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ABSTRACT

In this study, it was discovered for the first time that the BiOBr/Biz8:Wo.1606.24 catalyst can
efficiently degrade sulfadiazine (SDZ). Multiple techniques, such as X-ray diffraction (XRD),
scanning electron microscopy (SEM), and UV-Vis diffuse reflection spectroscopy (DRS) were
applied to research the structures, morphology and photocatalytic properties of as-prepared
samples. In addition, the effect of different synthesis pH environment and initial SDZ
solution pH on the catalyst degradation efficiency were discussed. The BiOBr/Biz.ssW0.1606.24
catalyst synthesized under the condition of pH = 7 exhibited excellent photocatalytic activity
for photodegradation of SDZ of 91% within 120 min under simulated solar light irradiation.
Also, the roles of the radical species have been studied, and the -0z and h* were proved to
dominate the photocatalytic process. Based on the experimental results, the photocatalytic
mechanism was proposed.
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1. Introduction

With the gradual improvement of living standards and
economic capacity, people’s medical awareness also gradually
improves. People use antibiotics more and more frequently in
daily life, and their usage is also increasing. Antibiotics are
mainly used in healthcare, animal husbandry, and aquaculture
[1]. At the same time, antibiotics, as trace pollutants, are causing
increasingly serious pollution to environmental water bodies
[2]. Sulfadiazine (SDZ, CioH10N402S) belongs to the sulfa
antibiotics and is one of the most commonly used human and
veterinary antibiotics. It has been detected many times in the
water source environment, which affects the growth of aquatic
plants and harms human health [3].

Traditional industrial wastewater treatment methods are
generally obtained through physical methods such as
precipitation, filtration, adsorption, or chemical treatment
methods that add chemical substances to convert them into
other products through oxidation-reduction reactions and
biodegradation methods. Although the above water treatment
technologies are widely used in real life, they also have the
limitations of incomplete removal, secondary pollution, or high
cost and low efficiency [4]. Therefore, it has always been the

goal that people pursue to find a green, efficient, and thoroughly
degradable pollutant treatment method. Semiconductor
photocatalysis technology is a kind of green technology that
uses sunlight as a direct driving force and is recognized as the
most promising green technology. The photocatalytic oxidation
technology represented by semiconductor photocatalysts has
attracted wide attention from researchers due to its low
consumption, high stability, high efficiency, and environmental
friendliness [5].

Bismuth-based semiconductor is a kind of advanced
photocatalytic functional material with unique prospects
developed in recent years. Its unique electronic structure
provides a suitable band gap for visible light response and is a
promising new type of visible light driven photocatalyst [6,7].
Among them, Bi2WOs and BiOX (X = Cl, Br, I) have attracted the
attention of a large number of scientific researchers. During the
synthesis of Bi:WOs, a special BizssWo.160624 crystal was
discovered. As one of bismuth tungsten composite oxides, it has
attracted enormous attention. Wang et al. [8] synthesized
Biz84Wo.1606.24 by hydrothermal method under pH =1 and 2 and
studied its ability to degrade bisphenol A (BPA) under
simulated solar light irradiation.
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Figure 1. The XRD pattern of the as-prepared samples: synthesized without ammonia water.

Hou et al. [9] used different alkalis to adjust the pH of the
reaction solution and successfully prepared BizssWo.1606.24
photocatalysts with various microstructures, which have
excellent degradation ability for methyl orange (MO). Li et al.
[10] successfully prepared Ag / BizssWo.160624 composite
photocatalyst at room temperature by using silver nitrate
(AgNOs) as the silver source. The photocatalytic degradation of
tetracycline (TC) was carried out under visible light to study the
effect of Ag content.

In this study, we synthesized the BiOBr/BizssWo.1606.24
material via a microwave method by adding ammonia water to
the synthesis system. And found that it can be effectively used
for the degradation of sulfadiazine. Compared with the pure
BiOBr synthesized without ammonia water, the photocatalytic
efficiency of the catalyst was doubled. So far, no one has
reported in the literature. Furthermore, the photocatalytic
mechanism for the degradation of SDZ was also analyzed.

2. Experimental
2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3-5H20, 299.0%)
and ethylene glycol (EG) were purchased from Tianjin Zhiyuan
Chemical Reagent Co., Ltd. Potassium bromide (KBr, 299.0%)
and Na;WO0s-2H20 were bought from Sinopharm Chemical
Reagent Co., Ltd. Ammonia water was purchased from Tianjin
Kaitong Chemical Reagent Co., Ltd. Sulfadiazine (C10H10N40:zS,
SDZ, 98%) was obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd. Deionized water was obtained from
laboratory water purification treatment equipment and used
for all experimental work. All reagents in this work were
employed without further purification.

