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a b s t r a c t
BiVO4 has good potential for the removal of refractory organic dyes from wastewater. To simplify 
the synthetic technology and further improve the photocatalytic activity of BiVO4, an improved 
route of BiVO4 was proposed via a fast microwave-assisted hydrothermal process using sodium 
carboxymethylcellulose. pH, microwave heating temperature, and calcination were revealed to be 
the key factors controlling the morphology of BiVO4. Under pH 9, microwave heating at 120°C for 
90 min, BiVO4 ellipsoidal morphology with a smaller size (calcination at 400°C, 4 h) and BiVO4 
ellipsoidal morphology with a bigger size (without calcination) were successfully prepared and 
exhibited effective degradation for refractory Congo red and Alizarin red S in terms of rapid degra-
dation rate, high degradation efficiency, and broad pH range. The enhanced photocatalytic activity 
of the as-prepared BiVO4 was mainly attributed to the unique morphology, narrower band gap, 
and lower recombination ratio of photoinduced electron-hole pairs under the present preparation 
conditions. In summary, the study is valuable for optimizing the synthetic conditions of BiVO4 and 
promoting its potential application in photocatalytic degradation for refractory organic pollutants.

Keywords:  Microwave hydrothermal method; Sodium carboxymethylcellulose (CMC); BiVO4; 
Microstructure; Photocatalysis

1. Introduction

Photocatalytic technology is recognized as a promis-
ing and practical approach for the disposal of wastewater 
containing refractory pollutants because of its high min-
eralization efficiency and short reaction time [1,2]. More 
importantly, photocatalysis can decompose hazardous 
organic dyes into less harmful matters. Among numerous 
photocatalysts, BiVO4 has received extensive attention due 
to properties such as good visible light ability, narrow band 

gap (Eg = 2.4 eV), good stability, and low cost [3]. Commonly 
synthesized methods of BiVO4 include the co-precipitation 
method, liquid phase combustion method, hydrothermal/
solvent thermal method, and high-temperature solid-phase 
method [4‒6]. Nevertheless, these methods usually have 
been constrained by some outstanding questions such as 
long reaction time, high reaction temperature, high pres-
sure, or the use of toxic surfactants. Meanwhile, the poor 
photocatalytic performance and low adsorption capacity 
restricted the application of BiVO4.
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In past decades, massive wastewater containing organic 
dyes was produced due to the development of many indus-
tries such as textiles, paper, and other coloring industries [7].  
These dyes in wastewater are risky in accordance with 
their carcinogenic as well as mutagenic effect, which eas-
ily poses a threat to the aquatic ecosystem and human 
health. Meanwhile, it is limited to the few dyes as model 
pollutants for evaluating BiVO4 photocatalytic degradation 
performance, such as methylene blue, methyl orange, and 
Rhodamine B [8–10]. Alizarin red S (ARS) and Congo red 
(CR) are the representative anionic dyes. Both ARS and CR 
are detrimental to health especially at elevated concentra-
tions, causing irritation of the respiratory tracts, gastro-
intestinal tracts, and inducing some neurologic disorders 
[11–13]. To date, it is relatively insufficient for the reports 
on anion dyes ARS and CR degradation by BiVO4 [14,15]. 
To solve the above problems, an in-depth study is essential 
and necessary.

To obtain the facile and moderate preparation technol-
ogy of BiVO4, microwave-assisted hydrothermal is one of 
the most concerned improvement methods. Microwave 
heating is effective to reduce the difficulty of the reaction 
process, including shortening preparation time, reducing 
reaction temperature, and accelerating the effective trans-
fer of polar molecules rotation ability [16–18]. Meanwhile, 
morphological control is a feasible method to improve the 
photocatalytic performance of BiVO4 [19,20]. Morphology 
has a crucial impact on the size and form of BiVO4, 
which determines the photocatalytic active sites and thus 
enhances the photocatalytic activity of BiVO4, pH, calcina-
tion time, and temperature have been proved to be vital for 
constructing the different morphologies of BiVO4 [21–24]. It 
is because that pH affects the crystal plane and size for BiVO4 
during the preparation process and calcination determines 
the microstructure and purity of BiVO4 [15,16]. Moreover, 
the photocatalytic activity of BiVO4 can be strengthened 
by surfactants modification [25,26]. Among various sur-
factants, sodium carboxymethyl cellulose (CMC) is cheap, 
non-toxic, environmentally- friendly, and soluble. Being 
a surfactant-containing polyelectrolyte nature, CMC can 
form complexes with divalent metal ions and high transpar-
ency in the UV and visible spectral regions [27]. CMC can 
be rapidly eliminated from the catalyst because of its high 
water solubility [28]. According to these above-mentioned 
characteristics, CMC is a suitable stabilizer to adjust the 
morphologies and defects of nanomaterials [29]. Although 
many previous studies have been done to ameliorate the 
catalytic property of BiVO4, there is a lack of studies on 
the integration of microwave heating, pH and calcination 
control, and CMC modification to simplify the preparation 
conditions and improve the photocatalytic performance of  
BiVO4.

