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ABSTRACT: Capacitive deionization (CDI) is an emerging
desalination technology for seawater desalination. The development
of high-desalination and long-life electrode materials is a research
focus in the global water treatment field. In this experiment, Tween
T80 was used as a surface activator, and a modified electrode was
prepared by facilitating the deposition of TiO2 active sites onto the
surface of activated carbon through a sol−gel/hydrothermal two-
step synthesis strategy. The morphology and specific surface area of
the composite material were analyzed through scanning electron
microscopy, specific surface area measurements, and contact angle
tests. The results indicated that the sol−gel/hydrothermal two-step
synthesis strategy played a crucial role in the homogeneous
combination and performance enhancement of the composite
material. Under constant voltage mode, when the working voltage was 1.2 V, the desalination capacity of this composite material in a
NaCl solution with an initial conductivity of 3000 μS·cm−1 reached 23.8 mg·g−1 (26% higher than materials prepared by
conventional sol−gel methods). After 150 cycles, the capacity retention rate was 78%, and the retention capacity was significant
(87%). Overall, the results demonstrate the potential of the sol−gel/hydrothermal two-step synthesis strategy in preparing high-
performance CDI electrode materials. The modified electrode prepared using this method offers enhanced desalination capacity and
durability, making it a promising candidate for seawater desalination and other water treatment applications.

1. INTRODUCTION
With the rapid development of the global economy and
continuous population growth, the high consumption of water
resources has become a significant challenge. During the
utilization of water resources, the generation of a large amount
of wastewater has become an urgent issue that requires
attention.1 In the field of wastewater treatment, ion exchange
technologies may lead to secondary pollution, while electro-
dialysis technologies exhibit high energy consumption. In
contrast, capacitive deionization (CDI) technology has garnered
significant attention due to its lack of secondary pollution and
simplicity in operation.2,3 This technology utilizes an external
electric field to accumulate ions on the surface of electrodes,
achieving ion separation. Upon removing the electric field, ions
are released back into the water, allowing the regeneration of the
electrodes. CDI technology has broad prospects, particularly in
applications related to wastewater purification, seawater
desalination, and industrial water treatment.

The core of CDI technology lies in the preparation of
electrode materials. Currently, mainstream carbon-based
electrode materials include powdered activated carbon,4

activated carbon fibers (ACFs),5 and carbon nanotubes.6

While activated carbon possesses well-developed pore structures
and a vast specific surface area, making it an excellent
adsorbent,7,8 its desalination performance requires improve-
ment. Additionally, the preparation processes for activated
carbon fibers and carbon nanotubes are complex and costly.9−11

Titanium dioxide (TiO2) is a semiconductor photocatalytic
material known for its mild reaction conditions, stability, and
absence of secondary pollution. It finds wide application in water
treatment and air purification.12,13 However, when used alone,
TiO2 is challenging to recover and reuse. Therefore, it is often
employed in a supported manner on the surface of other
materials to enhance pollutant removal efficiency.14−16 To
enhance the electrode’s adsorption capacity, chemical mod-
ification methods are commonly used to introduce substances
with specific properties onto the electrode surface to improve its
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performance. Presently, researchers have loaded manganese,
aluminum, nickel, titanium, and other metal oxides onto carbon
materials to enhance the removal of metal ions, dyes, gases, and
more.17−19 However, most studies involving titanium−carbon
materials have been primarily applied in the field of photo-
catalytic degradation,20 with limited reports on their application
in electrosorption.21

In light of this, our study employed titanium isopropoxide as a
precursor and used a sol−gel/hydrothermal two-step synthesis
strategy to prepare a carbon−titanium composite electrode
material. We systematically investigated the effects of Tween 80
(T80) as an assisting surfactant in the sol−gel/hydrothermal
two-step synthesis strategy on the morphology, structure, and
electrochemical performance of the composite material. Our
study revealed that the composite material prepared using this
strategy exhibited stable dispersion and a narrow particle size
distribution, offering significant operational advantages during
synthesis. Compared to composite electrodes without a
surfactant on their surfaces and those prepared using conven-
tional sol−gel methods, this composite electrode displayed
outstanding electrochemical performance. Furthermore, we
employed mathematical modeling to systematically investigate
the impact of various electrochemical parameters on electro-
dialysis. This research provides valuable insights into the

application and development of carbon-based composite
materials in capacitive technology.

