
  

Int. J. Electrochem. Sci., 17 (2022) Article Number: 220916, doi: 10.20964/2022.09.01 

 

International Journal of 

ELECTROCHEMICAL 
SCIENCE 

www.electrochemsci.org 

 

Short Communication 

Degradation of Acid Yellow 36 Azo Dye From Textile 

Wastewater using Vanadium-doped TiO2 Photonanocatalyst 

 
Wanhe Yao1, Chao Luo2,*, JianBei Wu3, Gongjingyi  Hou2 

 
1 Cnooc Ningbo Daxie Petrochemical Ltd, Ningbo 315812, China； 
2 CenerTech Tianjin Chemical Research and Design Institute Co.，Ltd.，Tianjin 300131，China 
3 CNOOC Huizhou Petrochemicals Company Limited, Huizhou 516086, China; 
*E-mail: cnooclc@sina.com  
 

Received: 1 May 2022  /  Accepted: 13 June 2022  /  Published: 7 August 2022 

 

 

The current research is focused on the manufacture of TiO2 and V-doped TiO2 nanocatalysts by sol-gel 

and the evaluation of photodegradation performance in the treatment of Acid Yellow 36 (AY36) dye 

from textile wastewater under visible light irradiation. SEM and XRD investigations revealed that 

TiO2 and V-doped TiO2 nanoparticles were produced in a spherical form, with well-crystallized α-

V2O5 nanostructures inserted in an anatase TiO2 structure for V-doped TiO2 nanoparticles. The optical 

band gap energies of TiO2 and V-doped TiO2 nanoparticles were found to be 3.08 and 2.22 eV, 

respectively, in the study optical absorption spectra. Doping V into the TiO2 structure reduced the 

optical band gap energy, meaning that V-doped TiO2 could be used under visible illumination. 

Electrochemical investigations revealed that the V-doped TiO2 nanocatalyst had a decreased charge 

resistance and recombination rate. The photodegradation activity for treatment of 150 ml of 5 mg/l 

AY36 solution revealed that remarkable photodegradation was observed under the first 10 minutes of 

visible light irradiation for TiO2 (20%) and V-doped TiO2 (40%) in the presence of TiO2 and V-doped 

TiO2 nanocatalysts, respectively, and total photodegradation was obtained after 75 and 60 minutes of 

visible light irradiation in the presence of TiO2 and The V-doped TiO2 was found to be effective in 

removing AY36 from textile wastewater sources. 
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1. INTRODUCTION 

 

The discharge of azo dye-containing wastewater into the environment today, as a result of 

urbanization and industrialization, releases hazardous chemicals into the aquatic environment, inhibits 

light penetration, and degrades the performance of algae and growing aquatic plants [1, 2]. Organics, 
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nutrients, and pollutants with low concentrations cause the majority of pollution, which is very harmful 

to humans and the aquatic environment [3, 4]. 

Acid Yellow 36 (AY36) is a poisonous azo dye also known as Metanil yellow [5-8]. Water-

soluble dye AY36 is used in the beverage, leather, paper, and textile industries [9-11]. Furthermore, 

because of its color, which ranges from yellow to orange, it is commonly used in sweets, beans, and 

turmeric in India [12, 13]. When the actual curcumin level is low, it has been added to turmeric powder 

to simulate the appearance of curcumin. Turmeric is used for its therapeutic properties, which are 

mostly attributed to curcumin. According to animal research, AY36 is neurotoxic and hepatotoxic [14, 

15]. When AY36 comes into contact with the skin, it can induce allergic dermatitis, as well as toxic 

methaemoglobinaemia and cyanosis in humans [16-19]. Studies have been suggested that AY36 shows 

tumour-producing effects and may lead to intestinal and enzymic disorders in the human body [20, 21].  

Accordingly, many treatment techniques such as electro-Fenton and photoelectro-Fenton 

processes [22, 23], electrochemical oxidation [24-26], anaerobic–aerobic treatment processes [27, 28], 

electrocoagulation [29], adsorption [30, 31], and photocatalytic degradation processes [32-36] have 

been studied for the degradation of AY36, dye contaminated wastewater. However, the use of metal-

oxide semiconductor nanostructures for the photocatalytic degradation of dyes has many advantages, 

no study has been conducted on the photocatalytic and electrochemical performance of V-doped TiO2 

nanostructures. Therefore, in this study, TiO2 and V-doped TiO2 nanocatalysts were synthesized via 

the sol-gel technique and applied as photocatalyst to the photodegradation of acid yellow 36 dyes. 

Furthermore, an electrochemical method was used to reveal the rapid electron transport and higher 

photodegradation efficiency of a V-doped TiO2 nanocatalyst. 

