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Abstract: Photocatalysis is considered a promising method for wastewater treatment; however, most
synthesized photocatalysts have complex structures and are costly. Thus, in this study, a novel
CaWO4 sample was synthesized by a co-precipitation method in one step. The characteristic results
show that CaWO4 has good dispersibility, a large specific surface area, and good photoresponse
under UV light. The synthesized CaWO4 can be used to degrade methylene blue (MB) and carmine
(CR) under UV light without the addition of oxidants. The effects of a water matrix, including pH
value, solid–liquid ratio, light intensity, and initial concentration of pollutants on photocatalytic
degradation were studied. According to the optimization of these factors, the optimal photocatalytic
degradation condition was found under the catalyst concentration of 1.0 g/L and ultraviolet light
intensity of 80 W. The optimal pH is 8.2 for the MB system and 6.0 for the CR system. The optimal
photocatalytic degradation of MB and CR at 100 mg/L can be achieved as 100%. According to the
results of scavenger experiments, holes and hydroxyl radicals dominate the degradation of MB while
hydroxyl radicals and superoxide anions are mainly responsible for the degradation of CR. Further
analyses showed that photogenerated electrons generated on the surface of the CaWO4 can form
electron–hole pairs, thereby producing hydroxyl radicals and superoxide anions to degrade dyes.
In addition, the CaWO4 has a good cycling performance in the process of degrading MB (more
than 80% after five cycles). It provides a new idea for the photocatalytic degradation of dyes using
mineral-like materials.

Keywords: dye; photocatalysis; calcium tungstate; free radical; mechanism

1. Introduction

With the rapid development of urbanization and industrialization, environmental
pollution caused by a large number of dye-containing wastewater, such as textiles, leather,
printing, plastic, food, medicine, cosmetics, and so on, has become a worldwide concern [1].
Dye wastewater usually has the characteristics of large amounts of organic matter and salts,
as well as complex compositions. For example, cationic dyes are also known as basic dyes,
because cationic dye wastewater is usually alkaline. This kind of dye has a bright color
and high coloring power. It can ionize and produce positively charged ions after being
dissolved in water. Aqueous solutions of anionic dyes are usually acidic and anionic dyes
in water produce negatively charged ions. It is necessary to explore different experimental
methods and reaction conditions to deal with different kinds of dyes [2].

Traditional physical, biological, and chemical treatment methods are difficult to use
to treat dye wastewater [3]. The photocatalysis-based advanced oxidation process has the
advantages of ease of operation, low energy consumption, no secondary pollution, and
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high efficiency, and is considered a promising dye wastewater treatment technology [4,5].
The basic principle is that light makes electrons transition from the valence band to the
conduction band under the excitation of ultraviolet light so that photogenerated electrons
are concentrated in the conduction band, while the valence band of lost electrons forms a
photogenerated hole. Electron–hole pairs have redox potentials and reduce oxygen to form
superoxide anions and oxidize water to form hydroxyl radicals [6]. These free radicals
work together to degrade pollutants in the water.

TiO2 is considered one of the most promising photocatalysts [7]. Due to its advantages
of environmental friendliness and ease of manufacturing, more and more researchers are
devoted to the field of photocatalytic degradation of organic pollutants in water. However,
there are still some problems in the photocatalytic application of TiO2, such as the agglom-
eration effect, low photocarrier separation efficiency, and limited light absorption capacity,
which lead to low catalytic efficiency of TiO2 in a photocatalytic application.

Compared with the low band gap width of TiO2, the band gap energy of g-C3N4 is only
2.7 eV, it has good photostability and chemical tunability [8]. In addition, the photocatalytic
treatment of the dye by using the composite material with a thin coating of SiO2 on TiO2
as a catalyst has a good effect [9]. At the same time, novel catalyst materials, such as
CaCu3Ti4O12 with a surface local dipole moment and low band gap, are studied. Low
band gap allows that catalyst separate carrier effectively in the photocatalytic process [10];
however, these composite photocatalytic processes also face many problems such as low
efficiency, being nonvisible-light driven, complicated manufacturing, and high cost.

Fortunately, some raw mineral-based materials, because of their unique special proper-
ties such as high photocatalytic degradation efficiency, ease of operation, and environmental
friendliness, were used instead of conventional TiO2 and composite photocatalysis [11–13].
Herein, scheelite (CaWO4) can be used for excellent photocatalysis in recent years due to
its unique light response characteristics. Nano CaWO4 has good dispersion, high light
absorption, and a low photoelectron–hole pair recombination ratio. CaWO4 has good
photoluminescence under UV light and is a good direct semiconductor catalyst. The ap-
propriate band gap width will neither hinder the excitation of electrons nor hinder the
recombination with electrons, which is beneficial to the continuous progress of the pho-
tocatalytic reaction. In the treatment of dye wastewater, CaWO4 is insoluble in various
dye solutions and will not adsorb dye, so it can be efficiently recycled. Therefore, it is
considered a kind of photocatalyst with broad application prospects.