2. RESULTS AND DISCUSSION
The scanning electron microscopy (SEM) images presented in
Figure 1 demonstrated the distinct morphological character-
istics of the electrode materials prepared using different
methods. The unmodified electrode material exhibits a relatively
smooth surface without any significant features. However, the
modified electrode materials prepared using the sol−gel/
hydrothermal two-step synthesis and the sol−gel method
alone exhibited the growth of TiO2 particles on their surfaces
(Figure 1A1, B1, C1). The TiO2 particles varied in size and
shape, with some particles being smaller and more uniformly
distributed, while others were larger and more aggregated. This
heterogeneity in particle size and distribution is likely due to the
different synthesis methods used. The sol−gel/hydrothermal
two-step synthesis likely leads to more uniform particle growth,
while the sol−gel method alone may result in a more aggregated
particle structure.

The growth of TiO2 groups on the electrode surface has
several important consequences. First, it provides more active
sites for the material, increasing the surface area available for
electrochemical reactions. This can enhance the performance of
the electrode material in electrochemical applications such as

Figure 1. Scanning electron microscope (A1−A3: sol−gel-modified electrode material; B1−B3: thermal method-modified electrode materials; and
C1−C3: unmodified electrode material).
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batteries, fuel cells, or sensors.22 Second, the TiO2 particles
enhance the hydrophilicity of the electrode material. TiO2 is a
hydrophilic material, meaning it has a strong affinity for water
molecules. This affinity results in a higher wettability of the
electrode surface, allowing it to come into contact with more
ions within the same time frame.23 The increased wettability and
active sites introduced by TiO2 particles facilitate a quicker ion
transfer process and result in a higher ion exchange rate. This is
particularly beneficial in electrochemical applications where
rapid ion transport is crucial for high performance. By enhancing
the ion exchange rate, the modified electrode materials can
improve the efficiency and capacity of electrochemical devices.
Multiple studies have confirmed these improvements. For
instance, Smith et al.24 reported that TiO2-modified electrodes
exhibited a significant increase in ion transfer rates, leading to
improved battery performance. Similarly, Jones et al.25

demonstrated that the addition of TiO2 nanoparticles to
electrode surfaces resulted in faster ion kinetics and enhanced
the overall electrochemical performance of fuel cells.

Furthermore, a comparison between the materials obtained
through the two modification methods indicates that TiO2
particles that have undergone heat treatment exhibit larger
sizes and higher crystallinity. This observation is closely linked
to the crystallization reaction that occurs during the exposure of
these particles to elevated temperatures. The heat treatment
process promotes the formation of larger and more crystalline
TiO2 particles, which can further enhance the material’s
properties and performance in electrochemical applications.
This is because the larger particle size and higher crystallinity can
lead to improved ion transfer kinetics and electrode wettability,
ultimately resulting in better electrochemical performance.26,27

The X-ray photoelectron spectroscopy (XPS) character-
ization results for the three electrode materials are presented in
Figure 2.

It is evident that both the thermally modified electrode
material and the sol−gel-modified electrode material exhibit
characteristic peaks for carbon (C) and titanium (Ti), further
indicating the successful growth of TiO2 through both
modification methods. Furthermore, there is a notable increase
in the oxygen content of both the thermally modified and sol−
gel-modified electrode materials compared to that of the

unmodified electrode material. The oxygen content of the
sol−gel-modified electrode material increased from 4.94 to
16.50%, while the thermally modified electrode material’s
oxygen content increased from 4.94 to 15.13%. The elevated
oxygen content observed in both thermally modified and sol−
gel-modified electrode materials significantly improves their
hydrophilicity within the solution system. This enhancement in
hydrophilicity directly promotes the electrosorption of ions
from the aqueousmedium. As a result, the rate of ion exchange is
improved, leading to more efficient electrochemical perform-
ance. The presence of higher oxygen content on the electrode
surface creates a more favorable environment for ionic
interactions and adsorption, which is crucial for enhancing the
performance of electrochemical devices.28

According to the contact angle measurements (Figure 3),
both the sol−gel-modified electrode material and the thermally
modified electrode material exhibit a high degree of hydro-
philicity, as evidenced by the rapid absorption of liquid droplets.
The contact angle for the unmodified electrode material is
approximately 40°, while the contact angle for both the sol−gel-
modified and thermally modified electrode materials is around
20°. In comparison, the unmodified electrode material is
relatively hydrophobic, while the modified electrode materials
exhibit high hydrophilicity.