In this study, the morphology of BiVO4 was controlled 
by changing the reaction parameters including pH, micro-
wave heating, and calcination, and using CMC modification. 
Firstly, the effects of preparation conditions on the mor-
phology and characteristics of BiVO4 were systematically 
studied. Secondly, BiVO4 under optimum preparation con-
ditions exhibited good photocatalytic performance for ARS 
and CR under visible light. Thirdly, the reusability of BiVO4 
was also investigated. Finally, the underlying mechanism 

of ARS and CR photocatalytic degradation over BiVO4 was 
also explained in detail.

2. Experimental details

2.1. Materials

All the reagents were of analytical grade and employed 
without further purification. Bismuth nitrate pentahydrate 
(Bi(NO3)3·5H2O) and ARS (C14H7NaO7S) were obtained from 
Sinopharm Chemical Reagent Co. Ltd., (Shanghai, China). 
Ammonium metavanadate (NH4VO3), ammonia (NH3·H2O), 
pentahydrate ethanol (C2H5OH), sodium hydroxide (NaOH) 
and CR (C32H22N6Na2O6S2) were supplied by Guanghua 
Technology Co. Ltd., (Guangdong, China). Nitric acid (HNO3) 
was obtained from Kelon Chemical Reagent Factory (Chengdu, 
China). Sodium carboxymethylcellulose (C8H16NaO8) was 
purchased from Xilong Chemical Co. Ltd., (Guang dong, 
China). Deionized water was used in all experiments.

2.2. Synthesis of BiVO4

The synthesis of BiVO4 was as follows: firstly, the solids 
of Bi(NO3)3·5H2O (15 mmol) and NH4VO3 (15 mmol) were 
fully dissolved into HNO3 solution (4.0 mol L‒1, 50 mL) and 
NaOH solution (2.0 mol L‒1, 50 mL), respectively. Secondly, 
the corresponding CMC water solution (0.37%, 25 mL) was 
added dropwise into each of the two solutions and mixed 
adequately. After mixing the above solutions, the initial pH 
was 4.2. Thirdly, the solution initial pH was adjusted to 5, 
6, 9, and 10 by using 0.1 mol L−1 HCl or 2 mmol L−1 NH4OH 
solutions (the previous study has confirmed that the deg-
radation of CR and ARS by BiVO4 prepared at pH 9 was 
higher than that of other BiVO4 sample prepared at other 
pH values [30]. Therefore, BiVO4 prepared at pH 9 was 
selected for follow-up study). Then, at optimum pH 9, the 
mixture was transferred into 100 mL Teflon autoclaves, 
heated in the microwave reactor (XH-800S, China) at  
60°C, 120°C, and 200°C for 1.5 h (the previous study has 
confirmed that BiVO4 prepared at 120°C exhibited better 
photocatalytic performance for CR and ARS than those pre-
pared at temperature 60°C and 200°C [30]. Therefore, the 
sample prepared at pH 9, 120°C was selected for follow-up 
study). Subsequently, the obtained precipitate was washed 
with pure water and absolute ethanol. Thereafter, at opti-
mum pH 9, 120°C, BiVO4 without calcination was successfully 
obtained. Finally, under the same preparation conditions, the 
sample without calcination was calcined at 400°C for 4 h 
to obtain calcined BiVO4. Therefore, each of the above fac-
tors was tested under the optimal level of the former factor. 
The schematic diagram for BiVO4 synthesis is shown in Fig. 1.

