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ABSTRACT

A new capacitive deionization (CDI) technology was used to remove Cl� from desulfurization wastewater. TiO2 and carbon nanotubes (CNTs)

were combined with N-methyl pyrrolidone (NMP) to form composites by a solvothermal method in which it is coated onto the CDI anode

to improve dechlorination efficiency (DE). The morphology, surface area, wettability, crystal structure and chemical composition of the

TiO2/CNTs were characterized. They showed good hydrophilicity (contact angle: 85.9°), high specific surface area (96.68 m²/g) and high

specific capacitance (87.6 F/g). The experimental results illustrated that the best DE was achieved by the composites (60%T/C) under

1.2 V with the maximum electrosorption capacity toward 6.5 mg/g, and the TiO2/CNTs composites had excellent stability. Adsorption kinetics

analysis was explored and analyzed. Furthermore, TiO2/CNTs composites exhibited excellent DE in actual desulfurization wastewater. The

catalysis and adsorption mechanisms of the TiO2/CNTs anode were discussed in detail. This study provides a new direction for the application

of TiO2/CNTs composites as adsorption materials of CDI in the Cl� of desulfurization wastewater.
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HIGHLIGHTS

• The TiO2/CNTs materials were used as adsorption materials for a CDI anode to remove Cl� from desulfurization wastewater.

• TiO2/CNTs were synthesized by using a solvothermal method based on Ti4þ combining NMP along with CNTs as precursor solution.

• This study will provide a new direction for the application of TiO2/CNTs composite material as adsorption materials for CDI in actual

desulfurization wastewater.
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GRAPHICAL ABSTRACT
1. INTRODUCTION

Desulfurization wastewater mainly contains high levels of supersaturated nitrite, sulfite, suspended solids, heavy metal ions,
F� and Cl�, etc. (Shuangchen et al. 2016). It is worth noting that the increase in Cl� concentration in desulfurization waste-
water will bring many problems (Zheng et al. 2019). On the one hand, it will lead to a decline in the quality of gypsum. On the

other hand, the increase in Cl� content will increase the acidity of wastewater and affect desulfurization efficiency. In
addition, the corrosion of system materials will be intensified with an increased concentration of Cl�. Therefore, the main
goal of current wastewater treatment technology is to improve dechlorination efficiency.

The traditional treatment method (Gingerich et al. 2018b; Ma et al. 2019) mainly adopts the chemical dosing method to

remove a large number of calcium ions, magnesium ions and some heavy metal ions from wastewater, such as the
common triplet-tank treatment technology, double alkali method, etc. There are two main methods of wastewater concen-
tration and reduction: membrane methods and thermal methods. For example, the widely used reverse osmosis (RO)

(Conidi et al. 2018), forward osmosis (FO) (Lee et al. 2018b), nanofiltration (NF) (Jia & Wang 2018), electrodialysis (ED)
(Luo et al. 2019) and so on have been applied. Thermal concentration technology mainly uses steam for evaporation and
crystallization of wastewater, including mechanical vapor recompression (MVR) (Gingerich et al. 2018a), thermal vapor

recompression (TVR) (Hassan & Darwish 2014), multi-effect evaporation (MED) (Iaquaniello et al. 2014) and evaporation
are in use with waste heat of power plant flue gas. Although much research has been carried out on the treatment of desul-
furized wastewater, traditional water treatment technology still faces the problems of large modification of the original system

and high investment cost. Based on comprehensive analysis, there is an urgent need to find a new technology for removing
Cl� from desulfurization wastewater as key to solving the problem.

As a new wastewater treatment technology in recent years, capacitance deionization technology (CDI) (Porada et al. 2013;
Suss et al. 2015; Jia & Zhang 2016) has attracted wide attention from scholars due to its advantages of low energy consump-

tion, convenient operation, simple maintenance and good removal efficiency. CDI technology has been studied in seawater
(Jande & Kim 2014; García-Quismondo et al. 2016), brackish water (Tang et al. 2016; Xing et al. 2019), circulating cooling
wastewater (Ma et al. 2018), printing and dyeing wastewater (Senoussi & Bouhidel 2018) and other fields. Unlike RO, CDI