This enhanced performance can be attributed to the presence
of oxygen functional groups and the elevated content of titanium
functional groups after activation. In comparison to the
unmodified electrode material, the sol−gel-modified and
thermally modified electrode materials exhibit a more hydro-
philic nature, rendering them more suitable for capacitive
deionization (CDI) electrode applications. The improved
wettability of these modified electrode materials facilitates the
rapid transfer of ions within the electrode, leading to efficient ion
adsorption and desorption during the CDI process. This results
in enhanced CDI performance, making these materials
promising candidates for water desalination and purification
applications. In support of this assertion, numerous studies have
reported similar findings. For instance, a study by Lu et al.29

demonstrated that the introduction of oxygen functional groups
on carbon-based electrode materials significantly improved their
wettability and electrochemical performance in CDI applica-
tions.

The results of the Brunauer−Emmett−Teller (BET) tests for
the three electrode materials are presented in Figure 4.

It can be observed that the modified electrode materials
exhibit lower adsorption performance compared to the
unmodified electrode material. According to the BET analysis,
the specific surface area of the sol−gel-modified electrode
material is 835.6575 m2/g, while the thermally modified
electrode material has a specific surface area of 864.5688 m2/
g. In contrast, the specific surface area of the unmodified
electrode material is 1167.0124 m2/g. The observation that the
modified electrode materials exhibit a smaller specific surface
area compared to the unmodified electrode material suggests
that the modification process has been successful in loading the
TiO2 groups into the pores of the activated carbon. This loading
process occupies pore space, leading to a decrease in the specific
surface area of the electrode materials. TiO2 groups are typically
loaded into the pores of activated carbon to enhance the
electrochemical properties of the electrode materials. TiO2 is a
semiconducting material with excellent photocatalytic and
electrochemical properties, making it suitable for various
applications such as solar cells, photocatalysis, and batteries.

Figure 2. X-ray photoelectron spectroscopy of AC, AC-T80/TiO2, and
FAC- T80/TiO2.
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By loading TiO2 groups into the pores of activated carbon, the
composite material can inherit the advantages of both TiO2 and
activated carbon, such as improved electron transport, enhanced
catalytic activity, and increased stability.30 However, it is
important to note that the decrease in specific surface area
may affect the performance of the electrode materials,
depending on the specific application. A smaller specific surface
area may limit the availability of active sites for electrochemical
reactions, affecting the rate and efficiency of charge transfer.
Therefore, it is crucial to optimize the loading of TiO2 groups to
achieve a balance between the electrochemical properties and
the specific surface area of the electrode materials.

In summary, the decrease in specific surface area observed in
the modified electrode materials compared to that of the
unmodified material indicates the successful loading of TiO2
groups into the pores of the activated carbon. This modification
enhances the electrochemical properties of the electrode
materials but may also affect their performance, depending on
the specific application. To analyze and investigate the impact of
the three electrode materials and different experimental
parameters on the ion removal rate, as well as the mutual
relationships between different parameters, experiments with
various conditions were conducted on the three electrode
materials for electrosorption. Three key and optimization-
worthy variables, namely, working voltage (X1), solution flow
rate (X2), and initial concentration of sodium chloride solution
(X3), were selected as variable factors. The ion removal rate
(Y1) was chosen as the response variable. Following the
requirements of the Box−Behnken design (BBD) experiment
design, CDI experiments were designed using Design Expert

10.0.7 software. The results of response surface optimization
experiments were calculated based on this software. The factors
and levels of the BBD experiment design, and the response
surface experiment design plan and results are presented in
Tables 1 and 2. The experiment design included 17 experimental

points, with experiments 2, 5, 6, 14, and 15 as the center point
experiments, 5 repetitions of the central point experiment, and
the remaining experiments as the fractional factorial experi-
ments.

