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Abstract: Methylene Blue (MB) is a common dye that has various applications in different fields, 

including medicine, biology, and environmental science. While it can be beneficial in certain 

contexts, it can also have negative effects on the environment under certain circumstances. In this 

study, the photodegradation of MB under visible light irradiation using a novel heterojunction 

CoWO4/g-C3N4 catalyst was investigated. A series of CoWO4/g-C3N4 composites were synthesized 

and characterized using various techniques, including XRD, SEM, SEM-EDS, FT-IR, and UV-DRS. 

The results revealed that the 0.3CoWO4/g-C3N4 composite showed the highest efficiency (93%) in 

degrading MB during the 80-minute photodegradation process, aligning with the pseudo-first-order 

kinetics. The results provide clear evidence that the formation of CoWO4/g-C3N4 heterojunction 

greatly enhances the efficiency of photocatalysis by facilitating the swift separation of electron-hole 

pairs and boosting the redox capability. Additionally, the photodegradation efficiency remained 

above 90% even after four cycles, suggesting the stability of the catalyst. 
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1. Introduction* 

The textile industry, a major sector globally, 

is responsible for approximately 20% of the 

pollution in industrial water. This industry 

heavily relies on synthetic materials, leading to 

excessive use of chemicals, water, and energy  

[1]. As a result, the wastewater released from 

________ 
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textile processes contains harmful dye 

molecules, posing a significant threat to the 

environment. Methylene blue (MB), a widely 

used cationic dye in textile production, is 

particularly problematic due to its toxicity and 

widespread application [2]. To address this 

environmental risk, it is necessary to treat the 
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wastewater from textile production before it is 

discharged into the environment.  MB present in 

textile wastewater is known to be resistant to 

biodegradation and photodegradation [3]. 

Traditional methods like oxidation [4], microbial 

treatment [5], ozonation [6], absorption [7], and 

nanofiltration [8] have not been successful in 

effectively removing dyes from wastewater. On 

the other hand, photocatalysis has emerged as a 

promising technique for efficient removal of MB 

and various dyes, offering advantages such as 

fast mineralization, simple design and operation, 

and cost-effectiveness [9]. 

Importantly, when light energy is equal to or 

greater than the energy gap of a photocatalyst 

that illuminates it, a photochemical reaction 

takes place on the surface of the catalyst. This 

reaction results in the formation of electron-hole 

pairs, which then degrades harmful organic 

pollutants into smaller molecules like H2O and 

CO2 [9]. Numerous photocatalytic materials, 

including common semiconductors, plasmonic 

nanoparticles, and 2D nanomaterials, have been 

extensively studied [9]. Among those, g-C3N4, a 

metal-free photocatalyst, has garnered 

significant attention in academic circles. It has 

gained popularity due to its semiconductor 

nature. This material exhibits intriguing 

characteristics, including remarkable chemical 

stability, a distinctive electron configuration, a 

rapid charge transfer rate, and the use of low-cost 

precursors such as urea, thiourea, and melamine. 

Furthermore, g-C3N4 is known for its low 

toxicity and possesses a suitable band structure 

of around 2.7 eV, enabling it to absorb roughly 

7% of solar energy during photocatalytic 

processes. Despite its interesting properties, the 

charge carrier dynamics of g-C3N4, including 

charge separation and transfer, can be relatively 

inefficient. This can lead to the recombination of 

photogenerated electron-hole pairs, reducing the 

overall photocatalytic efficiency [10]. 

To overcome these problems, various 

attempt has been made to reduce the 

recombination of electron-hole pairs and 

enhance the overall efficiency of g-C3N4  

 

including co-catalyst incorporation [11], 

hybridization with other materials [12], 

elemental doping [13], or its self-modification 

[14]. There has been an increasing focus on 

metal tungstate (MWO4) materials in recent 

years due to their distinct chemical and optical 

characteristics. Among them, CoWO4 has gained 

significant attention in photocatalysis because of 

its narrow band gap and its ability to be easily 

excited by visible light [15,16]. The valence 

band (VB) and conduction band (CB) potentials 

of CoWO4 are approximately 3.15 and 0.35 V, 

respectively. These properties make it 

compatible with g-C3N4 and enable the 

formation of a Z-scheme heterojunction [17-20]. 