2.3. Photocatalyst characterizations

The measurement conditions of X-ray diffraction 
(XRD, Rigaku, Japan) were set as follows: The work-
ing voltage and acceleration current of XRD were 40 kV 
and 20 mA respectively. The radiation source was Cu/Kα 
(λ = 0.154 nm and 2θ = 10°–80°) with a step size of 0.02° and 
a residence time of 0.5°/min. The XRD data was analyzed 
by Materials Data Jade 2010 analytical software. Fourier 
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transform infrared spectra were recorded on a Nicolet 
Nexus 470 apparatus with a KBr disk (Nicolet, America). 
The morphology of BiVO4 was observed by field emission 
scanning electron microscopy (FE-SEM, Hitachi SU-8020, 
Japan). The BiVO4 powder was dispersed in ethanol and 
mixed with ultrasound for 10 min. Then the mixture was 
dropped on the copper web and dried in natural air dry-
ing. Finally, BiVO4 was moved into the vacuum chamber of 
FE-SEM for imaging. The UV-vis spectra of diffuse reflec-
tion (UV-vis DRS 3600, Shimadzu, Japan) of solid were 
recorded in the air at room temperature; Spectrometer was 
furnished with an integrating sphere accessory, and BaSO4 
was taken as background reference materials.

2.4. Photocatalytic activity testing of BiVO4

To evaluate the photocatalytic activities of BiVO4 sam-
ples, CR and ARS degradation were tested in the photo-
chemical reaction (BL-GHX-II, China) with a 500 W Xe lamp 
illumination environments. According to our previous study, 
calcined BiVO4 was more conducive to CR degradation than 
uncalcined BiVO4, and uncalcined BiVO4 was better than 
calcined BiVO4 for ARS degradation [30]. Hence, in each 
experiment, calcined BiVO4 (1.0 g L‒1, prepared at pH 9, 
120°C) to CR solution (30 mg L‒1, 50 mL) and uncalcined 
BiVO4 (1.0 g L‒1, prepared at pH 9, 120°C) to ARS (25 mg L‒1, 
50 mL) solution were added to the quartz tubes. The quartz 
tubes circled the Xe light. Prior to the photocatalytic perfor-
mance test, the suspension was ultrasonically dispersed in 
dark for 30 min for the purpose of reaching the adsorption–
desorption equilibrium between dyes and BiVO4. An ali-
quot (3 mL) was taken out from the reactor at certain time 
intervals during the illumination and then centrifuged at 
6,000 rpm for 15 min. The corresponding concentration of 
ARS and CR at 518 and 494 nm were analyzed by UV-vis 

spectrophotometer (2550-Shimadzu, Japan), respectively. 
The degradation (%) of ARS and CR was evaluated by Eq. (1):

D
C
CR
t= −









×1 100

0

%  (1)

where C0 and Ct are the initial and at any time t concen-
trations of CR or ARS, respectively.

2.5. Recycling of BiVO4

The reusability and stability were investigated by 
reusing the catalyst for the photocatalytic degradation 
experiments. The experimental process was the same as 
described in the experimental section. Between the two suc-
cessive experiments, the catalysts were collected, filtered, 
dried, and reused in a new reaction to remove ARS and CR. 
Each cycle experiment was carried out with 1.0 g L‒1 catalyst 
dosage 25 mg L‒1 ARS and 30 mg L‒1 CR under 3 h visible 
light irradiation. Moreover, the structural changes of BiVO4 
before and after 5 cycles were investigated by XRD, the 
characterization conditions were the same as before.

3. Results and discussion

3.1. Characterization of BiVO4

Fig. 2a presents the XRD patterns of BiVO4 at various 
pH values (pH 5, 6, 9, and 10). These diffraction peaks can 
be matched well with the monoclinic scheelite type BiVO4 
according to PDF standard card (JCPDS No. 14‒0688). The 
characteristic peaks of BiVO4 located at 19.6, 29.5, 31.1, 35.1°, 
35.8°, 40.4°, 43.2°, 46.6°, 47.8°, 50.9°, 53.8°, 59.0°, and 59.8° 
(2θ) were in accordance with the (110), (121), (040), (200), 
(002), (211), (150), (060), (042), (222), (161), (321), and (123) 