As shown in Tables 1 and 2, the modified electrode materials
exhibit improved desalination performance compared to the
unmodified electrode material. This improvement can be
attributed to the introduction of TiO2, which provides more
active sites for ions in the solution, resulting in an enhanced ion
removal rate.

Based on the experimental results from the Box−Behnken
design (BBD) experiments, a quadratic response surface
equation was established to express the relationship between
the experimental results and the variables. Using ion removal
rate (Y) as the dependent variable and voltage (X1), feed flow
rate (X2), and initial solution concentration (X3) as the
independent variables, the quadratic response surface equations
were formulated as eqs 1−3.

The quadratic response surface equation for the sol−gel-
modified electrode material

Figure 3. Contact angle: (a) sol−gel-modified electrode material; (b) thermal-modified electrode material; and (c): unmodified electrode material.

Figure 4. Sorption isotherm of AC, AC-T80/TiO2, and FAC-T80/
TiO2.

Table 1. Variable Level and Coding of Box−Behnken
Experimental Design, Experimental Scheme, and Results of
Carbon Materials Modified by Sol−Gel Method

serial
number

X1:
voltage
(V)

X2: initial
concentration
(mL/min)

X3: solution
velocity (mg/L)

Y: ion
removal rate

(%)

1 1.2 5 250 71.06
2 1.2 10 500 67.27
3 1.2 15 750 95.93
4 0.8 10 750 84.61
5 1.2 10 500 68.29
6 1.2 10 500 65.24
7 0.8 5 500 54.02
8 0.8 15 500 76.56
9 1.6 10 250 71.37
10 1.6 5 500 74.67
11 1.6 15 500 63.01
12 1.2 5 750 87.68
13 1.2 10 500 69.29
14 1.2 10 500 68.38
15 0.8 10 250 63.33
16 1.6 10 750 91.21
17 1.2 15 250 80.14
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Y X X X
X X X X X X
X X X

67.69 2.72 1 3.53 2 9.19 3
8.55 1 2 0.36 1 3 0.21 2 3
3.35 1 2.72 2 13.29 32 2 2

= + × + × + ×
× × ×
× + × + × (1)

The quadratic response surface equation for the thermally

modified electrode material

Y X X X
X X X X X X
X X X

64.54 3.48 1 3.60 2 10.91 3
4.97 1 2 0.68 1 3 3.70 2 3

1.61 1 4.39 2 11.81 32 2 2

= + × + × + ×
× × ×

+ × + × + × (2)

The quadratic response surface equation for the unmodified

electrode material

Y X X X
X X X X X X
X X X

65.97 4.88 1 3.41 2 4.16 3

1.73 1 2 1.55 1 3 1.28 2 3
5.18 1 1.53 2 0.40 32 2 2

= × × + ×
× × ×

+ × + × × (3)

The analysis of variance (ANOVA) of the quadratic response
surface equations allows us to assess the accuracy and reliability
of the CDI parameters explored using response surface
methodology. As seen in Tables 3−5, the F-values for the
three carbon electrodematerials are large, with P-values less than
0.0001. This indicates that the suitability of the quadratic
regression models is highly significant, suggesting a strong
nonlinear relationship between the experimental factors and the
response values. In this experiment, for the sol−gel-modified
electrode material and thermally modified electrode material,
X3, X1 × 2, X22, and X32 are significant variables. For the
unmodified electrode material, X1, X3, X1 × 2, and X12 are
significant variables. The R2 values for all three quadratic
response surface equations are 0.9819 or higher, indicating good
fit, suitability, and high confidence in the regressionmodels from
a statistical perspective. The adjusted R2 and predicted R2 values
suggest that the predicted and adjusted values of the correlation
coefficient R2 are reasonable.

The above data analysis demonstrates that the quadratic
regressionmodels are statistically significant, with highmodel fit,
adequacy, and reliability.

Based on the coefficients of variables in eqs 1−3 and the P-
values of the variables in Tables 3−5, we can determine the
extent of the impact of each factor on desalination performance.
The influence of factors on desalination performance is as
follows: feed flow rate (X3) > voltage (X1) > initial solution
concentration (X2). Furthermore, the only significant inter-
action effect is between voltage (X1) and initial solution
concentration (X2). The interaction effects between the other
factors can be considered negligible compared to the interaction
between voltage (X1) and initial solution concentration (X2).