This heterojunction enhances their light 

absorption capacity and extends the lifetime of 

the generated charge carriers. In 2019, 

Prabavathi et al., reported the construction of 

heterostructure CoWO4/g-C3N4 nanocomposite 

as an efficient visible-light photocatalyst for 

norfloxacin degradation [17]. It was observed 

that the degradation rate of norfloxacin using a 

combination of CoWO4 and g-C3N4 

photocatalysts was 3.18 times faster compared to 

pure g-C3N4, and 2.69 times faster compared to 

pure CoWO4. This enhanced photocatalytic 

activity can be attributed to the synergistic effect 

between CoWO4 nanoparticles and g-C3N4 

nanosheets, which effectively suppresses the 

rapid recombination of photogenerated electron-

hole (e- - h+) pairs. Two years later, the 

CoWO4@g-C3N4 nano-composites were 

fabricated by a reflux-calcination method for 

enhancing removal of ciprofloxacin [18]. Very 

recently, the photodegradation of tetracycline 

hydrochloride, Ciprofloxacin, and Norfloxacin 

using heterojunction CoWO4/g-C3N4 as visible 

light photocatalyst was also investigated by Yue 

et al., [20]. 

Following these investigations, in this study, 

we put our effort into the construction of a 

CoWO4/g-C3N4 heterojunction for the efficient 

photocatalytic degradation of MB under visible 

light irradiation. 
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2. Experimental 

2.1. Chemicals 

Melamine (C3H6N6, 99%), cobalt nitrate 

hexahydrate (Co(NO3)2.6H2O, 99%), sodium 

tungstate dihydrate (Na2WO4.2H2O, 99.5%), 

Methylene Blue (C16H18ClN3S, 95%) were 

purchased from China. All compounds were 

used directly without further purification. 

2.2. Catalyst Preparation 

CoWO4 nanoparticles were prepared 

following our previous report [17, 18]. Firstly, 4 

mmol of Co(NO3)2.6H2O was added to 50 mL of 

distilled water, followed by the dropwise 

addition of a 0.08 M Na2WO4 solution. The 

suspension was stirred for 4 hours, and the 

resulting precipitate was separated via 

centrifugation and dried at 60 °C for 24 hours 

before being transferred to a furnace. The 

furnace was heated continuously to 500 °C with 

a rate of 5 °C per minute and kept at that 

temperature for 2 hours to obtain CoWO4. 

g-C3N4 was prepared following the previous 

report published anywhere [10]. Melamine was 

calcinated at 550 °C for 4 h to prepare g-C3N4 as 

a yellow powder. 

To synthesize the CoWO4/g-C3N4 

heterojunction, a mixture of CoWO4 and g-C3N4 

with varying mass ratios of CoWO4 was 

sonicated in 100 mL of distilled water for 1 hour. 

The resulting suspension was heated in an 

autoclave at 160 °C for 12 hours. The solid was 

filtered and washed with water to obtain the 

xCoWO4/g-C3N4 composite (x = 0.2, 0.3, and 

0.4, respectively). 

2.3. Characterizations 

Standard powder X-ray diffraction (XRD) 

patterns were collected using a D8-Advance-

Brucker instrument. Fourier transform infrared 

spectroscopy (FTIR) spectra were acquired 

using a Bruker TENSOR-27 spectrometer. 

Scanning electron micrograph (SEM) images of 

the synthesized materials were captured using a 

Hitachi S-4800 microscope. Scanning Electron 

Microscopy with Energy Dispersive 

Spectroscopy (SEM-EDS) images were obtained 

using an Oxford instrument equipped with the  

X-stream 2 detector (EDX pulse processor). 