 

 

2. EXPERIMENT 

2.1. Preparation TiO2 and V-doped TiO2 nanocatalysts 

The TiO2 and V-doped TiO2 nanocatalysts were prepared using the sol-gel technique [37, 38]. 

The TiO2 nanocatalyst was made by combining a solution of 10 mL of tetraisopropoxide (97%, 

Merck, Germany), 5 mL of hydrochloric acid (37%, Sigma-Aldrich), and 30 mL of anhydrous ethanol 

(99%, Shandong Baovi Energy Technology Co., Ltd., China). To create a homogeneous solution, the 

mixture was ultrasonically sonicated for 15 minutes. A specified amount of vanadium (V) 

oxytriisopropoxide (99%, Sigma-Aldrich) was added to the resulting solution under vigorous stirring 

for 20 minutes to generate V/Ti ratios of 2 wt%. The obtained solution was then added to 2.0 g of 

triblock copolymer (Pluronic P123, Sigma-Aldrich) diluted in 5 mL of  ethanol, followed by 

continuous magnetic stirring for 120 minutes at 28°C. The suspensions containing TiO2 and V-doped 

TiO2 nanocatalysts were then transferred to an oven and cooked at 90°C for 150 minutes. The 

suspensions were centrifuged for 15 minutes at 5000 rpm. The precipitates were then calcined for 180 

minutes at 450° C. 
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2.2. Characterizations and instruments 

The morphology and structure of the samples were analyzed by scanning electron microscope 

(SEM, Hitachi S-4700, Japan) and Rigaku RINT-2100 X-ray diffractometer (XRD) system with Cu 

Kα radiation (λ = 1.5406 Å). A UV-vis spectrophotometer was used to measure absorption spectra 

(USB4000, Ocean Optics, USA). The electrochemical impedance spectroscopy (EIS) experiments 

were carried out under visible light illumination using the ZENNIUM electrochemical workstation 

(ZAHNER-elektrik GmbH & Co. KG, Germany) in a conventional three-electrode system consisting 

of a saturated Ag/AgCl electrode and Pt wire as reference and counter electrode, respectively. As 

working electrodes, TiO2 and V-doped TiO2 modified Fluorine doped Tin Oxide (FTO, Sigma-

Aldrich) were used. The EIS experiments were performed at an amplitude of 5 mV in the frequency 

range of 105 Hz to 10-2 Hz at open circuit in 0.5 M Na2SO4 (≥99%, Sigma-Aldrich) solution. The EIS 

data was fitted using equivalent circuits with ZView software. 

 

2.3. Photodegradation experiment 

The photocatalytic performance of TiO2 and V-doped TiO2 nanocatalysts was evaluated using 

visible light irradiation of 150 ml of AY36 solution in a cylindrical Pyrex vessel equipped with a 500 

W halogen lamp (Cangzhou Xinghan Photoelectric Technology Co., Ltd., China). The sample distance 

from the light source was 8 cm. Before photodegradation reactions, 15 mg of catalyst was magnetically 

agitated for one hour in a dark position in 150 ml of produced AY36 solutions with deionized water 

and an actual sample of textile wastewater (textile industry, Changzhou, China). For photodegradation 

measurements, the light source was irradiated on samples for a certain time interval, and irradiated 

samples were centrifuged, and subsequently filtered through a Millipore filter (0.22 µm, MF-

Millipore™, Merck, Germany). Then, concentration of AY36 was monitored using UV-vis absorbance  

(spectrophotometer, JASCO Analytical Instruments, Easton, MD, USA) at λmax = 420 nm [39, 40]. The 

photodegradation efficiency (η) was calculated by the following equation [41, 42]: 

 

η (%) = 
I0−It

I0
 × 100 =  

C0−Ct

C0
 × 100                      (1) 

Where Io and It are the absorbance intensities of initial and light irradiated AY36 solutions, 

respectively, and Co and Ct is the corresponding AY36 concentrations in initial and light-irradiated 

AY36 solutions, respectively.  

 

 

 

3. RESULTS AND DISCUSSION  

3.1. SEM and XRD analyses 

Figures 1a and 1b show SEM images of prepared TiO2 and V-doped TiO2 nanocatalysts, 

respectively. As shown in Figure 1a, TiO2 nanoparticles have a spherical shape with an average 

diameter of 70 nm. Pure TiO2 nanoparticles have clumped together to form clusters, resulting in a 
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rough and porous surface. The average diameter of the spherical-shaped -doped TiO2 nanoparticles is 

80 nm, as shown in Figure 1b. Although V doping reduces the size of nanoparticles, the shape of 

doped nanoparticles remains constant, and there is some agglomeration. The shape of V-doped TiO2 

nanoparticles reveals extremely porous materials with particular surface areas, which can obviously 

improve light absorption and photocatalytic activity [43-46]. 

