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Abstract: Bismuth vanadate (BiVO;) is a narrow-bandgap semiconductor (~2.41 Ev) that responds
to visible light. The efficiency of degradation of organic dyes is indexed by methylene blue (MB).
After 150 min, the efficiency of MB degradation by pure BiVO, was about 20%. Its adsorption
performance and electron-hole pair migration ability are weak, and the photocatalytic activity of
pure BiVO4 needs to be improved. BiVO, doped with rare earth ions can facilitate the separation
of photogenerated electron-hole pairs, thereby enhancing photocatalytic activity in the visible light
range. This study investigates changes in the structure and morphology of BiVO, doped with different
atomic percentages of terbium (Tb). BiVO4 powders were prepared by the hydrothermal method
with different atomic percentages of Tb (at% =0, 1, 3, and 5). Doping Tb benefits the coexistence
of monoclinic/tetragonal heterostructures, which changes the band gap and improves degradation
efficiency. After 150 min of visible light irradiation, the photocatalyst doped with 3 atomic percent
of Tb exhibited 98.2% degradation of methylene blue. The degradation percentage of MB remained
stable in the presence of 3at%Tb-doped BiVO, composite. The optimal parameters for the amount
of photocatalyst added were studied. Real-field simulations of metal ions and inorganic salts both
retain high levels of degradation efficiency.

Keywords: BiVOy; photocatalysts; degradation; organic dyes

1. Introduction

The development of global industrialization has brought people a more prosperous
and convenient life, but it is accompanied by the gradual depletion of energy and the
problems of environmental pollution [1,2]. The need for diversification and sustainability
of energy use and the development of clean and sustainable energy has become a consensus
of the modern world.

Solar energy is clean, pollution-free green energy. Many studies have been devoted
to how to effectively utilize solar energy in the fields of energy and industrial applica-
tions [3,4]. Among them, the photocatalytic effect in semiconductors using solar energy
as an energy source has been widely valued and deeply researched and explored since
the publication of the Honda Fuji effect in 1972 [5]. The applications of the photocatalytic
reaction include scraping treatment of dyes, pesticides, microbial germs, and so on to
achieve water disinfection and purification. Emission reduction treatments of toxic and
greenhouse gases, such as reducing acid rain by oxidizing nitrogen oxides NOx, reducing
CO;, to hydrocarbons to perform chemical carbon sequestration, and producing clean en-
ergy hydrogen through photohydrolysis, are all photocatalytic environmental purifications
and have potential for development in energy production [6,7]. Titanium dioxide is also
widely known among photocatalysts due to its photocatalytic activity, non-toxicity, high
photostability, and long-term development [8-11]. However, due to the disadvantage of
its wide bandgap (3.2 eV for anatase), TiO, cannot utilize the wavelengths of visible light,
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while ultraviolet radiation accounts for only about 4% of sunlight [12-14]. Compared to
TiO,, which can only be excited by ultraviolet radiation, BiVO,4 has an obvious visible light
response; this is a narrow bandgap semiconductor (~2.41 eV) and has advantages, but
BiVOy has the disadvantages of poor adsorption performance and photocatalytic activity
with fast photogenerated electron—hole recombination [15-17]. Solutions include metal
doping, non-metal doping, rare earth doping, semiconductor coupling, etc. [15,18-20].
Among them, it is an excellent strategy to dope the Bi site of BiVO4 with rare earth ions [21].
Because of its unique electronic transition characteristics and abundant energy levels, it
suppresses the carrier recombination rate [22-24].

From the research of other scholars, it can be found that rare earth ion doping of BiVO,
can produce superior visible light activity [25-27]. For instance, the ability of terbium
ions to trap photoexcited electrons in the conduction band to reduce the electron-hole
recombination rate is valued. Therefore, Tb-doped BiVO,; was chosen to increase its
photocatalytic activity to degrade organic pollutants [26-28]. In this study, a Tb-doped
BiVOy photocatalyst was prepared by the hydrothermal method. This study is the first to
introduce terbium doping into bismuth vanadate under acidic conditions and investigates
its degradation using various concentrations of methylene blue in different environments.
Sample analysis determines its crystal structure, valence state, specific surface area, and
appearance with different atomic percentages of Tb doping. Its photocatalytic performance
can be evaluated by degrading MB with the Tb-doped BiVO, photocatalyst under visible
light irradiation. A further step changes the degradation efficiency of the methylene
blue solution of the photocatalyst in different environments and confirms whether it still
maintains good degradation efficiency [29]. The purpose is to make it conform to the
application requirements of field dyes and contribute to the development of green energy
materials.