Optical properties were analyzed by recording 

ultraviolet-visible light absorption spectra  

(UV-Vis) using a Hitachi UH4150 

spectrophotometer. 

2.4. Photodegradation of MB 

In a typical procedure, 50 mg of catalysts 

were mixed with 100 mL of a 10 mg/L MB 

solution and stirred in the absence of light for 30 

minutes until adsorption-desorption equilibrium 

was achieved. Afterward, the mixture was 

exposed to a 200 W LED in a photoreactor 

positioned 5 cm away from the deflection 

reflector. Samples of 2 mL were withdrawn 

every 20 minutes during the irradiation period 

and filtrated by 0.2 microfilters before 

measurement using a UV-VIS spectrophotometer 

(F7G32AA/Agilent) at a wavelength of 665 nm.  

For comparison purposes, the direct 

photolysis of MB without a catalyst (using only 

light) was also investigated under the same 

conditions. The percentage (%) of MB removal 

was determined using Equation (1), while 

Equation (2) was utilized to calculate the kinetics 

of MB dye removal through the photocatalytic 

process based on the first-order reaction kinetics 

and corresponding time. In the equations, C0 

represents the initial concentration of the MB 

solution at adsorption-desorption equilibrium 

(mg.L-1), Ct represents the final concentration of 

the dye solution after treatment (mg.L-1), and k 

(min-1) represents the reaction kinetic rate 

constant for a first-order process. 

C - Co t
% Removal =   × 100 (1)

Co

Co
     ln =  k.t  (2)

Ct

 

To assess the reusability of the photocatalyst, 

it was recovered after the reaction by 

centrifugation, washed with ethanol and distilled 
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water, and then dried under vacuum at 60 °C for 

6 hours before being employed for the next cycle. 

3. Results and Discussion 

3.1. Characterizations of Synthesized Materials 

Figure 1 displayed the XRD patterns of pure 

CoWO4, g-C3N4, and CoWO4/g-C3N4 composite 

with varying amounts of CoWO4 (20%, 30%, 

and 40%). The XRD pattern of pure CoWO4 

shows the diffraction peaks at 2θ of 19.2°, 23.9°, 

24.8°, 30.8°, 38.8°, 41.6°, 54.3°, and 65.4°, 

which can be indexed as the (001), (110), (0110, 

(111), (200), (002), (121), (202), and (113) 

planes, respectively. The result indicated that the 

patterns disclosed the standard for typical 

monoclinic crystal wolframite planes of CoWO4 

according to JCPDS: 15-0867 [18, 19]. In 

addition, the absence of information on other 

Cobalt, or tungstate products from the XRD 

pattern further confirmed the successful  

preparation of CoWO4. The g-C3N4 material 

exhibited a broad peak at 2θ values of 27.8° in 

its X-ray diffraction (XRD) pattern. The peak at 

27.8° corresponded to the (002) crystal plane of 

the conjugated aromatic system (JCPDS:  

50-1512) [14]. 
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Figure 1. XRD patterns of CoWO4, g-C3N4, and 

CoWO4/C3N4 composite.  
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It is important to note that the XRD patterns 

of CoWO4 and g-C3N4 were still discernible in 

the CoWO4/g-C3N4 composite without the 

decrease in intensity. These findings suggest that 

the composite maintained its structured 

regularity during construction, which is 

consistent with earlier studies. 

The morphology of pure CoWO4, g-C3N4, 

and 0.3CoWO4/g-C3N4 composite was examined 

through SEM images (Figure 2). The SEM 

images showed that the polymerization of  

g-C3N4 resulted in the excellent distribution of 

nanolayer structures (Figure 2a). It was apparent 

that the synthesized CoWO4 sample was made 

up of nanocubes that were assembled randomly 

(Figure 2b). However, due to the presence of  

g-C3N4 in the cluster of CoWO4, it was difficult 

to detect CoWO4 nanoparticles in the CoWO4/g-

C3N4 composite (Figure 2c). SEM-EDS analysis 

of the 0.3CoWO4/g-C3N4 composite's elemental 

composition and distribution is shown in Figure 2d. 