VO3— 

BiO— 

VO3  
BiO  
CMC 

Calcination

pH adjusted 
Microwave
heating 

Abstersion 

Drying 

No Calcination

Fig. 1. Schematic diagram of the as-prepared BiVO4.
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facets [8]. In addition, the diffraction peaks of all BiVO4 sam-
ples were sharp and no other impurity peaks which indi-
cated a good crystallinity of the samples [19]. The intensity 
of BiVO4 diffraction peak prepared at pH 6 was the stron-
gest, indicating that the crystallinity of BiVO4 was the best 
under neutral conditions [31]. Fig. 2b indicates that all the 
diffraction peaks of BiVO4 prepared at different tempera-
tures were well-indexed to JCPDS No.14‒0688, confirm-
ing the monoclinic scheelite type structure of the obtained 
BiVO4 [10]. The half-peak width of BiVO4 prepared at 120°C, 
60°C, 200°C were 0.382, 0.372, and 0.292, respectively. The 
half-peak width of BiVO4 prepared at 120°C was the largest, 
followed by 60°C and the smallest at 200°C, which illustrat-
ing that BiVO4 size prepared at 200°C was the largest. The 
microwave hydrothermal temperature had a marked impact 
on the particle size of BiVO4 [22]. XRD patterns of BiVO4 
prepared with calcination or without calcination in Fig. 2c 
suggests the characteristic peaks of the monoclinic scheelite 
type (JCPDS No.14‒0688) in each sample. The ratio for (040)/
(121) crystal facets diffraction peak was used to measure the 
exposure degree of (040) crystal facets [11]. The ratios for 
(040)/(121) with calcination or without calcination were 0.43 
and 0.32, respectively, indicating that (040) crystal facets of 
the sample without calcination was higher. The intensity 
of the diffraction peak for BiVO4 prepared at calcined was 
stronger and sharper than not calcined. This phenomenon 
demonstrated that calcination had a remarkable influence 
on the crystallinity and particle size of BiVO4.

The FT-IR spectra of BiVO4 prepared at pH 5, 6, 9, and 
10 (Fig. 3a) were found wide infrared bands at 750–850 cm‒1, 
the symmetric and asymmetric stretching vibrations of 
V–O at 732 and 833 cm‒1, and bending vibration band of 
Bi–O at 678 cm‒1 [32]. The characteristic stretching vibra-
tion functional groups –COO–, HO– and C–O–C of CMC 
were not found at 1,637; 1,408; 1,325; and 1,101 cm‒1, which 
implied that CMC was effectively removed after wash-
ing and calcination reaction [11]. The band at 1,386 cm‒1 
assigned to NO3

− vibrations was found in BiVO4 prepared at 
pH 6, 9, and 10, suggesting NO3

− impurities were presented 
in BiVO4 [32]. Nevertheless, there was no stretching vibra-
tion peak of NO3

− was detected in BiVO4 prepared at pH 5. 
CMC was the main cause of this phenomenon. CMC had the 
best viscosity within pH 6‒10 and thus had a strong adsorp-
tion capacity for NO3

‒. Hence, NO3
‒ cannot be removed by 

washing within pH 6‒10. While CMC exhibited a poor vis-
cosity of when solution pH lower than 5 and was easily 
hydrolyzed. Then CMC lost most of the colloidal property, 
which was beneficial for NO3

‒ removal by washing because 
of the low adsorption capacity of CMC at pH 5.

Moreover, the FT-IR spectra of BiVO4 prepared at 60°C, 
120°C, and 200°C (Fig. 3b) were also found wide infrared 
bands at 550–850 cm‒1. The characteristic vibration bands 
of BiVO4 at 730 and 798 cm‒1 assigned to the stretching 
vibration bands of V‒O, the bending vibration band of 
Bi‒O at 647 cm‒1 and the symmetric stretching vibration 
band of VO4

3‒ at 472 cm‒1 [19]. Additionally, the spectra also 
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Fig. 2. XRD patterns of the BiVO4 prepared under different conditions (a) pH: 5, 6, 9, and 10, (b) temperature: 60°C, 120°C, 
and 200°C, and (c) calcination and without calcination.
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showed the bending vibration of NO3
− at 1,390 cm‒1 under 

BiVO4 prepared at 60°C and 120°C [11]. The bending vibra-
tion of NO3

− was not observed under BiVO4 prepared at 
200°C due to the carbonation of CMC caused NO3

− to be 
re-released into the solutions. The characteristic stretch-
ing vibration functional groups of CMC were not found at 
1,100‒1,700 cm‒1, which implied that after washing and cal-
cination reaction, CMC was effectively removed.