2. Materials and Methods
2.1. Reagents and Materials

Bismuth (iii) nitrate pentahydrate (Bi(NOs3)3:5H,0) (99%), ammonium vanadium
oxide (NH4VO3) (99%), terbium (iii) nitrate hydrate (Tb (NO3)3-6H,0) (99.99%), and
methylene blue (MB). All precursor materials were purchased from Sigma-Aldrich. Ethanol
and deionized water were applied in all processes.

2.2. Characterization Methods

X-ray diffractometer (XRD) analysis was performed on an X-ray diffractometer (X-ray
Diffraction Meter, Dandong, China, DX-2700) with Cu K« radiation (A = 0.15418 nm).
Brunauer-Emmett-Teller (BET) surface area and pore structure were analyzed by adsorp-
tion and desorption with nitrogen at 77 K (Micromeritics ASAP 2020 specific surface
analyzer). To demonstrate the presence of chemical bonds on the surface and accurate
atomic % on the surface, the end products were analyzed by X-ray photoelectron spec-
troscopy (XPS) applied with a PHI 5000 VersaProbe (A & B ANALYTICAL & BIO SCIENCE
INSTRUMENTS Co., Ltd., Taipei, Taiwan). To confirm the overall morphology and uni-
formity of the particles, products were inspected by a multi-function environmental field
emission scanning electron microscope (FE-SEM) (Carl Zeiss AG, Jena, Germany) operating
at 10 kV. UV —visible absorption spectra were taken using a HITACHI U4100 (E HONG
INSTRUMENTS Co., Ltd., Taipei, Taiwan) at room temperature.

2.3. Preparation of Photocatalysts

Pure BiVO, and Tb-doped BiVO, samples with different atomic percentages were
prepared by a simple hydrothermal method with the same temperature and duration.
Bi(NO3)3-5H,0(0.02 mol) was dissolved into 3.0 mol/L HNOj solution (50 mL) and vig-
orously stirred at room temperature for 30 min to form transparent solution A. Next,
NH4VO;3(0.02 mol) was dissolved into 3.0 mol/L NaOH solution (50 mL) and stirred for
30 min at room temperature to prepare transparent solution B with vigorous stirring at
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room temperature. Solution B was slowly added to solution A to form a solution with a
yellow precipitate, which was put into an ultrasonic shaker for ten minutes to mix evenly.
Afterwards, the pH value of the mixed solution was adjusted to 4 using low concentrations
of NaOH and HNOj3. The mixed solution was poured into an autoclave, and the reaction
temperature and time were 180 °C and 6 h. The resulting precipitate was washed several
times with distilled water and ethanol to remove organic impurities, and the samples were
dried in an oven at 80 °C for 24 h [30]. Undoped BiVOy can then be obtained. To prepare
different atomic percentages of Tb-doped BiVOj in this study, when preparing solution
B, different contents of Tb(NOj3)3-6H,O were added into the solution. The molar ratios of
Tb and Bi are 1, 3, and 5 at%. Tb-BiVO, doped with different atomic percentages can be
obtained. Figure 1. Experimental Procedure Diagram.

Procedure

................................... A

| NH4V03(0.02 mol) 4]3 3.0 mol/L NaOH solution (50 ml) |

| T |
| [> Solution B |

BiVOs4 with different
atomic percent of Th

]

____reaction
180 °C for 6 hour

(at% =0, 1, 3, and 5)

B Dropwise into A
Adjust pH to 4 with nitric acid and -
sodium hydroxide Analysis
XRD /SEM /TEM /UV-
VIS

Figure 1. The experiment process.