does not require high pressure or temperature, and it can be operated at room temperature with low voltage. Compared with
ED, CDI does not use ion exchange membranes, so it does not cause membrane clogging or require high feed water quality.
Indeed, the flue gas concentration tower is more acidic and it very easy to cause corrosion in the equipment. In contrast,
://iwa.silverchair.com/wst/article-pdf/84/5/1228/935937/wst084051228.pdf
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CDI is a good way to avoid such occurrences because it does not require dosage and generate secondary contamination. In

addition, there is not enough space to build a desulfurization wastewater treatment device at the end of the power plant, and
the small footprint of CDI is an effective solution to this problem. Therefore, the use of CDI as a reduction unit for desulfur-
ization wastewater has great advantages and broad application prospects.

The CDI principle is to form an electrical double-layer (EDL) (Jia & Zhang 2016) on the surface of the electrode through
the action of electric field force to collect charged ions in water by using the electrochemical characteristics of the surface of
the charged electrode. Among them, adsorption materials have always been the research focus of this technology as an impor-
tant factor of CDI. Carbon materials (Huang et al. 2017) are commonly used for adsorption materials. The general carbon

materials include activated carbon (Kim et al. 2016; Hu et al. 2018), graphene (Shi et al. 2016), activated carbon fiber
(Tian et al. 2019), carbon aerogel (Quan et al. 2017; Liu et al. 2019) and carbon nanotubes (Lee et al. 2018a). Carbon nano-
tubes (CNTs) have been widely studied and discussed, because of their large specific surface area and good electrical

conductivity. Therefore, how to improve the electrical adsorption efficiency of CNTs is key to the research. Surface treatment
or loading of other materials can effectively improve adsorption efficiency. Metal oxides on carbon-based substrates can
enhance conductivity, improve specific capacitance (Zhang et al. 2009) and increase charge storage (Boukhalfa et al.
2012). Furthermore, the addition of metal oxides can significantly change the physical and chemical properties of some
carbon materials, such as wettability, surface area and zeta potential, which is helpful to improve the deionization perform-
ance of capacitors. TiO2 is a kind of n-type oxide, environment-friendly semiconductor material with high stability, high-

quality hydrophilicity, and low cost. The wettability and electrochemical performance of carbon materials can be effectively
increased by TiO2-loaded carbon materials to improve electric adsorption efficiency (Cheng et al. 2019). Therefore, the com-
bination of TiO2 semiconductor materials and CNTs porous materials as composite adsorption materials can effectively
improve the adsorption efficiency of CDI.

Solvothermal methods have been commonly used to coat TiO2 onto the surface of CNTs (Liu et al. 2013). Muduli et al.
(2009) synthesized TiO2-multiwalled carbon nanotube (MWCNT) nanocomposites using a hydrothermal method, the results
showed the TiO2-MWCNT conjugation through -COOH groups, and that it had efficient charge transfer in the nanocompo-

sites. Yi et al. (2016) reported that TiO2@CNTs materials had been successfully achieved by a polymer-assisted approach to an
aqueous chemical solution method. The polymer, polyethylenimine, aims to combine the Ti4þ with CNTs for film formation
of TiO2@CNTs. This approach can prevent ion hydrolysis in solution and form a conformal coating for complex structure.

Noteworthily, N-methyl pyrrolidone (NMP) is a good polymer solvent (Kim et al. 2006; Sotto et al. 2011). Inspired by
these, to explore a simple, low-cost, and energy-efficient synthetic strategy, a novel preparation method of TiO2/CNTs was
developed in this study. This research has prepared Ti4þ combining NMP along with CNTs and forming a stable and homo-
geneous precursor solution to fabricate TiO2/CNTs.

In this study, TiO2/CNTs were synthesized using a solvothermal method based on Ti4þ combined with NMP along with
CNTs as precursor solution. Materials were used for the first time as adsorption materials for CDI anode to remove Cl�

from desulfurization wastewater. Physical characteristics of composites were discussed, and cyclic voltammetry (CV) was

used to analyze the electrochemical performance of the composites. Finally, TiO2/CNTs composites was modified on the sur-
face of the CDI anode to experiment with Cl� removal to find the best composites. The electrosorption method was analyzed
and discussed by the adsorption kinetic model and the adsorption mechanism of TiO2/CNTs was also explored. This study

will provide a new direction for the application of TiO2/CNTs composites as adsorption materials of CDI in the actual desul-
furization wastewater.
2. EXPERIMENTAL METHOD