 

 
 

Figure 1. SEM images of prepared (a) TiO2 and (b) V-doped TiO2 nanocatalysts.  

 

 

 

 

Figure 2. The XRD diffractogram patterns prepared TiO2 and V-doped TiO2 nanocatalysts. 

 

 

Figure 2 shows the XRD diffractogram patterns of TiO2 and V-doped TiO2 nanoparticles. As 

seen in the diffractogram patterns of TiO2 and V-doped TiO2, the XRD patterns show diffraction 

peaks at 25.20°, 37.02°, 37.94°, 38.95°, 47.97°, 53.47°, 54.86°, 62.59°, 68.63°, 70.02°, 74.85°, and 

82.51°, which correspond to the planes anatase crystalline (JCPDS Card No. 01-078-248) [47-49]. 
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Three additional peaks at 15.53°, 25.62°, and 31.16° on the XRD pattern of V-doped TiO2 

nanoparticles are attributed to (200), (001), and (301) orthorhombic -V2O5 phase reflections (JCPDS 

card no. 41–1426) [50-53],  implying that well-crystallized α-V2O5  is inserted in anatase TiO2 

structure.  

 

3.2. UV–vis optical absorption spectra  

The electronic band structure and optical features such as optical band gap energy (Eg) of 

photocatalysts are largely dependent on their photocatalytic activity and photodegradation performance 

[54, 55]. Because TiO2's large band gap (3.2 eV) permits it to absorb only ultraviolet (UV) light (<387 

nm), which accounts for only 4 percent -5 percent of solar radiation, its photocatalytic activity is 

limited to the UV area [56-58]. Thus, the introduction of metal species such as V is expected to create 

intra-band gap states and decrease the Eg of TiO2 to certain extent [59, 60]. Another great problem in 

using TiO2 is the fast recombination of photo-excited electrons and holes which results in low photo 

quantum efficiency [61, 62]. Figure 3a exhibits the UV–vis optical absorption spectra of TiO2 and V-

doped TiO2 nanoparticles which indicates higher absorption intensity of V-doped TiO2 nanoparticles in 

the UV-light region with different absorption tails extending up to the visible region. The absorption 

edges of V-doped TiO2 shift to longer wavelengths, which indicates that prepared V-doped TiO2 by the 

sol-gel method has the potential to be applied under visible illumination [63, 64]. The absorption 

spectra of V-doped TiO2 demonstrates the trace introduction of V which results in the shift the 

absorption edge to a lower energy, and formation impurities and lattice disorder such as defect energy 

levels of oxygen vacancies (Vo) located at positions accessible to the bottom of the TiO2 conduction 

band can narrow the band-gap which also indicates the formation of gap states [65, 66]. Moreover, the 

decrease of band gap of V-doped TiO2 is associated with the overlapping of 3d and 2p orbitals of V 

and oxygen which initiated the formation of intermediate bands [66-68]. Studies confirmed that V ions 

can be doped in TiO2 by substituting Ti4+ ions, which act as an intermediate agent for the transfer of 

photo-generated electrons from the valence band to the conduction band of TiO2 [66, 69]. The 

migration of electrons to the conduction and valence bands of V2O5 inhibits the recombination of 

photo-generated charge carriers in TiO2, enhancing the visible light absorption efficiency of V-doped 

TiO2 photocatalysts [70, 71]. In addition, the lower Fermi level of the V2O5 species results in V5+ 

species being able to trap photo-generated electrons and leave holes in the valence band and improve 

the separation of photo-generated electrons and holes on the surface [70, 72, 73]. 
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Figure 3. (a) UV–vis optical absorption spectra and (b) Tauc plots of TiO2 and V-doped TiO2 

nanoparticles. 

 

 

Figure 3b shows Tauc plots of TiO2 and V-doped TiO2 nanoparticles to determine the Eg of the 

samples which can be calculated using the following equation [74]: 

(αhν)1/2 = A(hν − Eg)            (2)  

Where α and hν are absorption coefficients and photon energy, respectively, and A is constant. 

The intersection of the extrapolated linear portion of the curve with the hv axis yields Eg values of 

3.08 and 2.22 eV for TiO2 and V-doped TiO2 nanoparticles, respectively. Eg drops when V is doped 

into the TiO2 structure, indicating that V has a major impact on the light absorption properties of the 

doped sample. The charge transfer transition between the d-electrons of the dopant and the TiO2 

conduction band reduces the Eg value, which is attributable to the coexistence of Ti4+, V5+, and Vo in 

V2O5 [75-78].  

