used to fit the experimental data of the
ACA electrode desalination. The fitting results are shown in Figure 4 and Table 3. The
correlation coefficient (R2) of the Langmuir model fitting was 0.99, which was higher than
that of Freundlich, indicating that the Langmuir model could better fit the experimental
data. The electro-adsorption of NaCl by the ACA electrode was a monolayer adsorption,
and the theoretical adsorption capacity could reach 34.32 mg·g−1. The calculated separation
factor (RL) was 0.54 (0 < RL < 1), indicating a favorable adsorption of NaCl (see SI Text S2
for calculation method) and the Langmuir isotherm was appropriate for this adsorption
process [44].

Table 2. Kinetic parameters for ACA electrode desalination.

C0
(mg·L−1)

qe
(mg·g−1)

Pseudo-First Order Pseudo-Second Order

qe,cal
(mg·g−1)

k1
(min−1) R2 qe,cal

(mg·g−1)
k2

(g·mg−1·min−1)
h0

(mg·g−1·min−1) R2

100 10.95 10.77 0.50 >0.99 13.09 0.0018 0.31 0.99
200 17.50 20.68 0.30 0.97 29.44 0.0006 0.56 >0.99
300 21.12 32.32 0.63 0.95 27.34 0.0003 0.22 0.98
500 26.12 27.27 0.33 >0.99 37.08 0.0002 0.27 0.98
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Figure 4. Adsorption isotherms of NaCl adsorbed by ACA.

Table 3. Parameters of Langmuir and Freundlich isotherm models for the adsorption of NaCl.

Models Parameters Values

Langmuir

qm (mg·g−1) 34.32
KL (L·mg−1) 0.01

RL 0.54
R2 0.99

Freundlich
KF ((mg·g−1) (L·mg−1)1/n) 2.34

n 2.42
R2 0.98

3.4. Regeneration Property of ACA Electrode

An effective CDI requires not only a high adsorption capacity but also a good regenera-
tion property. In this study, a 100 mg·L−1 NaCl solution was repeatedly desalted to test the
reusability of the ACA electrode. When the NaCl concentration in the solution decreased
to a stable level, the electrode was short-circuited and regenerated. The electro-adsorption
procedure was repeated for stability testing. It can be seen from Figure 5 that the NaCl
concentration could return to the initial value after short-circuiting the ACA electrode,
showing a good regeneration property. In addition, there were still high desalination rates
after the re-powering. After five adsorption and desorption cycles, the desalination rate of
the CDI only decreased by 11%, indicating that the ACA electrode had a good reusability.
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4. Conclusions

Herein, CA was prepared by a facile and eco-friendly sol-gel approach from glucose, an
abundant and inexpensive sugar molecule, and further activated by potassium hydroxide.
The acquired ACA (contact angle: 69.31◦) had a higher hydrophilicity than CA (contact angle:
118.54◦). Correspondingly, the electrochemical performance of the CA was significantly
improved after the activation. The ACA electrode had not only a higher specific capacitance
(six times that of CA electrode) and better electric double layer behavior, but also a smaller
charge transfer resistance and intrinsic resistance. Under the same experimental conditions,
both the desalination rate and unit adsorption capacity of the ACA electrode was higher.
In the desalination experiment of a 100 mg·L−1 NaCl solution, the adsorption capacity of
the ACA electrode was three times of that of the CA electrode. In the CDI device based
on the ACA electrode, the optimal electrode spacing for the desalination was 2 mm, the
optimal voltage was 1.4 V, and the optimal flow rate was 30 mL·min−1. When the NaCl
concentration increased from 100 to 500 mg·L−1, the unit adsorption capacity of the ACA
electrode increased from 10.95 mg·g−1 to 26.12 mg·g−1. The theoretical adsorption capacity
determined by fitting to the Langmuir model was 34.32 mg·g−1. A good regeneration of the
ACA electrode could be achieved by short-circuiting the electrodes, and the ACA electrode
remained a good cycle stability in five adsorption and desorption cycles.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pr10112330/s1, Figure S1: Schematic diagram of (a) the CDI system and
(b) the CDI module; Figure S2: Relationship between concentration and conductivity of NaCl solution;
Figure S3: SEM images of CA (a) and ACA (b); Figure S4: N2 adsorption-desorption isotherms (a) and
pore size distribution (b) of CA and ACA; Figure S5: FTIR (a) and XPS(b) spectra of CA and ACA, C 1s
(c) and O 1s (d) high-resolution XPS spectra of CA, C 1s (e) and O 1s (f) high-resolution XPS spectra of
ACA; Figure S6: Contact angles of CA (a) and ACA (b) electrodes.
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