2.1. Preparation of adsorption material

The process of material preparation is shown in Figure 1. Here, 0.5 g multi-wall carbon nanotubes (MWCNTs, xfm01, Alad-

din, Shanghai) were dissolved in 20 mL NMP and used as the polymer solvent (Ma et al. 2019), 40 mL absolute ethanol was
added, and then the mixture was fully stirred on a magnetic stirrer (Qiuzo DF-101S, Zhengzhou). In the process of stirring,
2 mL tetrabutyl titanate were added dropwise and used as a precursor of TiO2 nanoparticles. After stirring for 30 min, the

mixed solution was transferred to the polytetrafluoroethylene reactor, and removed after leaving it in the oven at 200 °C
for 12 h. After the reaction, the reactor was naturally cooled to room temperature, the precipitates were collected, centrifuged,
and washed with water and ethanol three times, dried in a blast drying oven at 60 °C for 12 h, and the resulting solid powder
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Figure 1 | Synthetic schematic of TiO2/CNTs composites.
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was placed in a muffle furnace and sintered at 500 °C. The final product was the TiO2/CNTs composite. The composites pre-
pared at this ratio were recorded as 60%T/C (the content of TiO2 accounts for 60% of the total sample). According to this

method, composites with different proportions were prepared, and recorded as 15%T/C and 30%T/C. The chemicals and
reagents used were purchased from the Tianjin Beichen Founder Reagent Factory for analytical purity in the experiment.
2.2. CDI electrode material

The anode electrode plates of CDI were prepared by weighing 0.2 g of composites at different ratios, mixing with acetylene
black and polyvinylidene fluoride at a ratio of 8:1:1 and dissolving them in an appropriate amount of NMP. The mixed sol-
ution was sonicated for 15 minutes with an ultrasonic cleaner (020S, Shenzhen Genen Cleaning Equipment Co. LTD),

followed by centrifugation at 5,000 rpm for 10 min and magnetic stirring. The stirred dispersion was added evenly to the
10 cm� 10 cm titanium plate using a rubber-tipped dropper, followed by smoothing the raised portion using a glass rod
and drying for 12 hours at room temperature. All experiments were carried out at 25 °C. Similarly, multiwalled CNTs modi-

fied CDI cathode electrode plates were prepared.
2.3. Characterization method

X-ray powder diffraction (XRD) analysis was performed using an X-ray diffractometer (D8advance, Buker, Germany). CuKα

(λ¼ 0.6491 nm) was used, for which the tube voltage was 40 kV, the tube current was 40 mA, the scan step width was 0.026°,
the counting time was 10 s, and the scan angle was 2θ from 5 to 80°. A scanning electron microscope (SEM) (S-4800, Hitachi,
Japan) was used to observe the morphology of the adsorbed material. The sample was weighed and dispersed in anhydrous

ethanol, and the homogeneous dispersion was prepared by sonication. A small amount of the dispersion was removed and
added dropwise on a smooth single crystal wafer substrate and dried naturally. The composites were observed using a trans-
mission electron microscope (TEM) (Jem-2100F, Jeol, Japan). An X-ray photoelectron spectroscopy (XPS) model (250xi,
Therom Escalab, USA) with Al target, 100 μm beam spot and 25 W power parameters was used to further analyze the elemen-

tal content of the composites surface after the adsorption experiment. The surface groups of the TiO2/CNTs composites were
studied by Fourier transform infrared spectroscopy (FT-IR) using an instrument model (Spectrum 100, Perkin Elmer, Inc.,
USA). The wettability in terms of static water contact angle (WCA) of materials was tested using an OCA15EC (Dataphysics,

Germany) instrument. The specific surface area, pore size distribution, and pore size were measured using the Brunauer–
Emmett–Teller (BET) method on the basis of N2 adsorption–desorption isothermal at 77.35 K using the Auto-sorb-
iQA3200-4 (Quantatech Co., USA) instrument.
://iwa.silverchair.com/wst/article-pdf/84/5/1228/935937/wst084051228.pdf
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2.4. Electrochemical performance test