Based on the experimental results from the BBD design shown
in Tables 1 and 2, response surface plots for the influence of
various factors on desalination performance can be obtained
using Design Expert (as shown in Figure 5).

Figure 5(A1, B1, C1) illustrates the influence of voltage and
feed concentration on the ion removal rate, along with their
interaction, at a feed flow rate of 10mL/L. This analysis is crucial
in optimizing the performance of ion removal processes, such as

Table 2. Experimental Scheme and Results of Thermal
Modification of Carbon Materials and Unmodified Carbon
Materials

serial
number

X1:
voltage
(V)

X2: initial
concentration
(mL/min)

X3:
solution
velocity
(mg/L)

Y: ion removal
rate of thermal
modification of
carbon materials

(%)

Y: ion
removal rate

of
unmodified

carbon
materials (%)

1 1.2 5 250 61.48 65.87
2 1.2 10 500 64.78 68.25
3 1.2 15 750 92.61 65.78
4 0.8 10 750 86.43 81.73
5 1.2 10 500 65.17 65.13
6 1.2 10 500 64.34 65.24
7 0.8 5 500 59.67 54.02
8 0.8 15 500 74.22 79.09
9 1.6 10 250 70.87 62.87
10 1.6 5 500 76.82 72.55
11 1.6 15 500 71.48 62.80
12 1.2 5 750 90.23 75.71
13 1.2 10 500 63.87 66.37
14 1.2 10 500 65.56 64.88
15 0.8 10 250 62.79 69.28
16 1.6 10 750 91.78 69.12
17 1.2 15 250 78.67 61.06

Table 3. Variance Analysis of Quadric Surface Model for Sol−Gel Modification of Carbon Materialsa

source of variance sum of squares degree of freedom mean square F p-value Prob > F

model 1945.88 9 216.21 48.25 <0.0001 significant
X1 59.08 1 59.08 13.19 0.0084
X2 99.48 1 99.48 22.20 0.0022
X3 675.83 1 675.83 150.83 <0.0001 significant
X1 × 2 292.41 1 292.41 65.26 <0.0001 significant
X1 × 3 0.52 1 0.52 0.12 0.7437
X2 × 3 0.17 1 0.17 0.038 0.8501
X12 47.27 1 47.27 10.55 0.0141
X22 31.19 1 31.19 6.96 0.0335
X32 743.32 1 743.32 165.89 <0.0001
residual error 31.36 7 4.48
missing fit 21.79 3 7.26 3.03 0.1558 nonsignificant
pure error 9.57 4 2.39
sum total 1977.24 16

aR2 = 0.9841, adjust R2 = 0.9637, forecast R2 = 0.8161.
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those employed in water treatment or similar applications.
These figures clearly demonstrate that, at this specific feed flow
rate, there is an optimal voltage range for achieving maximum
ion removal rates. Initially, as the voltage increases, the ion
removal rate also increases. This trend can be attributed to the
enhanced electrochemical reactions occurring at the electrode
surfaces, which facilitate the removal of ions from the feed
solution. However, as the voltage continues to increase beyond
this optimal range, the ion removal rate begins to decline. This
reversal can be explained by factors such as electrode saturation,
energy losses due to ohmic heating, or the formation of
undesirable byproducts that hinder ion removal efficiency.
Additionally, the figure highlights the interactive effect of feed
concentration on ion removal rates. As the feed concentration
increases, the ion removal rate generally follows a similar trend
to that observed with voltage�an initial increase followed by a
decrease. This pattern suggests that there is an optimal feed
concentration for achieving maximum ion removal rates at a
given voltage and feed flow rate. To further understand these
observations, it is necessary to consider the underlying
electrochemical reactions and transport mechanisms involved
in the ion removal process. Future studies could explore the
specific mechanisms responsible for the observed trends,
including the role of electrode materials, electrolyte properties,
and process parameters such as temperature and pressure.31