The findings revealed that CoWO4 was 

uniformly dispersed in g-C3N4, with no other 

atoms detected, indicating successful composite 

synthesis. Furthermore, the SEM-EDX results 

allowed the fitting of the element's components 

to the composite's formula (Figure 2e). 
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Figure 3. FT-IR of CoWO4, g-C3N4,  

and CoWO4/g-C3N4 composite. 

Figure 3 illustrates the FT-IR spectra of  

g-C3N4, CoWO4, and xCoWO4/g-C3N4 composite,  

 

which were examined to further confirm the 

success of the composite. The FT-IR spectrum of 

g-C3N4 has 2 peaks at 810 and 3200 cm-1, which 

corresponded to the tris-triazine units' breathing 

modes and residual N–H groups, respectively. 

Furthermore, peaks ranging from 1200 cm−1 to 

1700 cm−1 were caused by the stretching 

vibration modes of the C-N group and the C=N 

group's stretching. The strong broadband 

detected in the 400-1000 cm-1 low-frequency 

region in Figure 3b was attributed to the 

characteristic deformation modes of Co-O, W-O, 

and W-O-W bridges of CoWO4. The appearance 

of bands at 820 cm-1 was related to the O-W-O 

vibration mode. The CoWO4/g-C3N4 FT-IR 

spectrum had similar peaks to those of g-C3N4 

and CoWO4 with lower peak intensities because 

of the deposition of CoWO4 on the g-C3N4. 

It was well known that the optical properties 

of a catalyst are crucial in determining its 

photoactivity. To investigate the effect of 

CoWO4 nanoparticles incorporation on g-C3N4, 

the UV-DRS spectra of pure g-C3N4 and 

CoWO4/g-C3N4 composite with varying CoWO4 

content were analyzed (refer to Figure 4). Pure 

g-C3N4 exhibited a strong absorption region near 

400 nm, while the presence of CoWO4 on the 

surface of g-C3N4 caused a redshift towards 

longer wavelengths compared to g-C3N4 and 

increased absorption in the visible light range. 
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Figure 4. UV-DRS of CoWO4, g-C3N4, and 

CoWO4/g-C3N4 composite. 
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The bandgap of all materials was determined 

through Tauc plots based on matching DRS 

absorption spectra. The Tauc plots of g-C3N4 and 

CoWO4/g-C3N4 are presented in Figure 5. The 

bandgap of xCoWO4/g-C3N4 (with 20, 30, and 

40 wt% of CoWO4) produced values of 2.45 eV, 

2.37 eV, and 2.43 eV, respectively, which were 

considerably lower than that of pure g-C3N4 

(2.60 eV). These findings indicate that 

CoWO4/g-C3N4 materials are more active than  

g-C3N4 when exposed to visible light. 
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Figure 5. Tauc plot of CoWO4, g-C3N4, and 

CoWO4/g-C3N4 composite. 

3.2. Photodegradation of MB 
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Figure 6. Photodegradation of MB using CoWO4,  

g-C3N4, CoWO4/g-C3N4, and without catalysts. 

The photocatalytic ability of the CoWO4/g-

C3N4 composite was investigated in the 

degradation of MB in water under visible light 

(Figure 6).  

There was no significant degradation of MB, 

indicating a minimal decrease due to surface 

adsorption in the absence of light. However, 

under visible light, the degradation of MB was 

moderate yield despite the low bandgap (1.84 eV) 

of the CoWO4 photocatalyst, while the value of 

C3N4 was 60%, as the photogenerated electron 

and hole pairs recombined quickly. Increasing 

the loading amount of CoWO4 on g-C3N4 from 

20% to 30% resulted in a substantial increase of 

approximately 79% and 93% in MB removal, 

respectively. This enhancement was attributed to 

the decrease in the bandgap from 2.45 to 2.37 eV, 

making the composite more active under visible 

light. The inhibition of electron-hole 

recombination, supported by UV-DRS and PL 

spectra, further confirmed the improved 

photocatalytic activity. Interestingly, the 

presence of 0.4CoWO4/g-C3N4 catalyst led to a 

slight decrease in MB degradation yield (81%), 

coincident with its higher bandgap of 2.43 eV. 