All electrochemical tests used the CHI760E electrochemical workstation, employing a three-electrode system: a Glassy Carbon
Electrode (GCE) as the working electrode (WE), Pt as the counter electrode (CE), and a Saturated Calomel Electrode (SCE) as

the reference electrode. The electrolyte was 1 M NaCl solution, which needed to be replaced before each test. Preparation of
the working electrode was as follows: weighed 40 mg of sample powder and put it into a centrifuge tube containing 2 mL of
anhydrous ethanol. After ultrasonic cleaning for 30 min, 40 μL of Nafion solution was added and ultrasound treatment was
continued until it was evenly dispersed. We transferred 120 μL of the obtained dispersion to evenly coat the conductive surface

with an area of 1 cm� 2 cm. This was repeated three times for a total of 360 μL. The specific capacitance of activated carbon
was estimated by CV curve. In the voltage range of 0–0.8 V, the scanning rates were 1 mV/s, 5 mV/s, 10 mV/s, 50 mV/s and
100 mV/s, respectively. The specific capacitance value could be determined by the following formula (Gan et al. 2019):

C ¼

Ð Vc
Va

I dV

2mv(Vc� Va)
(1)

where C represents specific capacitance, F/g; Vc and Va represent the highest and lowest voltage of CV test, V; I represents
current density, A/m2; V represents scanning rate, mV/s; and m represents the mass of the active material, g.

2.5. CDI device construction

The capacitance deionization experimental device and system flow chart used in the experiment of CDI device are shown in
Figure 2(a) and 2(b) respectively. The device adopted the traditional CDI structure. There were two fixed end plates on the

outside, and the negative and positive electrode plates were close to the endplate. A filter was sandwiched in the middle of
the two electrode plates to provide a reaction area for the solution to be treated; the outer side was sealed with a rubber pad.
The solution entered from the bottom left of the figure and passed through the middle of the two electrode plates from the

bottom to the top. The purpose was to allow the solution to be fully adsorbed.

2.6. Desalination performance test

This experiment adopted the batch mode method to deal with 200 mL NaCl solution. Before the test, the equipment should

be fully cleaned with deionized water. The change in Cl� concentration was monitored by a potential ion meter (PXSJ-216F),
and the real-time data were recorded every 15 seconds until the Cl� concentration tended to be stable over a certain range.
Figure 2 | (a) CDI device structure; (b) CDI dechlorination flow chart.
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This experiment was divided into three parts to analyze the DE of the CDI device, which were the different ratios of compo-

sites, different voltages and different initial concentrations. In addition, the desalination performance of the material was also
analyzed in this experiment. The conductivity could be transformed into concentration through the calibration test exper-
iment by monitoring and measuring the conductivity with a conductivity meter. The electrosorption capacity (EC, mg/g),

the amounts of adsorbed ions per gram of membrane electrode, could be calculated by the following Equation (2):

EC ¼ (C0 � CE)V
m

(2)

where C0 and Ce represent the NaCl solution of initial concentration and equilibrium concentration (mg/L), V (L) is the
volume of NaCl aqueous solution, and m (g) is the total mass of electrode material.
3. RESULTS AND DISCUSSION

3.1. Characterization analysis

3.1.1. XRD

Figure 3(a) shows the XRD spectra of CNTs and TiO2/CNTs composites. There are obvious diffraction peaks at 26.2°, corre-
sponding to the (002) crystal surface of CNTs (Yi et al. 2016), which indicates that CNTs exist in TiO2/CNTs composites. In
Figure 3 | (a) XRD spectrum of CNTS and TiO2/ CNTs; (b) FT-IR spectrum of CNTs and TiO2/CNTs composites; (c) N2 adsorption–desorption
isotherms; (d) pore size distribution curve.
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the spectrum of TiO2/CNTs composites, the diffraction peaks of 25.356°, 37.785°, 48.076°, 53.920°, 55.114°, 62.726°, 70.357°

and 75.094° are located at (101), (004), (200), (105), (211), (204), (215) of TiO2 respectively, corresponding to the character-
istic peaks of TiO2 (JCPDS No. 37-1492) (Wang et al. 2013). This indicated that our samples contained both anatase TiO2

phase and CNTs as expected. There was no other obvious characteristic peak, which showed that the composites had

high purity and good crystal phase.