Some studies show that the performance of scheelite as a catalyst is good after dop-
ing modification. BaMoO4-coupled CaWO4 heterojunction micro/nanocomposites can
effectively improve the photocatalytic ability of catalysts by improving the photoelectron
excitation but the preparation method of the catalysts is complicated [14]. In addition, the
use of natural materials to prepare catalysts is also an important development direction. It
is an environmentally friendly method to prepare the photocatalyst SrO from plant extracts
by coprecipitation. Because plant extracts can better control the particle size, morphology,
and structure of the SrO, the catalytic performance of the catalyst can be improved. The
degradation efficiency can be increased by 87.4% in the photocatalytic system with MB as
the target pollutant by performance optimization [15].

In this study, the work focuses on the issues of as-prepared CaWO4 and its catalytic
activity. Nano-CaWO4 was prepared in one step by a simple coprecipitation method. In the
system of degradation of pollutants using CaWO4 as the photocatalyst, the pollutants could
be degraded by direct ultraviolet irradiation without doping modification. In addition,
no oxidant is needed in this process, and the degradation effect can achieve the goal of
almost complete removal of pollutants. Compared with previous reports, no doping of the
modified catalyst and no addition of oxidants are needed to make the reaction simpler and
more feasible. The aims of this paper can be summarized as follows: (1) The preparation and
characterization of novel CaWO4 catalysts equipped with preferable photocatalytic ability;
(2) The optimized conditions of photocatalytic degradation of dyes; (3) The mechanism of
CaWO4 photocatalysis degradation of dyes.
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2. Experimental Methods
2.1. Chemicals

All chemicals were of analytical grade unless otherwise noted.
MB and CR were purchased from Fuchen (Tianjin, China) Chemical Reagents Co., Ltd.

(Shanghai, China). Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), tert-butanol
(TBA), Tiron, NaF, Calcium chloride (CaCl2), sodium tungstate (Na2WO4), cetyl trimethyl
ammonium bromide (CTAB), n-butanol, n-octane, disodium hydrogen phosphate, and
sodium dihydrogen phosphate were purchased from Sinopharm Group Chemical Reagent
Co., Ltd., Shanghai, China. During the experimental process, ultrapure water (18.2 MΩ·cm)
was used for preparing solutions.

2.2. Preparation Catalyst

Preparation of CaWO4 photocatalyst followed the following steps. CaCl2 solution
at 0.5 mM concentration and Na2WO4 solution at 0.5 mM concentration were first added
to a mixture of CTAB, n-butanol, and n-octane and stirred for 30 min. Then, the mixture
was stirred for 5 min before it was left to rest for 6 h. CaCl2 and Na2WO4 constitute a
CaWO4 inorganic core, while CTAB, n-butanol, and n-octane indicate a shell. Finally,
the supernatant was centrifuged and the precipitate was washed and dried to obtain the
CaWO4 [16]. The process of catalyst preparation is shown in Figure S1a,b.

2.3. Catalyst Characterization

The phase and composition of the as-prepared samples were measured by X-ray
diffraction (XRD, DS-2700, Dandong, China) using an X-ray diffractometer with Cu Kα

radiation under 40 kV and 100 mA and with a 2θ ranging from 10◦ to 70◦. The morpholo-
gies and microstructures of the as-prepared samples were investigated by transmission
electron microscopy (TEM, JEM-2100F, Japan). The element mapping of the samples was
performed during the TEM measurements. UV–Vis diffuse reflectance spectra (DRS) of the
samples were recorded with a UV–Vis spectrophotometer (Evolution220, Thermo Scientific,
Waltham, MA, USA). Thus, the wavelength range of light absorbed by the sample was
explored. Surface area analysis equipment (NOVA-3000e, USA) was used to analyze the
specific surface area and porosity of the catalyst. The BET-specific surface of the catalysts
was measured by the N2 adsorption–desorption isotherms at −196 ◦C on an adsorption
unit (Novawin 3000e), and the pore volume, mean particle size, and pore diameter were
determined by Barrett–Joyner–Halenda (BJH) method from desorption branches of the
isotherms. To investigate the production of photogenic electrons, electrochemical worksta-
tion was used to detect the photoelectrical response of the catalyst. Zeta potential (Nano
ZS90, UK) analyzer was used to determine the potential of solution after sample dissolution
and the value of isoelectric point.