2.2. Synthesis

The catalysts were synthesized through microwave
method. Detailed steps are as follows, 1.4552 g Bi(NO3)3-5H20
were dissolved in 20 mL deionized water containing 1 mL
concentrated nitric acid. Meanwhile, 0.3299 g Na:WO04-2H-0
and 0.238 g KBr were dissolved in 20 mL ethylene glycol. The
above two solutions were then mixed. Set the mixed solution to
different synthesis conditions (no pH adjustment or adjusted
the pH to 1, 3, 5, 7, and 9 by NH4OH solution under continued
stirring at room temperature). Subsequently, the mixed
solution was put into a microwave reactor and heated for 30
minutes under a microwave power of 300 W, then allowed to
cool to room temperature naturally. The resulting precipitates
were collected and washed three times with deionized water

and absolute ethanol, respectively, and dried at 80 °C.
2.3. Characterization

X-ray diffraction (XRD) patterns of all samples were
identified by using a Bruker Automatic Diffractometer (Bruker
D8 Advance) with CuKa radiation. UV /Vis diffuse reflectance
spectroscopy (DRS) were obtained on an ultraviolet-visible
spectrophotometer (TU-1901) with BaSOs was used as a
reference. The morphology of the materials was analyzed by
scanning electron microscopy (SEM, JSM6360LV).

2.4. Photocatalytic activity measurement

The photocatalytic performance of all samples was
investigated by using SDZ as target pollutant under simulated
solar light irradiation. A 300 W Xe lamp was used as the light
source. In a typical photocatalytic experiment, 50 mg photo-
catalyst was dispersed in SDZ solution (100 mL, 10 mg/L) with
continuous stirring. Prior to the irradiation, the mixed solution
was magnetically stirred for 40 min in the dark to attain an
adsorption-desorption equilibrium. During every irradiation
time interval of 20 min, about 4 mL of solution was collected
and centrifuged to remove the photocatalyst particles. The SDZ
concentrations were analyzed with a UV-vis spectro-
photometer (TU-1901) at the absorption wavelength 265 nm.

3. Results and discussion
3.1. XRD analysis

The crystal structures of the as-prepared photocatalysts
were investigated by the XRD method, as shown in Figures 1
and 2. Figure 1 shows the XRD pattern of the sample prepared
without ammonia water, while Figure 2 shows the XRD of the
samples synthesized by using ammonia water to adjust the pH
to 1, 3,5,7,and 9, respectively.

The result indicates that the diffraction peak of the sample
synthesized without ammonia water is in good agreement with
the tetragonal phase of BiOBr (JCPDS card no. 09-0393). No
traces of each other were detected, indicating that the
synthesized substance is pure BiOBr. This result proved that
bismuth and tungsten cannot be combined without ammonia
water.

When ammonia is added to adjust the pH value of the
synthesis system to 1, 3, and 5, it can be clearly observed that
the characteristic peak intensity of BiOBr gradually decreases
or even disappears, and the characteristic peaks of other
substances are not observed in Figure 2.
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Figure 2. The XRD patterns of the as-prepared samples: adjust the pH of the system to different values with ammonia water.

Figure 3. SEM image of the samples: synthesized without ammonia water.

When the pH value is further adjusted to 7, new diffraction
peaks appear at 2 6 =27.82,31.96, 46.13 and 54.83 °, which are
in good agreement with (111), (200), (220) and (311) crystal
planes of standard card (JCPDS No.43-0447), indicating that it
contains tungsten bismuth oxide Biz84Wo.1606.24. At this time,
the diffraction peak intensity of the (001) plane of BiOBr does
not disappear completely, which indicates that there are two
phases of BiOBr and Bizs4Wo.1606.24 in the sample. When the pH
was adjusted to 9, the intensity of the characteristic diffraction
peak of Biz84Wo.1606.24 was lower than that of pH = 7, indicating
that the synthesis of Biz84Wo.1606.24 was inhibited when the pH
was too high. In summary, as the amount of ammonia increased,
the synthesis of BiOBr was inhibited and the content gradually
decreased. The content of Biz.s4Wo.1606.24 showed a trend of first
increasing and then being inhibited.