Fig. 3c exhibits the FT-IR spectra of BiVO4 prepared 
under calcined and uncalcined conditions. A wide and high- 
intensity infrared band appeared in the vicinity of 736 cm‒1 

and the symmetric and asymmetric stretching vibrations of 
V–O at 725 and 830 cm‒1 were observed of the samples [25]. 
The bending vibration band of Bi–O at 669 cm‒1 and the sym-
metric stretching vibration band of VO4

3‒ at 472 cm‒1 were 
also observed of the samples [32]. The samples exhibited 
NO3

− stretching vibration peaks at 1,393 cm‒1 and the absorp-
tion peak intensity of the uncalcined sample was larger than 
that of the calcined sample. In addition, the characteristic 
stretching vibration functional groups –COOC– were found 
at 1,629 and 1,421 cm‒1 in the uncalcined sample, which indi-
cated that the purity of the uncalcined sample was low and 
CMC impurities were presented in the sample [33]. These 
results indicated that the structure and purity of BiVO4 were 
affected by various pH values, heating temperature, and 
calcination.

The morphologies of BiVO4 under different conditions 
were studied using FE‒SEM analysis and the results are 
compiled in Fig. 4. Fig. 4a shows images of BiVO4 prepared 

by microwave hydrothermal method with a surfactant 
under pH 5, 6, 9, and 10. There were obvious differences in 
morphologies of BiVO4 powder depending on the pH val-
ues. At pH 5, BiVO4 showed flakes with diameters of about 
80‒200 nm and particles with sizes of about 10‒50 nm. The 
morphologies of BiVO4 were different and the size disper-
sion was poor. At pH 6, BiVO4 was composed of multiple 
particles to form an approximate T shape whose sizes were 
long side about 150 nm, short side about 70 nm, wide about 
50 nm, and the dispersion was good. When pH value was 
9, BiVO4 had an elliptical morphology apparently with an 
average diameter of 60 nm in length. The samples were con-
sistent in morphology and well dispersed in size. At pH 10, 
BiVO4 had uniform size with an average diameter of 50 nm in 
length. BiVO4 might be aggregated to some extent since there 
were many smaller particles on bigger ones. In addition, the 
size of BiVO4 corresponding to pH 9 and 10 was smaller than 
that of pH 5 and 6, which were coincided with the results of 
XRD. It was indicated that pH had a remarkable effect on 
the morphologies development of BiVO4.

Fig. 4b shows images of BiVO4 prepared at microwave 
heating temperature 60°C, 120°C, and 200°C. BiVO4 flakes 
with a size of 40‒100 mm were obtained at 60°C. As the 
temperature further increased to 120°C, ellipsoid parti-
cles were generated with an average diameter of 60 nm in 
length. While the temperature was as high as 200°C, BiVO4 
exhibited a fishbone shaped structure with a length of 
about 8 μm and a width of about 4 μm. Evidently, BiVO4 
particles prepared at different temperatures exhibited 
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Fig. 3. FT-IR spectra of the BiVO4 prepared under different conditions (a) pH: 5, 6, 9, and 10, (b) temperature: 60°C, 120°C, and 200°C, 
and (c) calcination and without calcination.
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Fig. 4. FE-SEM images of the BiVO4 prepared under different conditions (a) pH: 5, 6, 9, and 10, (b) temperature: 60°C, 120°C, and 
200°C, (c) calcination and without calcination.



333Y. Zhu et al. / Desalination and Water Treatment 192 (2020) 327–339

distinct morphology, which implied that heating tempera-
ture had a significant influence on the nucleation and growth 
behavior of the photocatalyst.

Fig. 4c shows images of BiVO4 prepared with calci-
nation and without calcination. BiVO4 with an average 
particle size of about 30 nm which was not calcined had a 
plurality of particles joined together due to the high viscos-
ity of CMC. A plurality of small particles was assembled 
into larger particles having an average particle diameter of 
about 50 nm due to CMC was mineralized after the sample 
was calcined. Compared with calcined BiVO4, uncalcined 
BiVO4 showed higher aggregation and poorer dispersibil-
ity. The results showed that calcination had an important 
influence on the particle size of BiVO4.

The UV-vis absorption spectra of BiVO4 are presented 
in Fig. 5. All the samples exhibited good absorption in the 
visible light region, which revealed the possibility of the 
photocatalytic response of these samples under visible light 
irradiation. Fig. 5a shows the UV-vis diffuse reflectance 
spectra of a series of BiVO4 prepared at various pH values 
in the wavelength range of 300‒800 nm. The band gap of 
BiVO4 prepared at various pH values could be estimated 
by plotting Tauc’s equation [34]. Thus, the band gaps were 
estimated to be 2.41, 2.40, 2.37, and 2.39 eV for BiVO4 pre-
pared at pH 5, 6, 9, and 10, respectively. It was apparent that 
the electronic structure of BiVO4 varied with the changing 
of preparation pH values. In summary, UV–vis absorption 
spectra results indicated that pH played a key role in the 
visible light absorption capability of BiVO4.