2.4. Photocatalytic Degradation of MB and CR

Photocatalytic activities of the calcium tungstate photocatalyst were evaluated by
photocatalytic degradation of MB/CR under a lamp with adjustable light intensity as
the light source (PLS-LED100B, Perfectlight, Beijing, China). By adjusting the reaction
device, the distance between the liquid level and the light source is 5 cm. In order to detect
whether the light source will heat the reaction solution, the temperature of the solution
was detected by using a temperature gun during the reaction process (Figure S2). The
result that the solution temperature varies within 10 ◦C suggests that reaction temperature
difference is in negligible amounts of the photocatalytic reaction. The experiments were
performed at room temperature as follows: CaWO4 was added into MB solution or CR
solution. The solid–liquid ratios of photocatalyst and solution are 1 g/L, 0.8 g/L, 0.6 g/L,
0.4 g/L, and 0.2 g/L, respectively. The concentration of MB solution and CR solution used
was 30 mg/L, 50 mg/L, 100 mg/L, and 200 mg/L, respectively. The pH was controlled
by adding 0.01 mol/L HNO3 or NaOH solution. Prior to irradiation, the suspensions
were magnetically stirred for an hour in the dark to ensure the adsorption/desorption
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equilibrium between photocatalyst powders and MB and CR. When photocatalytic reaction
was triggered, 2 mL aliquot was taken out from reactor at intervals of every 30 min. The
samples were tested after passing through the membrane. The concentration of MB was
determined using a UV–Vis (Evolution220, Thermo Scientific, USA) spectrophotometer at
its maximum absorption wavelength of 665 nm; the concentration of CR was determined
using a UV–Vis spectrophotometer at its maximum absorption wavelength of 495 nm. It
is worth mentioning that the color of CR solution varies with pH [17]. Therefore, before
using UV–Vis spectrophotometer to detect CR solution, it is necessary to use pH buffer of
disodium hydrogen phosphate and sodium dihydrogen phosphate mixed configuration
to buffer carmine solution. The total organic carbon (TOC) was measured by Multi N/C
3000 TOC analyzer (Analytikjena, Jena, Germany). Surface functional groups of samples
before and after reaction were analyzed by Fourier-transform infrared spectroscopy (FT-IR,
VERTEX 70, Bruker, Billerica, MA, USA). For the cycle experiments, after each reaction,
the used sample was centrifuged and washed with deionized water. After that, samples
were dried and tested under the same experimental conditions. This process was repeated
5 times to test the reusability of the samples.

3. Result and Discussion
3.1. Characterization

The XRD patterns of CaWO4 are shown in Figure 1a. The reflections at 2θ = 18.60◦,
28.72◦, 31.44◦, 34.17◦, 39.20◦, 47.10◦, 54.30◦, and 58.05◦ are corresponded to scheelite
(JCPDS#41–1431). The results indicated that the as-synthesized sample is scheelite
(CaWO4) [18]. In addition, due to the use of organic matter in the synthesis process,
washing with pure water and ethanol is difficult to completely remove organic matter
residues, so the resulting sample may contain small amounts of residual impurities.
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To investigate the morphology and structure of CaWO4 samples, TEM was further
carried out and the results are shown in Figure 1c–f. It can be indicated that the synthesized
CaWO4 samples were granular and the particle size of the sample was between 20 and
30 nm. According to the TEM-based mapping analysis (Figure 1g–j), W, O, and Ca are
evenly distributed, indicating from another angle that CaWO4 was successfully prepared.
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In addition, according to the calculation of element proportion (Figure S3), the element
distribution conforms to the CaWO4 molecular formula [19].

The photoresponse characteristics of the catalysts were characterized by UV–Vis DRS.
As illustrated in Figure 1b, the absorption onset of nano-CaWO4 was around 400 nm,
corresponding to the band gap energy (Eg) of 3.45 eV. In the wavelength range below
400 nm, the absorption capacity of the sample is good, especially at 240 nm and 330 nm.
The result explains why the light absorption capacity of CaWO4 under ultraviolet light is
stronger than that under visible light.

The adsorption volume and pore size distribution of catalysts also have important
effects on catalytic performance. As can be seen in Figure S4a,b, the nitrogen adsorption–
desorption isotherms of CaWO4 showed a type IV isotherm and type H3 hysteresis loops,
indicating that the samples possessed a high proportion of mesopores and the pore shape
belonged to slit-shape. In addition, the pore size distribution of CaWO4 shows that CaWO4
samples are mainly composed of 2–4 nanoparticles. The BET-specific surface of CaWO4
is 76.44 m2/g. The conclusion can be drawn that the adsorption capacity and pore size
distribution of CaWO4 samples are favorable for the catalytic reaction [20].

Hence, through the characterization, it can be seen that nano-CaWO4 material was
synthesized by a simple coprecipitate method. The sample has good dispersibility, a large
specific surface area, and good photoresponse performance under UV light. Deservedly,
samples were used for photocatalytic experiments.