The possible formation process of BizgaWo160624 is as
follows:

Bi(NO,),+ H,0 — BiONO, { +2HNO, 1)
Na,WO0,+2H' — H,WO0, { +2Na’ )
Bi*+30H" — Bi(OH), ¥ 3)
nBi*+ 2nOH" — [BinOn]™ + nH,0 4)
H'+ OH" > H,0 (5)
2Bi(OH), + H,WO0, - Bi,WO, 4 +4H,0 (6)
2BiONO,+ H,WO0, - Bi,WO, 4 + 2HNO, @)

Bi(NO3)s is hydrolyzed into BiONO3 precipitate in water, and
Na;WOs is hydrolyzed into H2WO4 in acid condition. When

ammonia is not added into the system, the measured pH is less
than 1, and the solution is strongly acidic at this time. In a strong
acid solution, the H2WO4 colloid is positively charged and
repulses with a small amount of Bi3* in the solution, which
makes it difficult to react with each other. Therefore, no
characteristic peaks of bismuth-tungsten oxides can be
observed in the XRD patterns when ammonia water is not added
and the pH is 1, 3 and 5. When ammonia is added, part of Bi3*
reacts with ammonia to form Bi (OH)s. At the same time, after
the H* in the solution is neutralized by OH-, the mineralization
ability of the remaining H* is not enough to make the reaction of
formula (6) and formula (7) occur, so the existence of BizWOe
cannot be detected in the XRD pattern. When the pH of the
solution is 7 or 9, H2WO4 reacts with OH- to form W042-, and Bi3+
hydrolyzes and polymerizes to form a high polymer (formula 4)
which combines with WO042-, resulting in more Bi and less W
during synthesis. As a result, BizsaWo.1606.24 is formed.

3.2. SEM analysis

The morphologies of the samples were measured by the
SEM, as seen in Figures 3-5. Figure 3 shows the SEM micrograph
of the pure BiOBr sample, which has many banded structures
with a length of about 1-2 pm. Combined with the above three
pictures, it can be seen that with the addition of ammonia, the
stacking area of the strip structure decreases and the
aggregation structure of irregular particles increases,
indicating that the addition of ammonia is not conducive to the
formation of regular structure.

3.3. DRS analysis

The optical properties of samples were characterized by
using the DRS technique. Figure 6 shows the UV-Vis diffuse
reflection spectra of the as-synthesized samples. It can be found
that the maximal absorbance wavelength of pure BiOBr (no
ammonia water added) is about 453 nm.
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Figure 5. SEM image of the samples: adjust pH to 7 with ammonia water.
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Figure 6. UV-vis diffuse reflection spectra of the as-synthesized samples.

The maximal absorbance wavelengths forpH =1, 3,5,7,9
are 416,408, 406,412,412 nm, respectively. It can be seen from
the spectrum that all prepared samples have light response in
the visible light region. For the catalysts synthesized under
different pH conditions adjusted with ammonia water, there
was no significant difference in the optical absorption range.
Compared with other samples, the absorption wavelength of
bare BiOBr has a significant red-shift in the visible light region.
According to the following formula, the band gap of the
prepared photocatalyst can be obtained [11].

E,=hc/A, ~ 1240/, 8)

where Ao and Eg represent the maximum absorption
wavelength and band gap energy, respectively. The estimated
values of band gap for pure BiOBr and samples synthesized at
pH =1, 3, 5, 7, 9 are 2.74, 2.98, 3.04, 3.05, 3.00, 3.00 eV,
respectively.

3.4. Photocatalytic performance
3.4.1. Effect of synthetic pH

Photocatalytic degradations of the as-synthesized materials
under different synthesis pH conditions (Figure 7) were

comparatively evaluated by testing SDZ photodegradation
under UV-visible radiation at room temperature for 2 hours. As
is shown that the catalysts synthesized under different pH
conditions exhibit much higher photocatalytic activity than the
pure BiOBr and the BiOBr/BiszssWo.1606.24 (synthesized under
pH = 7) shows the highest photocatalytic activity, which the
degradation efficiency can reach 91%.

3.4.2. Effect of initial solution pH

Because the pH value in the actual antibiotic wastewater
has a wide range of fluctuations, it is of great significance to
explore the degradation efficiency of SDZ under different pH
values. The initial solution pH was adjusted by 0.1 mol/L
hydrochloric acid and sodium hydroxide. The influence of
various initial pH for SDZ degradation was detected in Figure 8.

The results showed that the photocatalytic degradation
efficiency under different pH values shows the following order:
pH=7>pH=9>pH=5>pH=3>pH=11.Itcan be concluded
that, compared with acidic and alkaline environments, the
catalyst was more conducive to the degradation of SDZ under
neutral conditions. This may be attributed to the fact that in a
highly acidic solution, excess H* competed with SDZ molecules
for limited active sites on the catalyst surface, thereby reducing
the photocatalytic degradation efficiency.
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Figure 8. Photocatalytic degradation under different initial SDZ pH conditions.
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Figure 9. Recycled runs for photodegradation of SDZ.

At the same time, the degradation activity under alkaline
conditions was lower than that under neutral conditions, which
was due to the interaction between the hydroxyl radicals as
well as the competition between the hydroxyl anion with SDZ
in the absorption of the photocatalyst surface in high alkaline
solution [12-14].