Fig. 5b shows UV-vis diffuse reflection spectra of BiVO4 
prepared at 60°C, 120°C, and 200°C. The band gaps were 
calculated to be 2.39, 2.37, and 2.41 eV for BiVO4 prepared 
at 60°C, 120°C, and 200°C, respectively. The gaps of BiVO4 
were narrower, the particle size of BiVO4 was smaller [3]. 
It was presumed that BiVO4 prepared at 200°C had the larg-
est size and BiVO4 prepared at 120°C had the smallest size, 
which was in line with the FE-SEM and XRD characteriza-
tion results. The band gaps were calculated to be 2.35 and 
2.36 eV for BiVO4 uncalcined and calcined (Fig. 5c). The band 
gap of uncalcined BiVO4 was narrower than the band gap 
of calcined BiVO4 due to its smaller particle size. Therefore, 
BiVO4 prepared at pH 9, 120°C had better absorption 
ability under the visible light.

3.2. Comparison of BiVO4 by different methods

The reported synthesis methods of BiVO4 are compared 
with the current work in Table 1 [3–5,35–37]. Compared 
with the traditional methods of BiVO4 synthesis, the role 
of microwave irradiation in current work can shorten the 
reaction time of BiVO4, which proved again the benefits of 
microwave-assisted heating resulting in rapid reaction rate 
and good uniformity. In addition, CMC can be used as a 
good medium for absorbing and transferring microwave 
energy to the reactants, so it can promote the passage of 
energy barriers and accelerate the formation of BiVO4 [27]. 

Therefore, the synthesis method introduced by CMC and 
microwave heating was more comparable than those listed 
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Fig. 5. UV-vis absorption spectra and (Ahv)2‒hv curves of the BiVO4 under different conditions (a) pH: 5, 6, 9, and 10, (b) temperature: 
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in other literature. The formed BiVO4 was calcined at 400°C 
for 0 or 4 h to remove impurities (CMC), which was no obvi-
ous difference to the calcination conditions of other BiVO4.

3.3. Photocatalytic activity

Two typical anionic dyes CR and ARS were selected as 
target contaminants to estimate the photocatalytic property 
of BiVO4 under visible light. Fig. 6 shows the temporal vari-
ation of spectral changes of CR and ARS solutions during 
the degradation process under visible light by BiVO4. The 
characteristic absorption peaks of both CR (~494 nm) and 
ARS (~518 nm) decreased with the prolongation of time. 
CR and ARS concentrations dramatically decreased because 
of the characteristic absorption peaks of CR and ARS at their 
respective maximum absorption wavelengths almost com-
pletely disappeared after 180 min of visible light irradiation. 
It was presumed that the active sites and groups were in 
contact with the dyes oxidation intermediates and mineral-
ized, so the characteristic peaks of light absorption of dyes 
gradually disappeared from high to low [38]. On the basis 
of spectrum evolution, the absorption depletion occurred at 
the blue shift of absorption maximum. ARS shifted from 518 
to 498 nm and the CR shifted from 494 to 475 nm, which 
may be the interference attributed to the desulfurization to 
generate new intermediates in the degradation process.

Fig. 7 depicts photolysis and photocatalytic degradation 
efficiency of CR and ARS vs. time interval plots. The pho-
tolysis efficiency of CR and ARS were almost non-existent, 
and the stability of CR and ARS were good during 3 h under 
visible light irradiation. However, BiVO4 was able to bleach 
the CR (BiVO4 with calcination) and ARS (BiVO4 without cal-
cination) solution 98% and 96% within 3 h under the same 

degradation reaction conditions. It was further confirmed 
the effective degradation of the two selected dyes by BiVO4 
again. In addition, based on the pseudo-first-order kinetic 
equation, the calculated kinetic rate constants of BiVO4 were 
0.022 min‒1 for CR degradation and 0.017 min‒1 for ARS 
degradation. Clearly, the photocatalytic degradation rate 
of CR was significantly faster than that of ARS.

The light absorption intensity of CR increased firstly and 
then decreased in the range of 200–700 nm with pH increase, 
while that of ARS always increased with pH increase 
(Fig. 8). Due to the fact that CR and ARS molecules existed 
in different forms at different pH values, thus exhibiting 
different colors and light absorption intensities [39]. The 
maximum absorption wavelength for CR decreased slightly 
with pH increase. The maximum absorption wavelength 
for ARS occurred with a redshift as pH increase.