3.2. Degradation of MB
3.2.1. Comparison Experiment and TOC Removal

The photocatalytic degradation of MB was verified by comparison experiments.
Figure S5 demonstrates that the MB was hardly removed under UV irradiation or bare
CaWO4, with a degradation efficiency of about 15% in 3 h. It indicates the adsorption of
CaWO4 and the photolysis of MB could be ignored. In contrast, in the presence of CaWO4
and UV irradiation, 100 mg/L of MB could be completely degraded in 3 h. This shows
that CaWO4 has superior photocatalytic degradation efficiency of MB without adding
oxidants [21]. As seen in Figure S6, the TOC removal efficiency reached 58% after a 3 h
reaction when the MB removal efficiency was 99%, which indicates that the mineralization
rate of pollutants is moderate. The reason why the mineralization efficiency is lower than
the degradation efficiency may be due to the intermediates produced in the degradation
process of MB rather than the complete conversion of CO2 and H2O.

3.2.2. Effect of Reaction Conditions

The photocatalytic degradation of MB is affected by different reaction conditions. The
effects of the solid–liquid ratio, light intensity, pollutant concentration, and initial pH values
on the degradation of MB were investigated and the results are illustrated in Figure 2a–d.
It is well-known that the increase in solid–liquid ratio and light intensity can promote the
degradation of pollutants in the photocatalytic reaction process [22]. When the solid–liquid
ratio increased from 0.2 g/L to 1.0 g/L, the MB degradation efficiency was promoted
from 69% to 96% in 180 min. In addition, when the light intensity increased from 20 W
to 80 W, the MB degradation efficiency was promoted from 26% to 96%. Then, increasing
the concentration of contaminants caused a decline in the degradation rate. When the
concentration of MB is 200 mg/L, its degradation efficiency is only 25%, and when the
concentration of MB is 30 mg/L, 50 mg/L, and, 100 mg/L, its degradation efficiency can
reach more than 96%. Interestingly, the influence of pH on MB is not linear [23]. The
maximum MB degraded rate appeared at a pH of 8.2, and the rate was reduced when
the pH value rose above or dropped below 8.2. This may be due to the MB solution itself
containing cationic dye ionization in water formed by positive ions [24]. The positively
charged ions are attracted to the photogenerated electrons, which inhibits the recombination
of electron–hole pairs and promotes the photocatalytic reaction effect. Therefore, under the
original pH condition of the MB solution, the optimal MB degradation degree is obtained.



Processes 2023, 11, 1050 6 of 15

Processes 2023, 11, x FOR PEER REVIEW 6 of 16 
 

 

increasing the concentration of contaminants caused a decline in the degradation rate. 

When the concentration of MB is 200 mg/L, its degradation efficiency is only 25%, and 

when the concentration of MB is 30 mg/L, 50 mg/L, and, 100 mg/L, its degradation effi-

ciency can reach more than 96%. Interestingly, the influence of pH on MB is not linear 

[23]. The maximum MB degraded rate appeared at a pH of 8.2, and the rate was reduced 

when the pH value rose above or dropped below 8.2. This may be due to the MB solution 

itself containing cationic dye ionization in water formed by positive ions [24]. The posi-

tively charged ions are attracted to the photogenerated electrons, which inhibits the re-

combination of electron–hole pairs and promotes the photocatalytic reaction effect. There-

fore, under the original pH condition of the MB solution, the optimal MB degradation 

degree is obtained. 

0 50 100 150 200
0.0

0.2

0.4

0.6

0.8

1.0

 M
B

 C
t/

C
0

T(min)

 0.2g/L

 0.4g/L

 0.6g/L

 0.8g/L

 1.0g/L

a

0 50 100 150 200
0.0

0.2

0.4

0.6

0.8

1.0

M
B

 C
t/

C
0

T(min)

 20W

 40W

 60W

 80W

b

0 50 100 150 200
0.0

0.2

0.4

0.6

0.8

1.0

M
B

 C
t/

C
0

T(min)

 30mg/L

 50mg/L

 100mg/L

 200mg/L

c

0 50 100 150 200
0.0

0.2

0.4

0.6

0.8

1.0

M
B

 C
t/

C
0

T(min)

 pH=3

 pH=4

 pH=6

 pH=8

 pH=8.2

 pH=10

 pH=11

d

 
Figure 2. Effects of (a) Solid–liquid ratio; (b) Light intensity; (c) MB concentration; and (d) initial pH 

on MB removal efficiency. Reaction conditions: light intensity = 80 W; [MB] = 100 mg/L; pH = 8.2 for 

(a), [CaWO4] = 1.0 g/L; [MB] = 100 mg/L; pH = 8.2 for (b), [CaWO4] = 1.0 g/L; light intensity = 80 W; 

pH = 8.2 for (c), and [CaWO4] = 1.0 g/L; light intensity = 80 W; [MB] = 100 mg/L for (d). 