3.1.2. FT-IR

To further study the surface groups of TiO2/CNTs composites, Fourier transform infrared spectroscopy (FT-IR) was used to
analyze the composites to verify the successful construction of molecular imprinting sites of the composites (Liu et al. 2017).
In Figure 3(b), there are vibration bands at 1,632 cm�1 and 1,385 cm�1; the bands at 1,632 cm�1 are related to the C¼C bond,
while the bands at 1,385 cm�1 are related to the C–C bond. However, at 611 cm�1 the TiO2/CNTs composites had a large

wave band, while CNTs material did not. This is related to the Ti-O structure and O-Ti-O structure in TiO2 (Nguyen et al.
2016). It can be seen that TiO2/CNTs composites have the chemical bond characteristics of CNTs and TiO2 materials.

3.1.3. BET and SEM

In order to investigate the pore structure of the TiO2/CNTs materials, the N2 adsorption–desorption isotherms are acquired.
The tests results are listed in the Table 1 and Figure 3(c). The adsorption–desorption isotherm exhibits the typical feature of a

type IV isotherm, indicating the presence of many mesopores inside both samples, this result was also indicated by the pore
size distribution curve in Figure 3(d).

Figure 4(a) shows SEM images of CNTs. It can be seen that the CNTs are distributed in disorderly spun filaments. Figure 4(b)

shows SEM images of TiO2/CNTs composites. Compared with a single CNTs, the surface of the TiO2/CNTs composites is a
cluster of coral, the surface is rough and densely distributed. It is easy for ions to adhere to the material and provide more
adsorption sites, which indicates that the TiO2/CNTs composites had high efficiency of electrosorption (Zhu et al. 2015).
Due to the high content of powdered TiO2 which wraps the CNTs material, the shape of spinning is not obvious in the figure.

3.1.4. TEM

Figure 4(c) is the TEM diagram of TiO2/CNTs composites which is the full picture of the composites. It can be seen that there
are many TiO2 nanoparticles attached to CNTs. The staggered lattice stripes indicate the formation of heterojunctions
between TiO2 and CNTs. Figure 4(d) is the high-resolution transmission electron microscope (HR-TEM) image which

shows that the nanohybrids TiO2/CNTs are highly crystalized. The uniform lattice fringes of TiO2 nanoparticles show that
they are highly crystallized, and d is 0.3520 nm corresponding to the (101) crystal surface of anatase TiO2 (Olowoyo et al.
2019), which is consistent with the XRD results. The above results show that the TiO2/CNTs composites were successfully
prepared.

3.1.5. XPS

To determine the chemical composition and valence state of elements in the TiO2/CNTs composites, the elements Ti, O and

C in 60%T/C composites were analyzed by XPS. Figure 5(a) shows the full spectrum of the sample. Figure 5(b) shows the
high-resolution XPS spectrum of Ti2p. The binding energies at 458.47 eV and 464.1 eV correspond to Ti2p3/2 and Ti2p1/2
of Ti4þ (Olowoyo et al. 2019). Figure 5(c) shows that the characteristic peaks of the O1s spectrum are at 529.6 eV, which

is attributed to Ti-O lattice oxygen (Hafeez et al. 2018). Figure 5(d) shows that the characteristic peak of C1s is located at
284.82 eV, which is attributed to the C–C bond and C¼C bond in CNTs (Cong et al. 2011). Table 2 is the composition analysis
table of TiO2/CNTs composites. The peak intensities of Ti2p and O1s were 22031.39 cps and 8066.21 cps, respectively, which

were much higher than those of C1s (7282.05 cps). By calculating the atomic ratio, Ti2p:O1s:C1s is 4:2:4. XPS results further
prove that the formation of heterojunction between TiO2 and CNTs is consistent with TEM results.
Table 1 | Surface area properties of TiO2/CNTs

SBET (m2/g) Vmeso (cm3/g) Mean pore diameter (nm) Average pore diameter (nm)

Value 96.68 22.213 18.842 0.4554

Where SBET represents specific surface area, Vmeso represents pore volume.
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Figure 4 | (a) SEM images of CNTs; (b) SEM diagram of TiO2/CNTs composites; (c) TEM and (d) HR-TEM diagram of TiO2/CNTs composites.
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3.1.6. Wettability