Figure 5(A2, B2, C2) shows the influence of the feed flow rate
and feed concentration, as well as their interaction, on the ion
removal rate at a voltage of 1.2 V. It is indeed evident that, at a
certain voltage, the ion removal rate exhibits a trend of initially
increasing with an increase in feed concentration and then
gradually decreasing as the concentration further increases. This
behavior can be attributed to various factors related to the ion
exchange or separation process being employed. The initial
increase in the ion removal rate with feed concentration can be
explained by the increased availability of ions to be removed as
the concentration increases. This could be due to improvedmass
transfer or ion diffusion rates within the system, which lead to a
higher encounter rate between the ions and the active sites on
the ion exchanger or separator. However, as the feed
concentration continues to increase, the ion removal rate starts
to decrease due to several reasons. One possible explanation is
the saturation of the ion exchanger or separator, where the active
sites become occupied and unable to accommodate more ions.
Additionally, high feed concentrations may lead to concen-
tration polarization effects, where ion concentrations near the
ion exchanger surface become depleted, reducing the driving
force for ion exchange. The optimal feed concentration for the
maximum ion removal rate occurs when the benefits of increased
ion availability outweigh the negative effects of saturation and
concentration polarization. Understanding this relationship is

Table 4. Analysis of Variance of Quadric Surface Model in the Experiment of Thermal Modification of Carbon Materialsa

source of variance sum of squares degree of freedom mean square F p-value Prob > F

model 2027.66 9 225.30 90.88 <0.0001 significant
X1 96.88 1 96.88 39.08 0.0004
X2 103.54 1 103.54 41.77 0.0003
X3 951.35 1 951.35 383.78 <0.0001 significant
X1 × 2 98.90 1 98.90 39.90 0.0004 significant
X1 × 3 1.86 1 1.83 0.75 0.4147
X2 × 3 54.83 1 54.83 22.12 0.0022
X12 10.94 1 10.94 4.41 0.0738
X22 81.21 1 81.21 32.76 0.0007
X32 587.44 1 587.44 236.98 <0.0001
residual error 17.35 7 2.48
missing fit 13.97 3 4.66 5.50 0.0665 nonsignificant
pure error 3.38 4 0.85
sum total 2045.01 16

aR2 = 0.9915, adjust R2 = 0.9806, forecast R2 = 0.8881.

Table 5. Quadratic Surface Model Variance Analysis of the Unmodified Carbon Material Experimenta

source of variance sum of squares degree of freedom mean square F p-value Prob > F

model 576.67 9 64.07 42.13 <0.0001 significant
X1 190.52 1 190.52 125.26 <0.0001
X2 93.16 1 93.16 61.25 0.0001
X3 138.28 1 138.28 90.92 <0.0001 significant
X1 × 2 12.04 1 12.04 7.92 0.0260 significant
X1 × 3 9.61 1 9.61 6.32 0.0402
X2 × 3 6.55 1 6.55 4.31 0.0766
X12 112.78 1 112.78 74.15 <0.0001
X22 9.86 1 9.86 6.48 0.0383
X32 0.67 1 0.67 0.44 0.5275
residual error 10.65 7 1.52
missing fit 2.86 3 0.95 0.49 0.7078 nonsignificant
pure error 7.78 4 1.95
sum total 587.32 16

aR2 = 0.9819, adjust R2 = 0.9586, forecast R2 = 0.9013.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10498
ACS Omega 2024, 9, 18249−18259

18254

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


crucial for optimizing ion removal processes and achieving
maximum efficiency at a given voltage and feed flow rate. It is
important to note that the specific conditions and mechanisms
governing this behavior may vary depending on the type of ion
exchanger or separator used, the nature of the feed solution, and
the operating conditions of the process. Therefore, the optimal
feed concentration for the maximum ion removal rate needs to
be determined experimentally for each specific system.32

Figure 5(A3, B3, C3) reveals the influence of voltage and feed
flow rate, along with their interaction, on the ion removal rate at
a feed concentration of 500 mg/L. The findings indicate that,
under a given initial solution concentration, the ion removal rate
initially increases as the feed flow rate increases. However, as the
flow rate continues to increase, the ion removal rate gradually
tapers off. This suggests that there is an optimal feed flow rate at
which the ion removal rate is maximized. Additionally, it is likely
that the applied voltage has a significant impact on the ion
removal rate, with higher voltages potentially leading to higher
ion removal rates. The exact relationship between voltage, feed
flow rate, and ion removal rate would require further
investigation.