3.2.3. Identification of Reactive Species 

To investigate the mechanism of MB degradation via CaWO4, different scavengers 

were introduced to the system to identify and investigate the working reactive oxygen 

species (ROS). According to previous studies, in the process of photocatalytic degradation 

of organic contaminants, four active substances are chiefly involved: electrons, holes, hy-

droxyl radicals, and superoxide radicals [25]. In this study, EDTA-2Na, TBA, Tiron, and 

NaF were utilized to verify the contribution of h+, ·OH, O2−, and e−, respectively. Figure 

3a–d shows the influence of different quenchers on the experimental effect. Firstly, pho-

toexcited electron transitions produce photogenerated electrons. However, the addition 

of 0.5 mM, 1.0 mM, and 5.0 mM NaF has little effect on MB degradation, indicating that 

electrons do not play a role in the photocatalytic degradation of MB. Then, photoexcited 

Figure 2. Effects of (a) Solid–liquid ratio; (b) Light intensity; (c) MB concentration; and (d) initial
pH on MB removal efficiency. Reaction conditions: light intensity = 80 W; [MB] = 100 mg/L;
pH = 8.2 for (a), [CaWO4] = 1.0 g/L; [MB] = 100 mg/L; pH = 8.2 for (b), [CaWO4] = 1.0 g/L;
light intensity = 80 W; pH = 8.2 for (c), and [CaWO4] = 1.0 g/L; light intensity = 80 W;
[MB] = 100 mg/L for (d).

3.2.3. Identification of Reactive Species

To investigate the mechanism of MB degradation via CaWO4, different scavengers
were introduced to the system to identify and investigate the working reactive oxygen
species (ROS). According to previous studies, in the process of photocatalytic degradation
of organic contaminants, four active substances are chiefly involved: electrons, holes,
hydroxyl radicals, and superoxide radicals [25]. In this study, EDTA-2Na, TBA, Tiron,
and NaF were utilized to verify the contribution of h+, ·OH, O2

−, and e−, respectively.
Figure 3a–d shows the influence of different quenchers on the experimental effect. Firstly,
photoexcited electron transitions produce photogenerated electrons. However, the addition
of 0.5 mM, 1.0 mM, and 5.0 mM NaF has little effect on MB degradation, indicating that
electrons do not play a role in the photocatalytic degradation of MB. Then, photoexcited
electron transitions leave electron holes. EDTA-2Na, an effective scavenger, was employed
to scavenge as its role. It shows a high reactivity towards the holes. When 0.5 mM EDTA-
2Na was used, photocatalytic degradation of methylene blue was suppressed. When
the concentration of EDTA-2Na rose from 0.5 mM to 5.0 mM, the degradation efficiency
of MB was reduced from 75% to 51%. It suggests that holes play an important role in
photocatalysis. Then, water is oxidized to produce hydroxyl radicals. It is widely accepted
in studies that alcohols without an alpha-hydrogen, such as tert-butanol, are one of the best
scavengers of hydroxyl radicals [26]. After adding TBA, the photocatalytic effect becomes
worse. The degradation efficiency of MB was inhibited by only 40% when 0.5 mM TBA
was added. When TBA concentration reached 5.0 mM, the degradation efficiency of MB
was inhibited by only 45%. Obviously, the degradation efficiency of MB was inhibited by
TBA. This indicates that hydroxyl radicals are one of the key radicals in the degradation of
MB. The active species in the reaction system also include the superoxide anion produced
by the reduction in oxygen. Tiron was selected for quencher of O2

− [27,28]. According
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to the results, the quenching of Tiron has an effect on photocatalysis but the effect is not
significant. When the added Tiron concentration was increased from 0.5 mM to 5.0 mM,
the degradation rate of MB decreased from 22% to 30%, respectively. Tiron inhibited the
degradation of a small amount of MB. This indicates that superoxide anions also participate
in the photocatalytic degradation of MB to a certain extent.
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As a consequence, holes and hydroxyl radicals dominate the photocatalytic degrada-
tion of MB, and superoxide anions are also partly responsible for MB degradation, while
electrons are not involved in this process.

3.3. Degradation of CR
3.3.1. Comparison Experiment and TOC Removal

The degradation of MB by CaWO4 was studied. Consider that cationic dyes are stable.
Positively charged ions generated by the ionization of cationic dyes attract photoelectrons
and promote photocatalytic reactions. Therefore, in order to further explore the degradation
ability of CaWO4 on dyes, the unstable anionic dye CR, which ionizes and generates
negative ions to interfere with photocatalytic reactions, was selected for the experiment.
The photocatalytic degradation of CR was verified by a comparison experiment. As seen
from Figure S8, CR was hardly removed under the condition of only UV light or CaWO4,
with a degradation efficiency of about 20% within 3 h. It indicates that the adsorption of
CR by CaWO4 and the photolysis of CR are both at a low level. In contrast, in the presence
of CaWO4 and UV irradiation, 100 mg/L of CR can be completely degraded in 3 h. The
results show that CaWO4 has good photocatalytic degradation of CR without an oxidizing
agent. The TOC removal efficiency reached 42% after the reaction for 3 h when the CR
removal efficiency was 99%, as displayed in Figure S9. It indicates that the mineralization
efficiency of pollutants is relatively low. Only a small part of CR is converted to CO2 and
H2O during photocatalytic degradation.
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3.3.2. Effect of Reaction Conditions