This can be explained by the significant amount 

of CoWO4 hindering the light absorption of  

g-C3N4, which is responsible for dye breakdown, 

thus resulting in reduced photocatalytic activity. 

Moreover, the photodegradation of MB was 

almost negligible in the absence of a catalyst 

under visible light. Based on these findings, the 

0.3%CoWO4/g-C3N4 composite was selected as 

the photocatalyst for subsequent experiments. 

To investigate the reaction kinetics of MB 

degradation by CoWO4/g-C3N4, the 

photodegradation data was analyzed using a 

pseudo-first-order model (Eqn. 2). The 

relationship between ln(C0/C) and the exposure 

time for MB degradation on the catalysts is 

depicted in Figure 7. The photodegradation 

curve exhibited a close adherence to the pseudo-

first-order kinetics for all cases. The model was 

employed to calculate the rate constants (k) for 

each catalyst, which were then plotted in Figure 7. 

As the CoWO4 loading on the surface of  

g-C3N4 increased, the rate constants also showed 

an increase. Among the photocatalysts, the 

0.3CoWO4/g-C3N4 catalyst demonstrated the 
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highest rate constant (0.03292 min-1) for MB 

degradation, surpassing the values reported in 

recent studies for other photocatalysts. 
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Figure 7. Pseudo-first-order model of 

photodegradation of MB using synthesized catalysts. 
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Figure 8. Effect of catalyst concentration  

for removal of MB. 

A series of experiments were undertaken to 

investigate the influence of varying amounts of 

0.3CoWO4/g-C3N4 catalyst on the elimination of 

MB. The catalyst quantities ranged from 0.3 to 

1.0 g.L-1 while maintaining a constant 

concentration of 10 mg.L-1 MB and a pH of 7.0. 

The findings, depicted in Figure 8, revealed a 

noteworthy enhancement in the removal of MB 

when the catalyst amount increased from 0.3 to 

0.5 g.L-1. It could be explained by the increase of 

active sites in accordance with the increase of 

CoWO4 amount. Nevertheless, higher 

concentrations of the catalyst did not yield 

further improvements in the photodegradation of 

MB. This outcome may be attributed to the 

catalyst's suspension, which hindered the 

penetration of light to the MB molecules. 

Finally, the recycle ability of 0.3CoWO4/g-

C3N4 for the photodegradation of MB was 

investigated, and the findings are presented in 

Figure 9. After an 80-minute irradiation period, 

the photocatalytic degradation efficiencies were 

determined to be 92%, 91.5%, and 90% for the 

second, third, and four cycles, respectively. 

These results suggest that 0.3CoWO4/g-C3N4 

demonstrates high stability and can be employed 

for long-term degradation processes. 
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Figure 9. Recycle ability of 0.3CoWO4/g-C3N4  

for photodegradation of MB. 

4. Conclusion 

The research reported the CoWO4/g-C3N4 

nanocomposite for efficient degradation of MB 

under visible light irradiation. The findings 

obtained from XRD, FT-IR, and SEM analyses 

confirm the preservation of the g-C3N4 structure 

even after incorporating CoWO4, as supported 

by the SEM-EDS analysis. The UV-DRS results 

indicate that the CoWO4/g-C3N4 materials 

exhibit higher activity compared to g-C3N4. 

Notably, the 0.3CoWO4/g-C3N4 composite 

demonstrates a significant enhancement in the 

photodegradation of MB within 80 minutes of 
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visible light irradiation. Moreover, the 

0.3CoWO4/g-C3N4 photocatalyst proves to be 

stable and can be reused at least three times 

without any decline in its photocatalytic 

effectiveness, making it highly suitable for 

practical applications. 
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