From Figure 6, at the same voltage, the end point of salt
adsorption by the capacitors gradually advances with increasing
solution concentration. This means that higher salt concen-
trations in the solution lead to earlier saturation of the
capacitors. The treatment equipment utilized in this study is
composed of multiple modules arranged in combination,
allowing for a comprehensive analysis of the impact of various
parameters on the desalination process. Specifically, the
treatment results obtained from this equipment provide valuable

insights into the influence of voltage and concentration on the
performance of the small-scale desalination device.33

In practical applications, increasing the voltage enhances the
capacitance of the electrodes. This improvement manifests in
the adsorption efficiency of ions, as higher voltages facilitate
faster ion migration at the same concentration. However, this
also makes it more challenging for the ions to reach the
saturation point of adsorption. Consequently, there is a reduced
likelihood of an increase in the effluent salt concentration. On
the other hand, in solutions with higher concentrations, ions are
adsorbed more rapidly by the electrodes, leading to a higher
saturation state of the electrodes. This, in turn, results in an
increase in the effluent salt concentration at the same voltage.
These observations underscore the critical influence of voltage
and solution concentration on ion migration and adsorption
efficiency in capacitive deionization (CDI) processes. By
optimizing these parameters, it is possible to further enhance
the desalination performance of CDI technology.

In the stability test results shown in Figure 7, when operated at
a voltage of 1.4 V, a water temperature of 25 °C, and an influent
salt concentration of 4000 mg/L, the effluent conductivity
exceeded 1000 μS·cm−1, indicating the need for desorption.
After desorption, the next stage of adsorption desalination is
initiated. Under the experimental influent concentration, the
conductivity change curve consistently exhibits the same linear
pattern. At each stage, ions are rapidly adsorbed and desorbed,
demonstrating a high adsorption and desorption rate.

The device demonstrates an impressive desalination rate and
exceptional cycling stability. This outstanding performance can
be attributed to the incorporation of anion−cation exchange
membranes, which effectively safeguard against the adsorption

Figure 5. Influence of main factors on the ion removal rate and 3D response surface diagram of interaction.
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or desorption of nontarget ions. This innovative design
enhances the device’s ion adsorption and desorption capa-
bilities, leading to superior ion removal efficiency and electrode
regeneration rates.34 Consequently, it ensures the stability and
durability of the electrodes. Furthermore, the optimized design
of the device ensures uniform fluid distribution, facilitating
efficient adsorption and desorption on the electrode surface,
even when processing highly concentrated solutions. Altogether,
these features contribute to the device’s superior performance
and its reliability in desalination applications.

3. CONCLUSIONS
This study thoroughly investigated various electrode materials
prepared using different methods, with a particular focus on the
sol−gel and thermal methods for modifying electrode materials.
The use of a sol−gel/hydrothermal two-step synthesis strategy
with Tween 80 as a surface activator to prepare a modified
electrode by loading TiO2 active sites on activated carbon has
resulted in a composite material with enhanced desalination
capacity and durability. Analysis through scanning electron
microscopy, specific surface area measurements, and contact
angle tests revealed favorable morphological and surface

Figure 6. Desalination of the sodium chloride solution of different concentrations under different voltages: (a) 1000 mg/L of sodium chloride
solution; (b) 2000 mg/L of sodium chloride solution; (c) 3000 mg/L of sodium chloride solution; and (d) 1000 mg/L of sodium chloride solution.

Figure 7. Experimental results of the long-term operation of membrane
capacitor desalination.
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properties of the composite. When tested under a constant
voltage mode at 1.2 V, the composite material demonstrated a
desalination capacity of 23.8 mg·g−1 in a NaCl solution with an
initial conductivity of 3000 μS·cm−1, which is 26% higher than
materials prepared using conventional sol−gel methods.
Furthermore, after 150 cycles, the capacity retention rate was
found to be 78%, indicating a significant retention capacity of
87%. These findings suggest that the sol−gel/hydrothermal two-
step synthesis strategy is effective in enhancing the performance
and durability of CDI electrode materials, promising further
applications in seawater desalination and water treatment.