The photocatalytic degradation of CR was affected by different reaction conditions.
Effects of the solid–liquid ratio, light intensity, pollutant concentration, and initial pH
values on CR degradation were shown in Figure 4a–d. There is a clear trend, when the
solid–liquid ratio and light intensity increased, the degradation effect of CR improved [29].
When the solid–liquid ratio increased from 0.2 g/L to 1.0 g/L, the CR degradation was
efficiency promoted from 72% to 99%. In addition, when the light intensity increased
from 20 W to 80 W, the degradation efficiency of MB increased from 24% to 99%. In
contrast, when the carmine concentration increased, the photocatalytic effect became
worse. When the concentration of CR was 200 mg/L, the degradation efficiency was
only 36%, while when the concentration of CR was reduced to 30 mg/L, 50 mg/L, or
100 mg/L, the degradation efficiency was above 99%. These are some common rules.
Interestingly, the degradation efficiency of CR was highest at a pH of 6 [30]. When pH was
4 or 8, CR degradation efficiency remained high but when pH was 3 or 9, CR degradation
efficiency was significantly lower. This may be due to the maximum positive potential
of calcium tungstate solution at a pH of 6, reaching 2 mV. In this case, positively charged
ions will attract photogenerated electrons, reducing the recombination of electron–hole
pairs, thus promoting the effect of photocatalysis. When the pH is too low or too high,
especially at a pH of 3 or 9, the potential of the CaWO4 solution is very negative, at −26 mV
and −15 mV, respectively (Figure S10). At this time, negatively charged ions will repel
photogenerated electrons and accelerate the recombination of electron–hole pairs, thus
reducing the photocatalytic effect.
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(a), [CaWO4] = 1.0 g/L; [CR] = 100 mg/L; pH = 6 for (b), [CaWO4] = 1.0 g/L; light intensity = 80 W;
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3.3.3. Identification of Reactive Species

To further study the participation of various active species in CR degradation, e−,
h+, ·OH, and O2

− quenching experiments were employed in this study [31] because these
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four kinds of active species are the main active substances produced in the photocatalytic
process [32,33]. The effects of these quenching experiments on the photocatalytic degra-
dation of CR are depicted in Figure 5a–d. First, photogenerated electrons are created
in the presence of a photoexcited catalyst. However, electrons do not play a role in the
photocatalytic degradation of CR because the degradation effect of CR was not affected
when NaF was used as a quenching agent; the degradation of CR was not affected when
0.5 mM, 1.0 mM, and 5.0 mM NaF was added to the reaction system. Secondly, the electrons
create holes after their transition. EDTA-2Na was used to quench holes, which slightly
influenced the degradation of CR. When the concentration of EDTA-2Na was 0.5 mM and
1.0 mM, CR degradation was almost unaffected. When the concentration of EDTA-2Na
was increased to 5.0 mM, the degradation efficiency of CR was reduced by 28%. It can
be seen that holes are involved in photocatalytic reactions but are not major participants.
In addition, hydroxyl radicals are produced when water is oxidized. The TBA hydroxyl
radical quenching experiment shows a significant effect on the experimental results. When
0.5 mM TBA was used as a quencher, the photocatalytic degradation efficiency of CR was
reduced by 36%. When the concentration of TBA was increased to 1.0 mM and 5.0 mM,
the degradation of CR was inhibited more obviously, and the degradation efficiency of
CR was reduced by 42% and 55%, respectively. This indicates that hydroxyl radicals are
the main participant in the CR degradation reaction. The superoxide anions produced
by oxygen reduction are also important active species. This is because the addition of
Tiron to the reaction system to quench superoxide ions had a significant inhibition effect
on the degradation of CR. For 0.5 mM and 1.0 mM Tiron, this reduced the degradation
efficiency of CR by 35% and 36%, respectively. In addition, Tiron of 5.0 mM reduced the CR
degradation efficiency by 56%.
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As a consequence, hydroxyl radicals and superoxide anions dominated the photo-
catalytic degradation of CR, and holes were also involved partly in the reaction, while
electrons were almost not involved in the reaction.
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3.4. Photocatalytic Activity