2.4. Photocatalysis Analysis

The photocatalytic performance of BiVO,4 samples doped at different atomic percent-
ages was evaluated using the degradation rate of the organic dye MB under visible light
(400 W xenon lamp, light intensity 150 mW /cm?). The initial concentration of MB solution
was 10 ppm, and the pH was 7. A total of 15 mg of photocatalyst was added to 10 mL MB
solution. Before illumination, the solution was magnetically stirred for 30 min in the dark
to ensure the adsorption-desorption equilibrium. The suspension was then exposed to
visible light irradiation (400 W Xenon lamp) under magnetic stirring. Subsequently, we
extracted 1 mL of the reaction solution to separate out the photocatalyst using a centrifuge.
The UV-Vis absorption spectrum of 1 mL of the reaction solution was detected at 30, 60, 90,
120, and 150 min, including the corresponding absorbance concentration changes at the
characteristic peak (665 nm) of MB [31]. The amount of photocatalyst added (5, 10, 15, 20,
and 25 mg), the initial concentration of organic dyes (5, 10, 15, 20, and 25 ppm), the addition
of metal ions and inorganic salts (1.5, 3, and 4.5 g/L), and MB initial pH (5, 6, 7, 8, 9, and 10)
were varied for analysis. To further explore the photocatalytic activity, the normalized rate
constant (kn) was obtained from the apparent rate constant. The apparent rate constant (k,)
of the degradation reaction was followed by a pseudo first-order equation and calculated

using Equation (1) [31]: c
In( =) = 1
n(Q) kat (1)

In this equation, Cy is the initial concentration of the organic dye, C; is the concentration
of the organic dye at a certain time, and t is time (min). The organic dyes here all use MB.
The specific surface areas of the composite materials are not the same. Samples with
larger specific surface areas are more efficient at absorbing surrounding molecules per
unit of time. This increases their photocatalytic efficiency. In order to further normalize
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the corresponding specific surface area, the apparent rate constants (k,) of the composites
are divided by their specific surface areas. The normalized rate constant (ky) is given by
Equation (2) [31]:
ka
Kn =
" Sper

@

The specific surface area of each composite is expressed as Spgt (BET surface area).
The percent degradation uses Equation (3) [31]:

% degradation = % x 100% 3)

3. Results and Discussions
3.1. Structural Characterization

Tb-doped BiVO, samples with different atomic percentages were obtained by hy-
drothermal synthesis for all the following analyses and discussions. In previous studies,
Yaohong Zhang et al. demonstrated that, when rare earth ions are Y-doped into BiVOy, the
crystal system changes [23]. The XRD patterns of four doped samples with different atomic
percentages in this study are shown in Figure 2. It is easy to see that the standard card
[ICSD card number 100603] of single-crystal BiVOy is the same as the main diffraction peak
of undoped BiVOy [32]. At this time, the lattice of space group 12/b of monoclinic BiVOy
has constants a = 5.215 A, b =5.084 A, and c = 11.706 A. When the amount of rare earth
ion Tb3* increases to 1 atomic percent, the characteristic peak of tetragonal BiVO, will be
observed at 24.54° [ICSD Card No. 100733]. When the atomic percentage increases to 3,
there are more obvious characteristic peaks. Thus, there is a mixed phase of monoclinic
and tetragonal BiVOy [32]. When the content of rare earth ion Tb3* increases to 5 atomic
percent, it can be seen from the XRD spectrum that the system monoclinic disappears. The
characteristic peaks show that it has become the tetragonal crystal system of BiVOj. It is
known that doping Tb will stabilize BiVO, towards the tetragonal crystal system.

A Tetragonal BiVOa 5%Tb
i } A ® Monoclinic BiVOa 3%Th
‘ | 1%Tb

A
A | —— BiVOs
b A Allaa

Al a
.
A
_JA. MA. ® o oAdi A
T

intensity (a.u.)

20 30 40 50 60 70 80
2-theta (degree)

Figure 2. The XRD patterns of all samples.

The surface areas of the prepared samples were tested using N2 physisorption/desorption,
and the results are presented in Table 1. It can be seen from the BET results that the surface
area of the monoclinic sample is lower compared to that of the tetragonal system. The
crystal phase transition occurs when Tb3* is doped, and the surface area increases with
increasing atomic percentage [33].
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Intensity (a.u.)

Table 1. Specific surface areas of the fabricated samples.