The wettability of the CDI adsorbent material is critical. The WCA of CNTs and TiO2/CNTs composites was determined, and

the findings are shown in Figure 6(a) and 6(b). It can be seen that the WCAs of CNTs and TiO2/CNTs composites are 124.6°
and 85.9°, respectively. The results demonstrate that the addition of TiO2 significantly enhanced the wettability of the CDI
adsorbent material (Zheng et al. 2018). which could have a positive impact on improving adsorption performance of CDI.
3.2. Electrochemical performance test

Specific capacitance is an important index to test the electrosorption properties of materials (Nguyen et al. 2016). Figure 7(a)
shows the cyclic voltammetric test results of different adsorbed materials in the range of 0–0.8 V at a sweep rate of 100 mV/s.
It can be seen from the observation diagram that the images are all in rectangular distribution, which shows that there was no

redox reaction in the scanning process. But the EDL capacitance plays a leading role, and the adsorption of ions was due to
the interaction between the Coulomb forces rather than the electrochemical reaction (Quan et al. 2017). In addition, the
larger is the surrounding area, the larger is the capacitance of the material. Therefore, it is easy to see that the capacitance
of the adsorption materials is larger than pure CNTs, and the composites with 30%T/C and 60%T/C ratio had a larger capaci-

tance. Figure 7(b) shows the cyclic voltammogram of the 60%T/C material at 1 mV/s, 5 mV/s, 10 mV/s, 50 mV/s and
100 mV/s scanning speed. According to Equation (1), the specific capacitance of each sweep speed was 87.6 F/g, 42.6 F/g,
32.8 F/g, 2.1 F/g and 1.7 F/g. The observed data show that the specific capacitance was inversely proportional to the scanning

rate. This is because, at a higher scanning rate, sodium ions and chloride ions do not have enough time to accumulate and
enter the internal holes of the electrode, and the ohmic resistance will increase correspondingly, resulting in a lower specific
capacitance (Feng et al. 2019).
://iwa.silverchair.com/wst/article-pdf/84/5/1228/935937/wst084051228.pdf



Figure 5 | (a) XPS diagram of TiO2/CNTs composites; (b) XPS diagram of Ti2p; (c) XPS diagram of O1s; (d) XPS diagram of C1s.

Table 2 | Composition analysis table of TiO2/CNTs composites

Name Start BE Peak BE End BE Height CPS FWHM eV Area (P) CPS.eV PP At. %

C1s 299 285 280 7282 1.65 15838 41

Ti2p 476 458 449 22031 1.15 48667 20

O1s 546 529 526 28066 1.59 62155 39
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3.3. DE of materials

Voltage is an important index affecting the performance of CDI. Select the adsorption materials with a 60%T/C ratio to carry

out dechlorination experiments under the voltages of 0.4 V, 0.8 V, 1.2 V and 1.5 V under flow rate of 50 mL/min. The data are
shown in Figure 8(a). It is expected that the higher the voltage, the better the DE. This is because when the voltage increases,
the amount of charge carried on the plate increases (i.e. the electric field force increases), and more chloride ions can be
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Figure 6 | (a) Water contact angle of CNTs; (b) water contact angle of TiO2/CNTs.

Figure 7 | (a) Cyclic voltammetric (CV) curves of different adsorption materials; (b) CV curves of 60%T/C materials at different scanning speeds.
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adsorbed in unit time. It can be found in the observation chart that the trend is consistent with the voltages of 0.4 V, 0.8 V and
1.2 V. However, compared with conditions of 1.2 V and 1.5 V, the DE of 1.2 V is better than 1.5 V. This may be due to the
hydrolysis reaction (Reddy & Reddy 2006) that occurs when the voltage is about 1.23 V, resulting in a large amount of OH� in
the solution; the charge used to adsorb ions will lose part of it to participate in the hydrolysis reaction. Furthermore, OH� and

Cl� have a competitive relationship, which will inhibit Cl� adsorption on the electrode surface. To sum up, it is not difficult to
see that the composites have the best DE under the voltage of 1.2 V.

