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ABSTRACT

Due to the suitable band gap, good stability, and convenient preparation, bismuth vanadate (BiVOy) is regarded
as one of potential semiconductor photocatalyst. However, the practical application was restricted by low cat-
alytic efficiency and the poor charge separation. To address these obstacles, a novel Bi-based BizO2(OH)NOs3-
BiVO4 heterogeneous composite was constructed and synthesized by a mild and convenient hydrothermal
method. The results of XRD, SEM, XPS, and DRS characterizations indicated that the BiO2(OH)NO3-BiVO4
heterogeneous catalyst were prepared successfully. The as-synthesized BipO2(OH)NO3-BiVO4 composite had
good surface properties and catalytic stability. The results of photocatalytic degradation demonstrated that the
tetracycline removal capacity of BipO2(OH)NO3-BiVO4 composite was obviously enhanced, and the highest
degradation rate could reach 95% after 90 min. The results of quenching experiments revealed that both active
species of-OH,-03 and h™ were involved in the Bi;02(OH)NO3-BiVOy, catalytic system. The possible degradation
pathways for tetracycline degradation were proposed by detecting the intermediate products of the degradation
process using UPLC-MS technology. Under the interference of pH, common ions and organic matter in aquatic
systems, the degradation system can still remain high degradation efficiency. It shows that the Bi;O2(OH)NOs-
BiVO4 composite may be a promising photocatalyst for practical application. The current study provides new
insight into developing more effective photocatalysts for antibiotic wastewater treatment.

1. Introduction

will lead to increase the ecological and health risks [15,16]. Therefore, it
is critical to develop new methods to remove antibiotic residues from the

Nowadays, in order to prevent and treat bacterial infections and
other diseases, more and more antibiotic drugs are constantly being
developed and applied [1-3]. However, a lot of antibiotic drugs can’t be
fully absorbed, and most of them are released into the environment
through the form of mother or metabolites [4,5]. The misuses of anti-
biotic drugs in humans and animals have led to the excessive discharge
of medicinal antibiotics into the environment [6-8]. As one of
broad-spectrum antibiotics, tetracycline-like drugs are extensively used
in human and animals, and they are frequently detected in the aqueous
environments such as rivers and lakes [9-12]. The antibiotic residues
are difficult to be degraded effectively by the traditional sewage treat-
ment process [13,14]. They could cause microbial mutation, drug
resistance genes, bioaccumulation and biomagnification effects, which
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aqueous environments.

Recently, semiconductor photocatalytic technology has been regar-
ded as a promising advanced oxidation process for environmental
remediation because of low cost, convenient operation, environmentally
friendly [17-21]. Usually, organic pollutants could be oxidized into
small molecular substances, which are low toxicity or nontoxic. Finally,
the mothers and intermediates may be decomposed into CO5 and HO.
Up to present, a lot of photocatalysts have been exploited successively,
such as metal oxides (TiO2, ZnO), composite oxide (CuAl,O4, BaTiOs3,
BiVOy4, and so on [22,23]. Among various semiconductors, Bi-based
catalysts have attracted an increasing attention for the suitable band
gap, good stability, and convenient preparation [24,25]. In the family of
Bi-based catalysts, the BiVO4 has three types of crystal polymorphisms
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Fig. 1. XRD patterns of the as-prepared Bi-based samples under various prep-
aration condition.

(monoclinic clinobisvanite, orthorhombic pucherite and tetragonal-
dreyerite) [5]. The band gap of monoclinic clinobisvanite BiVO4 is
about 2.4-2.5 eV and its responsiveness in the visible region, which is
regarded as one of the most promising solar-driven photocatalyst.
However, the photocatalytic efficiency is also limited by low utilization
efficiency of sunlight and the poor separation of photocarriers in indi-
vidual BiVO4 [26-28].

Usually, constructing heterojunction is regarded as known strategy
to enhance the performance of photocatalyst [29,30]. Meanwhile, the
Z-scheme heterojunction photocatalyst is also regarded as an effective
method for improving the spatial separation of photo-generated charge
carriers, and many studies have been reported such as SrTiO3-BiVOy,
g-C3N4-TiO2 and so on[31-33]. However, the Z-scheme heterostructure
of BisO2(OH)NO3-BiVO4 has not been reported in the literature. Based
on the prior studies, the conduction band (CB) and valence band (VB) of
BiO2(OH)NO3 can be well match with the corresponding band of BiVO4
[34-36]. Therefore, a wide-spectra-responsive Z-scheme system of
Biz02(OH)NO3-BiVO,4 was constructed firstly, which was synthesized by
a mild and convenient hydrothermal method. It was expected that the
heterostructure could be effectively constructed between BizO2(OH)NO3
and BiVOy, and the separation efficiency of photogenerated carriers can
be accelerated by the heterogeneous interfaces of the BipO(OH)
NO3/BiVO4 composites. Furthermore, under simulated solar light irra-
diation, the photocatalytic degradation performance of tetracycline will
be studied in detail, such as phase composition, morphological structure
and photochemical properties. The possible removal pathways of
tetracycline are also investigated systematically by the results of high
performance liquid chromatography with mass-spectrometric detection
(HPLC-MS). Moreover, the toxicity of tetracycline and the photo-
degradation intermediates were also investigated. The current work
would inject a new strategy to develop novel photocatalysts for antibi-
otics wastewater treatment, and the findings are also anticipated to
deeply understand the possible photochemical behavior of tetracycline
in the aqueous environment.