BET BiVO, 1%Tb 3%Tb 5%Tb
Surface Area 441 5.34 5.63 5.72

Figure 3a shows the full XPS spectra of pure BiVO, and 3at%Tb-BiVO; as representa-
tive of doped samples. In Figure 3b, it can be seen that the binding energies of the pristine
BiVO, samples at the Bi(4f°/2) and Bi(4f"/2) core levels exist at 164.43 and 159.0 eV [34]. In
the XPS spectrum of Figure 3¢, the deconvoluted peak at 156.39 eV for the 3at%Tb-BiVO,
sample can be judged to be in the Tb 4d orbital, indicating that terbium exists in the Tb3*
state [35]. In addition, the binding energy of V 2p showed almost no difference between
BiVOy and 3at%Tb-BiVO, (Figure 3d,e). The two peaks at 529.5 and 531.3 eV are due to
the relationships between lattice oxygen (O1s) BiVOy crystals and -OH groups formed on
the surfaces of the two samples, respectively (Figure 3f,g) [30]. Since no impurity phase
containing Tb** ions was found in XRD, XPS research shows that Tb3* can exist in Bi®*
sites. Table 2 shows the XPS fitting parameters of BiVO,4 and 3%Tb.

— 3%Th
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Figure 3. Cont.
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Figure 3. X-ray photoelectron spectroscopy (XPS): XPS full spectra of (a) BiVO4 and 3%Tb-BiVOy;
(b) BiVO, Bi4f; (c) 3%Tb-BiVO, Bi4f; (d) BiVO, V3p; () 3%Tb-BiVO, V3p; (f) BiVO, Ols; and
(g) 3%Tb-BiVO,4 Ols.

Table 2. XPS fitting parameters of BiVOy and 3%Tb.

Sample Bi Peak (4f7,, 4f5/) Tb Peak (4d) V Peak (3ps, 3p1/2) O Peak (1s)
BiVOy, 164.43, 159.0 none 517,523 529.5,531.3
3%Tb 158.78, 164.08 156.39 516.75, 524.16 529.42, 530.51

3.2. Surface Morphology

All fabricated sample morphologies were determined by SEM analysis. Described
by Malathi et al., the shapes of BiVO, prepared by different processes are also differ-
ent [36]. This includes the use of hydrothermal synthesis of additive-free BiVO, (140 °C/6 h,
100 °C/20 h, 100 °C/12 h, 180 °C/10 h, 170 °C/4 h, and 180 °C/24 h). The shapes they
presented were octahedra, needles, dendrites, hollow spheres, spheres, and olive-like hier-
archical shapes. The hydrothermal synthesis of additive-free pure BiVOy in this study at
180 °C/6 h is shown in Figure 4a. Its shape is spherical, the same as in the 170 °C/4 h study.
However, it is different from the shape at 180 °C/24 h, and it is known that the constant
temperature time affects the morphology. From the sample results obtained in the process
of this study (in the FE-SEM image in Figure 4a), pure BiVO, appears as small spheres.
The shapes of the particles changed from small spheres to rectangles due to the doping of
1 at%Tb in the structural transition from monoclinic to tetragonal (Figure 4b) [37]. As the
content of Tb** atomic percent increases, the rectangular structure gradually disappears
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and dissolves and recrystallizes into dispersed particles with a few rods (Figure 4b—d) [33].
The elemental mapping image (Figure 5) of the sample with Tb at 5 atomic percent is shown.
O, Tb, Bi, and V were detected, and the four elements were uniformly distributed in the
sample, which also strengthened the confirmation that Tb was successfully doped into
BiVOy, [38].

Figure 4. FE-SEM images of (a) BiVOy; (b) 1%Tb-BiVOy; (c) 3%Tb-BiVOy; and (d) 5%Tb-BiVO,
samples.

Figure 5. Cont.
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Figure 5. Elemental mapping images of Tb-doped BiVOj.

3.3. Ultraviolet (UV)— Visible Absorption Spectra and Photocatalysis Analysis

It is well known that the light absorption ability of a semiconductor determines its
photocatalytic performance. Figure 6a displays the UV-Vis diffuse reflectance spectra for all
samples. BiVO, has an absorption peak in the visible region of 400-600 nm [32]. Compared
with undoped BiVOy, Tb-doped BiVOy has a blue shift (the absorption edge moves to
a lower wavelength). The results show the same phase transition from monoclinic to
tetragonal as in XRD [32]. The bandgaps of all prepared samples are shown in Figure 6b
and Table 3 obtained from (athv)? vs. (hv). The band gap energies of BiVOy, 1at%Tb-BiVOy,
3at%Tb-BiVOy, and 5at%Tb-BiVOy, are 2.37, 2.29, 2.29, and 2.79 eV, respectively. These
results are similar to previous reports [32], where the change in bandgap energy indicated
that the electronic structure of BiVO,4 changed with the phase transition [36].
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/ N\

soon| [T BVO, ~ \

——BIVO,
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——3%Tb
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— | 00l :{4 /