To compare the DE of different adsorption materials, under the condition of 1.2 V voltage, 100 mg/L initial concentration

and 50 mL/min flow rate, a 200 mL NaCl solution was treated by batch mode. The results are shown in Figure 8(b). It can be
seen that with the increase in the TiO2 ratio, the DE is improved. To sum up, it can be concluded that the optimal composites
ratio is 60%T/C. This may be because TiO2 loading on CNTs can effectively improve the hydrophilicity of the material, and
://iwa.silverchair.com/wst/article-pdf/84/5/1228/935937/wst084051228.pdf



Figure 8 | (a) 60%T/C DE under different voltage; (b) DE of different materials used in CDI device; (c) desalination curve of different materials;
(d) cyclic experiment of 60%T/C electrode.
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TiO2 as an excellent semiconductor material can improve the efficiency of catalytic. Furthermore, the increase in titanium

atoms can provide more adsorption sites for the adsorption of Cl� (Li et al. 2016).
To compare the adsorption performance of TiO2/CNTs composites and CNTs material, the desalination capacity of 60%T/C

composites and pure CNTs was analyzed. Both experiments were carried out under the conditions of an initial concentration of
100 mg/L NaCl, a flow rate of 50 mL/min and a voltage of 1.2 V. The desalination performance efficiency is shown in

Figure 8(c). The conductivity curves of the two materials show a downward trend and tend to be stable after a certain
period. However, the decline of 60%T/C composites was much larger than that of pure CNTs. According to Equation (2),
the EC of 60%T/C composites and pure CNTs was 6.5 mg/g and 3 mg/g respectively. Furthermore, according to the previous

reports of TiO2/CNTs composites used for CDI (Table 3), it can be seen that the adsorption material shows good electrosorp-
tion performance.

The long-term stability of the system is an important indicator to test the performance of the adsorbent material. Figure 8(d)

shows the ion adsorption of five cycles of the 60%T/C electrode with an initial concentration of 100 mg/L NaCl under a vol-
tage of 1.2 V and a flow rate of 50 mL/min. Observing the downward linear trend, it can be found that the DE performance of
TiO2/CNTs did not change significantly, which manifests outstanding cycle to cycle durability.
3.4. The kinetic analysis

The adsorption capacity of Cl� by 60%T/C composites at different initial concentrations was studied by using pseudo first-
order and pseudo second-order kinetic models. The pseudo first-order and pseudo second-order dynamic models are
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Table 3 | Research results of TiO2/CNTs composites for CDI

Electrode Initial concentration Voltage (V) Electrosorption capacity (mg/g) Reference

TiO2/CNTs 500 (mg/L) 1.2 ～4.3 Reddy & Reddy (2006)

Graphene/CNTs 57 (μs/cm) 2.0 1.41 Zhang et al. (2012)

Graphene oxide 150 (μs/cm) 1.2 1.31 Moustafa et al. (2020)

Activated carbon 100 (mg/L) 1.2 ～5.43 Liu et al. (2013)

60%T/C 100 (mg/L) 1.2 6.5 This paper
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calculated according to Equations (3) and (4) (Gaikwad et al. 2020), respectively, as follows:

log (qe � qt) ¼ log qe � k1

2:303
t (3)

t
qt

¼ 1
k2q2e

þ t
qe

(4)

Among them, t is the electrosorption time, k1 is pseudo-first order model constants and k2 is pseudo-second order model
constants, while C0, Ct and Ce represent the initial concentration, the concentration at t time and the concentration at equili-
brium, respectively.

Table 3 shows the reaction rate constant K-value and correlation coefficient R2 of the pseudo first-order and the pseudo
second-order kinetic models at different initial concentrations. It can be seen from the comparison of R2 that the fitting
degree of a pseudo first-order dynamic model to 60%T/C composites was higher. Figure 9(a) is a linear diagram of the adsorp-
tion kinetics of 60%T/C composites fitted by a pseudo first-order kinetic model. Combining Table 4 and Figure 9(a), it can be

seen that the higher the concentration, the better the adsorption capacity.
The CDI Ragone plot as a functional tool to evaluate desalination performance in CDI, it is more applicable when consid-

ering the electrosorption behavior of a material (Kim & Yoon 2015). To this end, the initial salt concentration affecting the

DE was examined. As shown in Figure 9(b). Higher salt concentrations shift the curve to the upper right. This means that both
the deionizing capacity and the average deionizing rate have increased, which is similar to the conclusion of the kinetic
model. The increase in capacity is primarily due to the compaction of the double layer and the subsequent rise in capacitance