 

3.3. Electrochemical analyses 

Figures 4a and 4b show the Nyquist and Bode plots of TiO2 and V-doped TiO2 nanoparticles, 

respectively. Table 1 summarizes the parameters obtained by fitting the EIS spectra with the equivalent 

circuit, which is also shown in Figure 5. Rs denotes the Ohmic internal resistance, Rct1 denotes charge-

transfer resistance at the working electrode/electrolyte interface, Rct2 denotes charge-transfer 

resistance at the counter electrode/electrolyte interface, and CPE1 and CPE2 denote the working and 

counter electrodes' constant phase elements, respectively. [79]. The two semicircles in Nyquist plots of 

both samples indicate that the first semicircle is related to charge transfer resistance at the Pt counter 

electrode/electrolyte interface at high frequency (Rct2), and the second semicircle at mid and low 

frequencies ranges corresponds to the charge-transfer resistance at the TiO2 based 

nanocatalyst/electrolyte interface (Rct1) [80, 81]. Table 1 shows that V-doped TiO2 nanoparticles 

possess lower electrochemical impedance to charge transport than that pure TiO2 sample, indicating the 

electron transfer from the electrolyte to the V-doped TiO2 nanoparticles became faster than pure TiO2 
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sample, and implying an efficient injection of electrons to doped TiO2 and decreasing the rate of 

electron recombination [79]. There are characteristic low frequency peaks (ƒmax) in Bode plots at 25 

KHz and 14 KHz for pure TiO2 and doped TiO2 samples, respectively. Electron life time (τ) as an 

important parameter affecting the efficiency of recombination in photocatalytic activity can be 

determined by ƒmax in Bode plots using the following equation [82, 83]: 

τ = 
1

2π 𝑓𝑚𝑎𝑥
     (3) 

Recombination is inversely proportional to electron life time. Results indicate that V-doped 

TiO2 nanoparticles have a lower recombination possibility than pure TiO2 samples. Therefore, the 

lower charge resistance and recombination rate of V-doped TiO2 nanocatalyst can provide the rapid 

electron transport and higher photodegradation efficiency [79, 80, 82]. 

  

 
 

Figures 4. (a) The Nyquist and (b) Bode plots of TiO2 and V-doped TiO2 nanoparticles. 

 

 

 
 

Figures 5. Equivalent circuit. 

 

 

Table 1. The parameters obtained by fitting the EIS spectra 

 

Sample Rs (Ω.cm-2) Rct1 (Ω.cm-2) Rct2 (Ω.cm-2) 

TiO2 4.61 2.6 25.7 

V-doped TiO2 4.46 2.0 20.9 
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3.4. Photodegradation activity 

 

Figure 6 shows the findings of the research of TiO2 and V-doped TiO2 photodegradation 

performance in the degradation of 150 ml of 5 mg/l AY36 solution in darkness (first hour) and under 

visible light irradiation. During dark conditions, photocatalysts and control samples (without 

photocatalyst) have an insignificant photodegradation efficiency (less than 0.5%). After 2 hours of 

visible light irradiation, the photodegradation efficiency of the control sample is very low (≤ 1.2%). 

Meanwhile, substantial photodegradation is found for TiO2 (20%) and V-doped TiO2 (40%) after 10 

minutes of visible light irradiation, showing important roles for visible light and photocatalysts in 

AY36 solution degradation. Results in Figure 6 also reveal that total photodegradation is obtained after 

75 and 60 minutes of visible light irradiation in the presence of TiO2 and V-doped TiO2 nanocatalysts, 

respectively. Therefore, the V-doped TiO2 exhibits a higher rate of AY36 degradation, which can be 

related to its larger specific surface area that clearly can enhance the active sites, light absorbance and 

photocatalytic performance [43, 84]. Moreover, the better photocatalytic degradation of AY36 on V-

doped TiO2 nanocatalyst may be associated with its better photo-generated electron-hole separation 

and rapid charge transfer than pure TiO2 nanocatalyst. The photo-generated holes can act as strong 

oxidizing agents or form powerful oxidizing agents hydroxyl radicals (OH·) by reacting with water 

molecules or hydroxyl groups on the nanocatalyst surface which initiates the dye degradation process 

[85]. Whereas photo-generated electrons react with the oxygen to form anionic superoxide radicals 

(O−
2) [36]. In addition, V doping in TiO2 matrix narrows the band gap and creates impurity states 

which act as the ladder for transferring electrons or act  as trap centers for 

photogenerated electrons and holes. These lead to an increase in the lifetime of the photo-

generated charges  [86], evidenced to enhance the photocatalytic activity which is in good agreement 

with SEM, optical and EIS results. 