The removal of pollutants by photocatalysis is one of the hot research issues. The
ZnO synthesized by hydrothermal methods at 200 ◦C is considered to be a good catalyst
due to its more defective structures on the surface, which can achieve a maximum degra-
dation rate of 91% of MB within 180 min [34]. Furthermore, modification of the catalyst
is more beneficial to its catalytic performance. Magnetically retrievable Cobalt-doped
ZnO nanowires are considered to be excellent photocatalysts. The 8% cobalt-doped ZnO
nanowires can photocatalyze the degradation of Methyl Orange (MO) up to 93% within
180 min [35]. The construction of novel g-C3N4-coupled efficient Bi2O3 nanoparticles is
also an important improvement on the photocatalytic effect, which can degrade 88.5%
Rhodamine B (Rh B) in 180 min [36]. In addition, the morphology of the catalyst is also very
important for the catalytic performance. Porous sponge-like CeO2 morphology is helpful to
the improvement of catalytic performance. The porous CeO2 exhibited the highest activity,
with a degradation of Methyl Green (MG) of 40% in 120 min, which is about twice the
removal efficiency of the same type of commercial catalyst [37]. In addition, adding an
oxidant is one of the important ways to improve the photocatalytic effect. Bi2O3-TiO2
materials with peroxydisulfate synergistic action have high photocatalytic capacity. In this
system, the photocatalytic degradation of Sulfamethoxazole (SMZ) can be 97.96% within
120 min [38]. There are also relevant studies on CaWO4 materials. Using Ag2MoO2- and
α-AgWO4-doped CaWO4, photocatalytic degradation of MB can achieve a degradation
rate of 91.4% and 85.84% in 180 min and 105 min, respectively [39,40]. The degradation
performance of different catalysts (1 g/L) for pollutants is shown in Table 1.

Table 1. Photocatalytic performance of different materials.

Material Doping Oxidant Efficiency

ZnO undesired undesired 91% (5 mg/L MB) within 180 min
Co-ZnO requisite undesired 93% (10 mg/L MO) within 180 min

g-C3N4/Bi2O3 requisite undesired 88.5%(16.6 mg/L Rh B) within 180 min
CeO2 undesired undesired 40% (10 mg/L MG) within 120 min

Bi2O3-TiO2 requisite PDS (1 g/L) 97.96% (100 mg/L SMZ) within 120 min

CaWO4 undesired undesired 98% (100 mg/L MB) within 180 min
99% (100 mg/L CR) within 180 min

CaWO4/Ag2MoO2 requisite undesired 91.4% (40 mg/L MB) within 180 min
CaWO4/α-

AgWO4
requisite undesired 85.84%(200 mg/L MB) within 105 min

3.5. Study on Photocatalytic Mechanism

It is well-known that photocatalysis transfers electrons to jump from the valence
band to the conduction band under ultraviolet light to create electron–hole pairs [41].
The electron–hole pair has the ability to redox, which degrades the pollutant. Therefore,
the production of photogenerated electrons is an important part of the photocatalytic
reaction. In order to explore the photocatalytic degradation mechanism of MB and CR by
CaWO4, the photoelectric response performance of CaWO4 material was detected. The i–t
curve of CaWO4 was measured by an electrical workstation and the results are shown in
Figure 6a. It is obvious that the generation of current is related to the irradiation of the light
source. When the light is turned on and off at the same time interval, the generation and
disappearance of current also change regularly with the light source being turned on and
off. When the lamp is turned on, a large number of electrons generate a current. At this
time, the direction of the current is denoted as the positive direction, and the current value
is positive. When the lamp is turned off, the electrons annihilate and the instant current in
the opposite direction is generated. At this time, the current value is negative. These results
indicate that CaWO4 is a preferable photocatalyst material with a superior photoelectric
response ability. Under ultraviolet light, CaWO4 will rapidly produce a large number of
electron transitions, which means it will form a large number of electron–hole pairs, and
then participate in the photocatalytic degradation of pollutants.
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patterns of CaWO4 (no reaction), CaWO4 (with MB reaction), and CaWO4 (with CR reaction);
(c) FT-IR spectra of CaWO4 (original sample), CaWO4 (after reaction with MB), and CaWO4 (after
reaction with CR).

As depicted in Figure 6b, XRD diffraction peaks before and after reactions do not
change significantly, indicating that the adsorption amounts of dyes are negligible. The
main reaction process is through the degradation of pollutants. A similar situation can
be found in the FT-IR spectrum. As shown in Figure 6c, the functional groups of the
samples before and after the reaction were investigated using FT-IR spectroscopy. In
the FT-IR spectra of CaWO4 before and after the reaction, a broad absorption peak at
around 3500 cm−1 contributed to the stretching vibration of the physically absorbed water
molecule [42]. In addition, the bands at around 2900 cm−1, 1500 cm−1, 760 cm−1, and
490 cm−1 were assigned to the stretching vibrations of O-H, H-O-H, O-W-O, and W-O
bonds, respectively. In addition, it is not difficult to see that the characteristic absorption
peaks of samples do not change significantly before and after the reaction. The characteristic
absorption peaks of MB and CR were not obvious in the samples after the reaction. That
is to say, the characteristic absorption peaks of MB and CR do not appear in the samples
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after the reaction. This indicates that the adsorption capacity of CaWO4 on MB and CR is
in negligible amounts through the photocatalytic reaction process. The degradation of MB
and CR is the main process of photocatalysis.