(Kim & Yoon 2013).
Figure 9 | (a) Pseudo first-order kinetic model linear of 60%T/C composites; (b) CDI Ragone plot of initial salt concentration.
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Table 4 | Parameters of each dynamic model

kinetic model Initial concentration K-value (s�1) R2

Pseudo first-order kinetic equation 50 0.0165 0.9849

100 0.0234 0.9558

150 0.0246 0.8783

200 0.0121 0.9946

Pseudo second-order kinetic equation 50 0.0239 0.9805

100 0.0327 0.8676

150 0.0446 0.8012

200 0.0442 0.9427

Water Science & Technology Vol 84 No 5, 1240

Downloaded fr
by guest
on 24 April 202
3.5. DE in actual desulfurization wastewater

The water sample was selected from the desulfurization wastewater of Shenneng power plant in China after triple tank treat-
ment, and had a high concentration of Cl�. The optimal ratio of TiO2/CNTs composites (60%T/C) and pure CNTs adsorption

material were selected for treatment. After diluting the desulfurization wastewater taken out of the power plant, the exper-
iment was conducted under the conditions of a voltage of 1.2 V and a flow rate of 50 mL/min. Figure 10 shows the DE of
60%T/C composites and pure CNTs adsorption material. It is easy to see from the experimental results that the 60%T/C com-

posites still exhibited excellent performance for DE in the actual desulfurization wastewater treatment.

3.6. The mechanisms for enhanced DE in the CDI with the TiO2/CNTs anode

In general, the electrosorption process is divided into the following four parts: (i) diffusion of salt ions in brine; (ii) mass trans-
fer of salt ions between the electrode and brine; (iii) electrosorption and energy storage of ions in the electrode bilayer; and

(iv) mass transfer of salt ions in the electrode pores (Yin et al. 2013). In this experiment, the catalytic mechanism of the TiO2/
CNTs material is shown in Figure 11. Overall, CNTs have a highly conductive support matrix that provides a large surface
area for the dispersion of TiO2 (Xu et al. 2020). TiO2 is a semiconductor material, which makes the material conductive

due to the presence of titanium metal and the fact that some electrons can be excited from the valence band to the conduction
band driven by thermal energy. The structure of TiO2 shows that the surface atoms of titanium dioxide nanoparticles are
Figure 10 | DE of different materials in desulfurization wastewater.
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Figure 11 | The catalytic mechanism diagram of the TiO2/CNTs material.
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surrounded by a lack of adjacent, which are unsaturated and are easy for other atoms to combine and stabilize. It is worth
noting that the metal cation (Ti4þ) on the surface of the material and the positive charge is carried by the electrode that can
better attract Cl� in solution. In addition, large numbers of hydroxyl groups are contained in the surface of the TiO2 material,
which can easily adsorb water and presents hydrophilicity and compensates for the lack of hydrophobicity of CNTs (Tan et al.
2020). In summary, it can be seen that the excellent physicochemical and electrochemical properties of TiO2 accelerate the
diffusion of Cl� to the electrode surface, and Cl� is eventually adsorbed in the TiO2/CNTs material. Thereby, enhanced DE is
achieved.

4. CONCLUSIONS

In this study, the modification of CDI anode using TiO2/CNTs composites was proposed for enhancing DE in desulfurization
wastewater. The TiO2/CNTs nanocomposites were successfully prepared by solvothermal method with NMP. SEM and TEM
images showing the good dispersion of TiO2 on the CNTs. Especially in the case of 60%T/C, it showed marked enhancement

in wettability and high surface area. The experimental results showed that the maximum specific capacitance of 60%T/C
(87.6 F/g) was obtained when the scan rate was 1 mV/s. Whether in NaCl solution or desulfurization wastewater, the maxi-
mum adsorption capacity of 60%T/C composites could reach 6.5 mg/g and demonstrated excellent stability. In addition, the
experimental results were consistent with the adsorption kinetics analysis. The catalytic and adsorption mechanisms of TiO2/

CNTs were elucidated. In summary, the DE of CDI was significantly improved due to the synergistic effect of TiO2 and CNTs.
The proposed CDI system with TiO2/CNTs as the anode has a promising application in the dechlorination of desulfurization
wastewater.
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