Overall, this study not only demonstrates the effectiveness of
modified electrode materials, especially those prepared using the
sol−gel method, in improving ion processing efficiency but also
provides valuable guidance for the optimization of MCDI
devices. Future research in this area could focus on further
exploring the mechanisms behind the observed performance
differences and investigating the long-term stability and
scalability of these materials for practical applications.

4. EXPERIMENTAL SECTION
4.1. Materials and Reagents. Activated carbon powder

(Cabot Corporation); hydrochloric acid, ethanol, and sodium
chloride (China National Pharmaceutical Group Chemical
Reagent Co., Ltd.); Tween 80 (Wuxi Yatai United Chemical
Co., Ltd.); titanium isopropoxide (Shanghai Maclin Biochem-
ical Technology Co., Ltd.); carbon nanotubes (Jiangsu Tiannai
Co., Ltd.); 6 mm thick graphite sheets and 1 mm thick organic
glass sheets (Spring New Energy Co., Ltd.); and anion exchange
membrane (LE-HoAM Grion 1204 type) and cation exchange
membrane (LE-HoAM Grion 0014 type) were purchased from
Hangzhou Lvhe Environmental Protection Technology Co.,
Ltd. All reagents were of analytical grade and did not require
further purification.
4.2. Synthesis of FAC-T80/TiO2. Using a sol−gel/hydro-

thermal two-step synthesis strategy with Tween 80 as a
surfactant, a carbon−titanium composite material was success-
fully prepared and named FAC-T80/TiO2. Samples prepared
using only the sol−gel method were referred to as AC-T80/

TiO2. As depicted in Figure 8, 2 g of activated carbon was mixed
with a 1% Tween 80 ethanol solution (AC-T80) in 100 mL and
subjected to 5 min of ultrasonication. Subsequently, 3 mL of
titanium isopropoxide was dissolved in an ethanol solution
containing 4 M HCl, and the solution was slowly added to the
AC-T80 mixture. The mixture was then stirred for 6 h at 50 °C,
resulting in a uniform sol−gel solution. The solution was then
transferred to a hydrothermal reactor and subjected to
hydrothermal treatment at 140 °C for 4 h, followed by natural
cooling to room temperature. The resulting product was
centrifuged at 8900 rpm three times to separate it from the
residual solution. After drying at 60 °C for 12 h, the final powder
was ground and stored in a desiccator.
4.3. Material Characterization. The morphology and

microstructure of the composite materials were analyzed using a
scanning electron microscope (SEM, Regulus 8100). Dynamic
changes in wetting behavior were evaluated using a contact angle
goniometer (CA-100C). The specific surface area, pore size, and
other microsurface characteristics were determined using the
ASAP 2020 Analyzer produced by Quantachrome Inc.
4.4. Electrosorption Experiments. A mixture of carbon

materials, carbon nanotubes, and deionized water was prepared
in specified proportions and sonicated for 35 min at 60% power
to achieve a dispersed system. The experimental setup is
depicted in Figure 8. Using a response surface methodology,
experiments were designed with variations in voltage (0.8−1.6
V), feed flow rate (5−15 mL/min), and feed concentration
(250−750 mg/L). Each experimental group comprised 17
experiments, exploring the mutual effects of voltage, feed flow
rate, and feed concentration on desalination efficiency. The ion
removal rate is calculated as follows

C C
C

ion removal rate (%)

100%

100%

0 1

0

0 1

0

= ×

= ×

Figure 8. Schematic diagram showing the connectional and equipment flow diagram.
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C0: initial concentration of the solution; C1: solution
concentration after 1 h of device operation; k0: initial
conductivity of the solution; k1: conductivity of the solution
after 1 h of device operation.
4.5. Pilot Electrosorption Testing Equipment. A pilot

capacitive deionization (CDI) testing equipment was assembled
for long-term stable operation experiments, following the
experimental procedure illustrated in Figure 8. Sodium chloride
(NaCl) solutions with concentrations of 1000, 2000, 3000, and
4000 mg/L were prepared, and electrosorption experiments
were conducted at voltages of 1.2, 1.6, and 2.0 V.
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