0.0 ] /
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1
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<
\
\
\ \
—\\
&
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7
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T
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(a) (b)
Figure 6. (a) UV-Vis DRS of the photocatalysts; (b) plots of (achv)? versus hv.
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Table 3. Band gap energies of the samples.

Sample BiVOy4 1%Tb 3%Tb 5%Tb
Band gap 237 2.29 2.29 2.79

3.4. Degradation Efficiency

Methylene blue was used as a degradation indicator for organic dyes, and the relation-
ship between MB concentration and irradiation time was investigated. The photocatalytic
performance of pure BiVO, and doped BiVO, samples is shown in Figure 7. After 150 min
of xenon arc irradiation, the degradation percentages for the four composites can be calcu-
lated by Equation (3). The degradation efficiencies of BiVO, samples with different atomic
percentages of Tb (at% =0, 1, 3, and 5) were 17.9%, 78.8%, 94.3%, and 61.9%, respectively.
Although 5%Tb has the highest atomic percentage, it does not have better degradation
efficiency. The sample of 3at%Tb-doped BiVO, showed the highest photocatalytic perfor-
mance among all samples [38]. It can be seen that the change in the crystal structure affects
photocatalytic efficiency. The doping of Tb** in BiVOy also greatly improved the photo-
catalytic activity [32]. Compared with simple monoclinic and tetragonal crystal systems,
the improvement in photocatalytic efficiency depends on the formation of monoclinic and
tetragonal BiVOy heterostructures doped with Tb®*, which helps to improve the separation
efficiency of photogenerated charge pairs [32]. From Equation (1), it can be calculated that
the ka values of BiVOy, 1%Tb, 3%Tb, and 5%Tb are 1.31 x 10~3,1.03 x 1072, 1.90 x 10~2,
and 6.43 x 1073 min—! g’l. The BET surface areas (Spgt) of each composite were 4.41, 5.34,
5.63, and 5.72 m? g_l, respectively. This corresponds to BiVOy, 1%Tb, 3%Tb, and 5%Tb.
The normalized rate constants for each composite are obtained from Equation (2). Finally,
kn is 2.97 x 107%4,1.93 x 1073,3.39 x 1073, and 1.12 x 1073 min~! m~2 for BiVOy, 1%Tb,
3%Tb and 5%TDb, respectively. From ky, it can be known that, in the area of degradation
efficiency, the influence of the crystal system is more than that of specific surface area. This
is because, after excluding the influence of the specific surface area, the normalized kinetic
constant of sample 3%TDb is still the largest. Five tests were performed under the same
experimental conditions, as shown in Figure 7, to test the stability of the 3at%Tb-doped
BiVOy photocatalyst. The results in Figure 8 show that the degradation percentage of MB
in the presence of 3at%Tb-BiVO, composites continues to be stable [31]. According to other
degradation studies, BiVO, can degrade many kinds of dyes [35], and the degradation
efficiency of BiVO, has different potencies with different ion dopings [31,33].

1.0 —

0.8

0.6

0.4 -

—=—BiVO,

*—1%Tb
0.2+ —A—3%Tb
v 5%Tb

Concentration of MB (C/Co)

0.0 T T T T T
-30 0 30 60 % 120 150

Irradiation Time (min)

Figure 7. Pure BiVO, and doped BiVO,4 samples degraded MB at different time intervals.
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Figure 8. Cycling runs in the photodegradation of MB by monoclinic 3at%Tb-BiVO, under simulated
sunlight.