Because BiVO4 is a typical ternary oxide and has the 
characteristics of isoelectric point, the experiment about the 
effect of pH on the photodegradation of CR and ARS was 
conducted in the pH range of 4–11. Fig. 9 shows that the 
photocatalytic degradation efficiency of BiVO4 was affected 
to some extent by variation in the initial pH of dyes solu-
tion. For CR, there was a gradual decrease from 98% to 80% 
in photocatalytic degradation efficiency with pH increase 
from 4 to 10. Acidic conditions were conducive to BiVO4 
degradation and the catalytic property of BiVO4 was rel-
atively stable under acidic conditions and near-neutral 
conditions. More positively charged surface sites of BiVO4 
became available thus facilitating greater CR anions adsorp-
tion under acidic conditions [40]. Under alkaline conditions, 
the catalysis was inhibited due to the change in electrostatic 
repulsion between CR and BiVO4 [41]. Therefore, CR deg-
radation decreased sharply to 63% at pH 11. For ARS, there 

Table 1
Comparison of the BiVO4 by different methods under various conditions

Method Precursors Reaction condition Drying or calcination 
condition

Ref.

Hydrothermal method Bi(NO3)3·5H2O + NH4VO3 

+ C18H33NaO2

Stirred at room temperature 
for 2 h; 200°C, 12 h

Dried at 60°C for 
overnight

[4]

Solid-state reaction  
 method

Bi2O3 + V2O5 + PVA Ball-milled for 10 h; 600°C, 5 h Calcined at 500°C 
for 13 h

[35]

Hydrothermal method Bi(NO3)3·5H2O + NH4VO3 Stirred at room temperature 
for 1 h; 180°C, 24 h

Dried at 60°C for 
overnight

[3]

Solvothermal method BiCl3 + Na3VO4 + PVP Stirred at room temperature 
for 1 h; 160°C, 5 h

Dried at 60°C for 
12 h

[36]

Sol–gel method assisted  
 by ultrasonication

Bi(NO3)3·5H2O + NH4VO3 Stirred at room temperature 
for 1 h; 70°C, 1.5 h

Dried at 100°C for 
48 h; Calcined at 
400°C for 2 h

[5]

Hydrothermal method Bi(NO3)3·5H2O + V2O5 Stirred at room temperature 
for 48 h; 110°C, 10 h

Dried at 70°C for 
overnight

[37]

Microwave  
 hydrothermal method

Bi(NO3)3·5H2O + NH4V3 + 
HNO3 + CMC

Microwave radiation at 120°C 
for 1.5 h

Calcined at 400°C 
for 4 h

Current work

Microwave  
 hydrothermal method

Bi(NO3)3·5H2O + NH4V3 + 
HNO3 + CMC

Microwave radiation at 120°C 
for 1.5 h

No calcination Current work

PVA, Polyvinyl alcohol; PVP, Polyvinyl pyrrolidone.
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was an increase in photocatalytic degradation with increas-
ing pH from 4 to 7 and tended to be stable in pH from 7 
to 11. Maximum ARS degradation (about 92%) by BiVO4 
without calcination was obtained at pH 9. It was indicated 
that BiVO4 prepared under non-calcination conditions can 
exhibit good catalytic activity in neutral and alkaline envi-
ronments. It was attributed to that the reaction between 
holes (h+) in the valence band and OH groups produced 
a high concentration of free hydroxyl radicals to promote 
catalytic oxidation under alkaline conditions [14].

The photocatalytic properties of BiVO4 for CR and ARS 
were compared with other various photocatalysts reported 
in the literature (Table 2) [42–49]. It can be seen that BiVO4 
has a relatively higher photocatalytic activity of refractory 
dyes in current work compared to other catalysts with the 
catalyst dosage and illumination time was not much differ-
ent. The good photocatalytic performance of BiVO4 could be 
related to the narrower band gap and smaller sizes [43,44].