3.5. Stability and reusability evaluation of the catalyst
The stability of the BiOBr/Bizs4Wo.1606.24 was investigated

by recycled test for photodegradation of SDZ for three cycles. As
displayed in Figure 9, the removal rate of SDZ still showed

excellent performance after three-cycle run. The removal rate
was 80.1% after three cycles, demonstrating that the product
maintained high reusability for its practical application.

3.6. The proposed mechanism

In the photocatalytic process, the main reactive species
were the hydroxyl radicals (¢OH), superoxide radicals (¢02),
and holes (h*) [15,16]. To study the roles of reactive species in
degradation of SDZ, the degradation experiments were
conducted in the presence of scavengers.
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Figure 11. Photocatalytic mechanism of BiOBr/Biz.84Wo.1606.24 under the simulated sunlight irradiation.

Isopropyl alcohol (IPA), benzoquinone (BQ) and ethylene-
diaminetetraacetic acid disodium salt (EDTA-2Na) were added
to capture ¢OH, 02~ and h*, respectively [17,18]. The experi-
mental results were shown in Figure 10.

As depicted in Figure 10, when IPA was added to the
system, the degradation efficiency was reduced by 10.1%,
indicating that the effect of «OH in the degradation of SDZ was
not obvious. In comparison, after adding BQ or EDTA-2Na to the
system, the degradation efficiency decreased significantly and
the degradation rate decreased from 91 to 33.8 and 80.9%,
respectively. This result demonstrated that 02~ and h* played a
vital role in the degradation process.

The potentials of the CB and VB edges of BiOBr and
Biz84Wo.606.24 were evaluated by Mulliken electronegativity
theory [19,20]:

Ey=x—E°+0.5E, 9)

Eys=Eg+E, (10)
where Evs is the valence band (VB) edge potential, Ecp is the
conduction band (CB) edge potential, X is the absolute
electronegativity of the semiconductor which is the geometric
mean of the electronegativity of the constituent atoms. The x
values for BiOBr and Biz.s4Wo.1606.24 are 6.17eV [21] and 5.96 eV.
Eg is the band gap energy of the semiconductor and Ee is the
energy of free electrons on the hydrogen scale (about 4.5 eV).
Therefore, according to the equation above, it is theoretically
speculated that the band edge potentials of CB and VB of the
BiOBr and Biz84sWo.160624are 0.245/3.095 eV and -0.040/2.960
eV, respectively.

Combined with the above calculation results and the

experimental analysis of free radical capture, we proposed a
possible photocatalytic degradation mechanism, as shown in
Figure 11.

Under light irradiation, BiOBr and BizgsWo.160624 were
excited to generate electrons and holes. Since the valence band
(VB) potential of BiOBr was more correct than that of
Biz84Wo0.1606.24, the photogenerated holes in the VB of BiOBr will
transfer to the VB of Bis.84Wo.1606.24. The conduction band (CB)
potential of Biss4sWo.160624 was more negative than that of
BiOBr, so the photogenerated electrons generated in the CB of
Biz84Wo0.1606.24 will transfer to the CB of BiOBr, and this
effectively inhibits the recombination between photogenerated
holes and electrons [22]. The CB potential of Biz84Wo.1606.24 was
less negative than 0z/-02" (-0.046 eV vs. NHE), indicating that
photogenerated electrons cannot reduce Oz to Oz [23].
However, the reactive species capture experiments confirmed
that -0z was formed during the photocatalytic reaction. This
may be due to the generation of photogenerated electrons at the
top of the CB of Biz84Wo.1606.24, which is higher than the 02/-02-
reduction potential [24,25]. Since the VB potential of BiIOBr was
higher than H20/-OH (1.99 eV vs. NHE) and OH-/-OH (2.34 eV
vs. NHE) [26], the photogenerated holes in the VB could react
with H20 and OH- to form -OH [27]. In addition, the stored
photogenerated holes could directly oxidize the organic
contaminant.

The chemical reactions that produce these active
substances during the photodegradation process can be
summarized as follows:

BiOBr/Bi, ,W, 0., + hv — eqy+ h‘+lB (11

eg +0, >0, (12)
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hi;+H,0 —-OH +H" (13)
hj;+ OH — -OH (14)

OH +h,+ -0,+ SDZ — H,0 + CO,+ Degradation product
(15)

4. Conclusions

In summary, it was found for the first time that BiOBr/
Biz84Wo.1606.24 (pH = 7) has good photocatalytic degradation
performance for SDZ under UV-visible light irradiation. After 2h
of light, the degradation rate could reach 91%. The effect of the
initial SDZ solution pH was assessed and the result indicated
that the removal rate in the neutral environment was better
than that in the acidic and alkaline environment. The results
obtained from the reusability of the catalyst proved that the
composite material has high stability. Furthermore, radical
capture experiments showed that the photocatalytic
degradation of SDZ is mainly due to the oxidation of «O2~ and h*.
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