3.4.1. The Effect of Photocatalyst Addition on the Degradation of Methylene Blue

Degradation efficiency is closely related to the amount of photocatalyst. In this study,
10 mL and 10 ppm of methylene blue were used, 3%Tb was used as a sample in a neutral
environment, and photocatalyst addition was adjusted to 5, 10, 15, 20, and 25 mg to compare
degradation efficiencies. As shown in Figure §, it can be found that, when the amount
of photocatalyst added is increased to 10, 15, or 20 mg, the degradation efficiency after
90 min of irradiation is significantly improved, from 89.9% to 96.7%. The reaction kinetic
constant also increased from 1.52 x 1072 to 2.27 x 10~ 2. When the addition increased to
25 mg, photocatalytic efficiency did not improve. It can be seen from the kinetic constant
that it declined. The degradation efficiency is even lower than the kinetic constant with
a 5 mg addition. The result is that the more photocatalysts are added within a specific
range the higher the degradation rate will be. However, if it exceeds the range, light will
be blocked by excessive added photocatalyst particles, and the efficiency of light energy
capture on the surface of the photocatalyst will become low. The active site density of
surface electrons and holes decreases, so that degradation efficiency does not increase but
decreases [39]. It is known that the best photocatalyst addition amount is 20 mg. In the
experiments in the latter section, a 3%Tb sample with the optimal parameter of 20 mg was
used. Figures 9 and 10 shows the degradation efficiency and its kinetic constant.

- 0,
100 92.1% 94.4% 96.7%

80

60

40

% Degradation

20

Degradation of MB after 150 min

Figure 9. Degradation rates of MB with different added amounts of 3%Tb.
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Figure 10. Graph of In(Cy/C;) versus time for 3%Tb added in different amounts.

3.4.2. Effect of the Initial Concentration of Methylene Blue on Photocatalytic
Degradation Efficiency

To understand the effect of the initial concentration of dye on the results of the degra-
dation experiments, five concentrations (5, 10, 15, 20, and 25 ppm) of methylene blue were
formulated. A total of 20 mg of 3%Tb sample was used for degradation in an environment
of pH = 7. The result is shown in Figure 10. After 150 min of visible light irradiation, the
degradation efficiencies of MB were 96.5% at 5 ppm, 94.7% at 10 ppm, 86.6% at 15 ppm,
81.9% at 20 ppm, and 75.2% at 25 ppm. Based on these results, with an increase in dye
concentration, degradation efficiency decreased. Due to the reduction in the total amount
of photon penetration used to excite the photocatalyst, this affects the generation of electron
holes. It also affects the absorption of photons because the path lengths of photons entering
the solution are reduced. This also indicates that, as the initial concentration of the dye
increases, a larger specific surface area is required. The results are consistent with the effects
of dye concentration in a study by Matthews [40]. Figures 11 and 12 shows the degradation
efficiency and its kinetic constant.

1004 96.5% 94.7%

80

60

40

% Degradation

20

Degradation of MB after 150 min

Figure 11. Degradation efficiencies under different concentrations of MB.



Sustainability 2023, 15, 6994

12 of 16

3.5
3.0

2.5

2.0 o

1.5+

In(C/C)

1.0 A

0.5

0.0

o5t F+7"——7—+—7
20 0 200 40 80 80 100 120 140 160

time (min)

Figure 12. In(Cy/C;) plotted against time at different concentrations of MB.

3.4.3. Effects of Metal Ions and Inorganic Salts on the Degradation Efficiency of
Methylene Blue

Metal ions and inorganic salts exist in industrial wastewater. It is relatively important
to understand their influence on the efficiency of photocatalytic degradation. This can
better simulate real industrial waste liquids. The experiment in this section discusses
the effects of metal ions and inorganic salts on degradation efficiency. The analysis was
carried out using the optimal addition parameters and concentrations from the previous
two sections. Three groups of 10 mL and 5 ppm MB were prepared in an environment
of pH = 7. Three groups of dyes were added, with 1.5, 3, and 4.5 g/L mixed solutions of
copper sulfate (CuSQOy), iron sulfate (FeSO,), and sodium sulfate (NaSOy), respectively. The
highest degradation efficiency occurred when the added amount was 1.5 g/L. Degradation
efficiency reached 70.2%. In the presence of low concentrations of FeSO,, CuSOy, and
NaSQy, the degradation rate did not decrease rapidly, because these ions have an oxidation
mechanism under the irradiation of visible light, and the reaction is as follows (taking
copper sulfate as an example):

CuSO,4 — 2Cu®* + SO~

SO4*~ + OH" — 50,° + OH™
250,° — 5,087 +2e”
S0, + dye — S04~ + dye (intermediate)