3.6. Reusability of CaWO4

The reusability of the activators is vital for actual applications [43]. Thus, cycle
experiments were conducted to investigate the stability of CaWO4. As seen in Figure 7a,b,
the reusability of CaWO4 in photocatalytic degradation of MB and CR was verified. As for
MB degradation, after five cycles, the material did not exhibit obvious deactivation, and the
MB degradation efficiency is still more than 80%. It suggests that CaWO4 can be reused in
the photocatalytic degradation of MB. However, in the case of carmine, after the same five
cycles, the activity of the CaWO4 decreased significantly and the CR degradation efficiency
only reached 48%. This suggests that CaWO4 is not recommended to reuse more than
three times in the photocatalytic degradation of CR. The different reusability exhibition in
the degradation experiments of MB and CR is attributed to the different properties of MB
wastewater and CR wastewater. The key to the degradation of MB and CR is to stimulate
the electron transition in the catalyst to form electron–hole pairs, and further generate
hydroxyl radicals and superoxide anions to participate in the degradation of pollutants.
In this process, the recombination of electrons and holes is the main reason that leads to
the decrease in catalyst activity. The positively charged ions generated by the ionization of
cationic dye MB in water can attract electrons and thus reduce the recombination of electron
holes. Therefore, the catalyst has always maintained high activity during the five cycles
of degradation of MB. However, the negatively charged ions formed by the ionization of
anionic dye CR in water repel electrons and make them more prone to hole recombination.
Due to the wide band gap of CaWO4, electrons will not easily recombine with holes even if
there is negative ion repulsion. Therefore, the catalyst can still maintain high activity in the
first three cycles of CR degradation experiments. However, under continuous repulsion,
the performance of the catalyst will weaken rapidly once the electrons and holes recombine,
because the recombination of the electron–hole will significantly reduce the active species
in the reaction system. Therefore, the activity of the catalyst decreased significantly in the
last two cycles of CR degradation experiments.
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the CaWO4 degrades CR system. Reaction conditions: light intensity = 80 W; [MB] = 100 mg/L;
and pH = 8.2; [CaWO4] = 1.0 g/L for (a) and light intensity = 80 W; [CR] = 100 mg/L; pH = 8.2; and
[CaWO4] = 1.0 g/L for (b).

4. Conclusions

In this study, nanoscale-CaWO4 material was prepared by one-step coprecipitation and
then utilized for photo-degradation of MB and CR under UV irradiation. The synthesized
nanoparticle material is equipped with a high specific surface area and strong absorption
ability under ultraviolet light. Under the same reaction conditions as solid–liquid ratio,
light intensity, and pollutant concentration, the pH value difference has the main impact
on the optimum conditions for the degradation of MB and CR. For MB, the optimizing
condition was a pH of 8.2, while for CR, the optimizing pH was 6. The other reaction



Processes 2023, 11, 1050 13 of 15

conditions are similar. When the solid–liquid ratio of the catalyst was 1.0 g/L and the
light intensity was 60 W, the photocatalytic degradation of 100 mg/L MB and CR can be
almost complete. Then, during the reaction, the degradation of both dyes is responsible for
different ROS. Holes and hydroxyl radicals are mainly responsible for the degradation of
MB while hydroxyl radicals and superoxide anions dominate the degradation of CR. In
addition, superoxide anions contribute little to the degradation of MB, holes contribute
little to the degradation of CR, and electrons almost do not participate in the degradation
of these two dyes. However, due to the difference in dye properties, the stability of the
catalyst in degrading MB was better than that in degrading CR.

This study explored a new idea of using a simple method to synthesize mineral-like
materials as catalysts to degrade dye wastewater.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11041050/s1, Figure S1a: the Calcium tungstate preparation
process diagram; Figure S1b: the Calcium tungstate preparation process schematic diagram; Figure S2:
the temperature of the solution during the reaction process; Figure S3: calculation of element
proportion; Figure S4a: nitrogen adsorption-desorption isotherms of CaWO4; Figure S4b: pore size
distribution of CaWO4; Figure S5: photocatalytic degradation of MB by comparation experiments;
Figure S6: TOC removal efficiency in photocatalytic degradation of MB; Figure S7: UV–vis spectra
in the course of photocatalytic degradation MB; Figure S8: photocatalytic degradation of CR by
comparation experiments; Figure S9: TOC removal efficiency in photocatalytic degradation of CR;
Figure S10: potential of CaWO4 solution at different pH values; Figure S11: UV–vis spectra in the
course of photocatalytic degradation.
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