3.4. Reusability of BiVO4

The reusability and stability of BiVO4 samples were 
investigated relative to 5 successive runs of CR and ARS 
degradation experiments. As presented in Fig. 10a, CR 

degradation by the calcined BiVO4 decreased slightly in the 
5 successive cycle runs, only about 0.4% decreased occurring 
in each run. Similarly, ARS degradation by the uncalcined 
BiVO4 remained at approximately 90% after 5 successive 
cycles run indicating about 1.0 % decreased per each run. 
The highly stable and reusable properties of BiVO4 sam-
ples could be of potential applications in environmental 
protection. The degradation performance of BiVO4 might 
be attributed to the accumulation of catalytic degradation 
by-products on the surface of the catalyst in the preceding 
degradation cycle, which blocked the contact between dye 
molecules and catalyst particles and affected photon absorp-
tion [50]. Moreover, the slight loss of photocatalyst during 
the collection process and the inactivation of some active 
sites in the previous degradation cycle also led to BiVO4 
degradation performance decrease [51]. The structural and 
phase changes of BiVO4 before and after 5 cycles of recy-
cling were studied by XRD (Fig. 10b). It can be found that the 
crystal phases in the calcined or uncalcined BiVO4 remained 
unchanged after 5 consecutive runs, indicating that the pho-
tocatalytic corrosion effect and oxidation of BiVO4 rarely 
occurred. Overall, the as-prepared BiVO4 not only had 
good recycling performance and catalytic activity but also 
had remained high catalytic stability during the process of 
multiple usages.

3.5. Photocatalytic mechanism

The photocatalytic mechanism of CR and ARS in the 
presence of BiVO4 was proposed and the applicable reactions 
were shown as follows:

BiVO visible light BiVO e hCB VB4 4+ → +( )− +  (2)

BiVO h H O BiVO OH HVB4 2 4
+ • +( ) + → + +  (3)

BiVO e O BiVO OCB4 2 4 2
− • −( ) + → +  (4)

BiVO h OH BiVO OHVB4 4
+ − •( ) + → +  (5)
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Fig. 6. UV–vis absorbance spectra of CR and ARS degradation by the BiVO4.
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• − + →O CR ARS degradation products2 /  (6)

• + →OH CR ARS degradation products/  (7)

In line with reactions (2)–(7), the reasonable mechanism 
was also explained in Fig. 11. When BiVO4 was subjected 
to visible light irradiation, the photogenerated electrons 
(eˉ) could migrate from valance band (VB) to conduction 
band (CB), generating holes (h+) in VB (Eq. (2)) [47]. The 
photogenerated holes would react with absorbed water on 
BiVO4 surface to generate highly reactive hydroxyl radical 
(•OH), whereas O2 acted as an electron acceptor to form a 
superoxide anion radical (•O2̄) (Eqs. (3)–(5)) [14]. In addi-
tion, the photogenerated holes could be trapped by –OH 
thus preventing the recombination of electron-hole pairs 
[52]. Further, •O2̄ can act as an oxidizer and remove CR and 
ARS (Eqs. (6)–(7)).

4. Conclusions

BiVO4 was successfully synthesized via a fast microwave 
hydrothermal method assisted with CMC. The microwave 
hydrothermal method effectively reduced the temperature 
and time required to generate BiVO4. Microwave heat-
ing temperature, pH, and calcination played important 
roles in changing the phases and morphologies of BiVO4 
for optimization. The as-obtained BiVO4 demonstrated 
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Table 2
Comparison of the photocatalytic performance of various photocatalysts for CR and ARS degradation

Dyes Photocatalyst Light source Photocatalytic 
time (h)

Catalyst 
dosage (g L‒1)

Initial concentration 
(mg L‒1)

Degradation 
(%)

Ref.

CR WO3 UV 6 W 5.0 1.7 10 74 [42]
CR ZnO UV 15 W 2.0 0.5 10 50 [43]
CR P25 (TiO2) Visible light 3.5 1.0 30 90 [44]
CR Ni0.2Cu0.8Al2O4 solar light 3.0 1.0 30 90 [45]
CR BiVO4 Visible light 3.0 1.0 30 98 Current work
ARS ZnO UV 18 W 2.0 1.0 25 77 [46]
ARS Bi2O3:Ce3+/Ce4+ Visible light 2.5 1.0 20 90 [47]
ARS P25 (TiO2) Visible light 3.0 0.5 20 80 [48]
ARS MWCNTs + H2O2 UV 16 W 2.5 0.15 20 95 [49]
ARS BiVO4 Visible light 3.0 1.0 25 96 Current work
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degradation for CR (98%) and ARS (96%) owing to ellip-
tical morphology, strengthened separation ability of pho-
toinduced electron-hole pairs. In addition, BiVO4 exhibited 
good stability and recyclability after 5 cycles of degradation 
for CR and ARS. In all, this study will provide a feasible 
method to optimize the preparation and improve the 
photocatalytic activity of photocatalysts.
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