50,0 + dyeO (Intermediate) — SO42~ + CO; + Other Inorganics

Sulfate ions are a strong oxidizing agent. More hydroxyl groups are generated in the
dye so that the degradation efficiency of the photocatalyst for the dye is enhanced [41].
Although metal ions such as Cu?*, Fe?*, and Na* will be partially adsorbed on the surface of
the photocatalyst, affecting the active sites of the photocatalyst, the decrease in photocatalyst
efficiency is not obvious when the amount of inorganic salts added is constant. With larger
additions of inorganic salts, the degradation efficiency decreases rapidly. Due to the salting-
out effect caused by too much salt, the interactions between dyes, electrons, and OH
radicals are disturbed. Their degradation efficiencies, from high to low, are 70.2%, 61.7%,
and 51.5%. These results indicate that the more metal ions and inorganic salts, the lower
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the degradation efficiency [42]. Figures 13 and 14 shows the degradation efficiency and its
kinetic constant.

100

80
70.2%

61.7%

60
51.5%

40

% Degradation

204

Degradation of MB after 150 min

Figure 13. The degradation efficiency of methylene blue containing different concentrations of metal
ions and inorganic salts.

20 0 20 40 80 8 100 120 140 160
time (min)

Figure 14. The plot of In(Cy/C;) versus time under different concentrations of metal ions and

inorganic salts.

3.4.4. Effect of Solution pH on Photocatalytic Degradation of Methylene Blue

Wastewater containing organic dyes is usually discharged at different pH values. In
this section, the experiment compares the effects of the initial pH values of the dye on
degradation efficiency. Methylene blue (10 mL, 5 ppm) was used with six pH values (5,
6,7,8,9,and 10). Degradation was performed using 20 mg of Tb3%. It can be seen from
the experimental results (Figure 15) the degradation rate increased from acidic to alkaline
after 30 min of visible light irradiation. The highest degradation efficiency was found at
pH =9, and the kinetic constants for the pH values from acid to base were 1.34 x 1072,
1.69 x 1072,2.25 x 1072,2.54 x 1072,2.67 x 1072, and 2.45 x 10~2. When the pH is greater
than 9, OH radicals are partially scavenged. The degradation and reduction availability of
MB is then reduced. When the pH values are below 9, there is an electrostatic interaction
between the catalyst surface and the dye anion. Metal particles have strong adsorption
under alkaline conditions [43]. MB is a cationic dye. Due to the presence of excess protons
in acidic conditions, degradation efficiency will be reduced. In an environment of pH = 5,
the degradation efficiency is only 86.8%. Figures 15 and 16 shows the degradation efficiency
and its kinetic constant.
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Figure 15. Degradation efficiency of methylene blue at different pH values.

T T T T T
-20 0 20 40 60 80 100 120 140 160
time(min)

Figure 16. Plotting In(Cy/Ct) versus time at different pH values.

4. Conclusions

This study shows that monoclinic and tetragonal mixed BiVO, products doped with
different atomic percentages of Tb were prepared using the hydrothermal method. The
photocatalytic activities of the samples all developed in a positive direction. It was found
that doping with different atomic percentages of Tb** can prepare BiVO, samples with
different crystal phases and morphologies. Doping 1 atomic percent and 3 atomic percent
Tb is beneficial to the coexistence of monoclinic/tetragonal heterostructures. Compared
with undoped BiVOy, the absorption edges of Tb-doped BiVO, samples shifted to lower
wavelengths and changed their energy gaps, which is also closely related to their structural
transition. The separation of photogenerated electron-hole pairs was optimized by adding
an appropriate amount of Tb, resulting in higher photocatalytic activity. Increases in
the initial concentration of the dye, pH value, metal ions, and inorganic salts all have
adverse effects on degradation efficiency. Sample Tb3% remained stable in five consecutive
degradations. Adding 20 mg with a dye pH value of 9 and an initial dye concentration
of 5 ppm achieves the highest degradation efficiency, and photocatalytic efficiency can
reach 98.2%. A Tb-doped BiVO, photocatalyst can process organic dyes for environmental
protection purposes and applications. In the future, we plan to recover zinc from waste
materials and incorporate it into our doping experiments.
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