 

 

 

 

Figure 6. Photodegradation performance of TiO2 and V-doped TiO2 for the degradation of 150 ml of 5 

mg/l AY36 solution in darkness (first hour) and under visible light irradiation. 
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Figure 7. Photodegradation performance of V-doped TiO2 for the degradation of 150 ml of different 

initial concentrations (5, 20, 30 and 50 mg/l) of AY36 solution under visible light irradiation 

 

The effect of different initial concentrations of AY36 solution (5, 20, 30, and 50 mg/l) on the 

photodegradation performance of V-doped TiO2 was investigated. Figure 7 shows that as the initial 

AY36 concentration increases, the photodegradation efficiency declines dramatically, and total 

degradation of 5, 20, 30, and 50 mg/l of AY36 is reached after 60, 120, 135 and 160 minutes of visible 

light irradiation, respectively. Table 2 compares the photodegradation performance of the V-doped 

TiO2 photocatalyst in this study to other photocatalysts reported in the literature for the removal of 

AY36, demonstrating that the V-doped TiO2 photocatalyst has a high photodegradation efficiency due 

to the formation of intermediate states in the semiconductor's energy band-gap, effectively narrowing 

the band gap and increasing the photo-generated charge carry life time [87, 88]. 

  

 

Table 2. Comparison between photodegradation performance of V-doped TiO2 photocatalyst in 

present study and other reported photocatalysts in the literature for the removal of AY36. 

 

Photocatalyst AY36 

content 

(mg/l)  

Light 

source 

Degradatio

n time 

(minute) 

η(%) Ref. 

V-doped TiO2  50 Simulate

d sunlight 

160 100 This 

work 30 135 100 

20 120 100 

5 60 100 

ZnO 50 UV 180 97 [33] 

TiO2 coupled photocatalytic membrane  30 UV 300 42 [32] 

TiO2 P25 coupled photocatalytic 

membrane 

30 UV 300 32 [35] 

TiO2 20 UV 1680 88.4 [34] 

TiO2 P25 5 UV 105 84.3 [36] 
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The ability of V-doped TiO2 to photodegrade AY36 in real-world textile wastewater (TW) 

samples was examined. Figures 8 and 9 show the photodegradation efficacy of 150 ml of 5 mg/l AY36 

solutions made from TW samples and deionized water (DW) as a control sample when exposed to 

visible light. Total AY36 degradation took 60 and 78 minutes in the control and TW samples, 

respectively, indicating that the longer time (18 minutes) required for 100% AY36 treatment in the 

textile wastewater sample was associated with the presence of additional AY36 and other pollutants 

molecules in textile wastewater. Furthermore, the results demonstrate the effectiveness of V-doped 

TiO2 in removing AY36 from textile wastewater sources. 

 

 

 

Figure 8. The photodegradation effectiveness of 150 ml of 5 mg/l AY36 solutions made from textile 

wastewater (TW) sample and deionized water (DW) as control sample under visible light 

irradiation  

 

 

 

4. CONCLUSION  

This research focused on the synthesis, structural, and optical characterization of TiO2 and V-

doped TiO2 nanocatalysts, as well as the photodegradation performance of AY36 dye from textile 

effluent when exposed to visible light. The TiO2 and V-doped TiO2 nanocatalysts were prepared using 

the sol-gel technique. Structural and morphological analyses showed that TiO2 and V-doped TiO2 

nanoparticles were synthesized in a spherical shape and for V-doped TiO2 nanoparticles, well-

crystallized α-V2O5 nanostructures were inserted into the anatase TiO2 structure. UV–vis optical 

absorption spectra revealed that doping V into the TiO2 structure reduced optical band gap energy, 

meaning that V-doped TiO2 could be used under visible illumination. Electrochemical analyses 

revealed that V-doped TiO2 nanoparticles had a lower electrochemical impedance to charge transport 

than pure TiO2 nanoparticles, implying that electron transfer from the electrolyte to the V-doped TiO2 

nanoparticles was faster, implying an efficient injection of electrons into doped TiO2 and a lower rate 

of electron recombination. Total photodegradation was obtained after 75 and 60 minutes of visible 

light irradiation in the presence of TiO2 and V-doped TiO2 nanocatalysts, respectively, demonstrating 
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that visible light and photocatalysts play important roles in the degradation of AY36 solution. The V-

doped TiO2 was found to be effective in removing AY36 from textile wastewater sources.    
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