2. Materials and methods
2.1. Chemicals

Tetracycline hydrochloride (TC), humic acid (HA), Bismuth nitrate
(Bi(NO3)3-5 H20), nitric acid (HNOgs), sodium hydroxide (NaOH),
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Magnesium chloride (MgCly-6 H20), Calcium chloride(CaCly), sodium
chloride (NaCl), sodium dihydrogen phosphate (NaH2PO4), Acetic acid
(CH3COOH), sodium hydrogen carbonate (NaHCO3), and other chem-
icals were supplied by Sinopharm Chemical Reagent Co., Ltd. (SCRC,
Shanghai, China). All reagents were analytical purity or higher, and they
were used without further purification.

2.2. Synthesis

The BipO2(OH)NO3/BiVO4 composites were synthesized by mild
hydrothermal method at given pH values. Firstly, a certain weight of Bi
(NO3)3-5 H20 and NH4VO3 was respectively dissolved 2 mol/L of
aqueous sodium hydroxide and dilute nitric acid at magnetic stirring for
0.5 h to dissolve the raw materials. The pH values of the mixture were
adjusted by the aqueous sodium hydroxide and dilute nitric acid. Next,
they were transferred into a 100 mL Teflon-lined autoclave and sealed
tightly. Then, the autoclaves were heated at 180 °C for 24 h. Subse-
quently, the autoclaves were naturally cooled to room temperature. The
solid-liquid mixtures were centrifuged, and the solid products were
alternately washed three times with anhydrous ethanol and deionized
water. The final samples were dried at 80 °C. A series of Bi;O2(OH)NO3/
BiVO,4 samples were prepared by changing the molar ratio of Bi(NO3)3-5
H,0 to NH4VO3. Meanwhile, the pure BioO3(OH)NO3 and BiVO4 were
also synthesized respectively under the same conditions.

2.3. Characterization

An X-ray diffractometer (XRD, Empyrean) was used to detect the as-
prepared Bi-based photocatalysts. A field-scanning electron microscope
(Nova Nano FESEM 450) and a transmission electron microscope (TEM,
Tecnai G2 F20 S-TWIN) were employed to measure the morphology of
the synthesized Bi-based samples. The surface composition and chemical
state of the as-prepared Bi-based samples were studied by an X-ray
photoelectron spectroscopy (XPS, PHI5000V). The UV-vis diffuse
reflectance spectra (UV-vis DRS) of the synthesized Bi-based samples
were recorded on a UV-Vis spectrophotometer (SolidSpec-3700). The
surface area of the samples was recorded on a BET ASAP 2020 micro-
metrics instrument. A CHI-660E electrochemical workstation (CH In-
struments, Shanghai, China) was employed to measure electrochemical
impedance spectroscopy (EIS). The concentration of tetracycline and the
intermediates formed during the photocatalytic degradation process was
monitored on an ultra-high performance liquid chromatography-high
resolution mass spectrometry (UHPLC- HRMS, Ultimate3000 and Q
Exactive).

2.4. Photocatalytic experiment

The photocatalytic tetracycline degradation tests were conducted in
a reactor (BL-GHX-V) purchased from Shanghai Bilang Instrument Co.,
Ltd (Shanghai, China). A 300 W Xenon arc lamp was used as simulated
solar light source during the photocatalytic degradation process. In a
typical experimental procedure, 50 mg of as-prepared Bi-based photo-
catalyst and 100 mL aqueous solution of tetracycline (10 mg/L) was
added into the quartz photoreactor. Subsequently, the suspension was
magnetically stirred and adequately dispersed in the dark for 0.5 h to
establish an adsorption-desorption equilibrium between the Bi-based
photocatalyst and tetracycline. Then the reaction system was illumi-
nated with simulated solar light. At certain time intervals, 5 mL of the
suspension was sampled and filtrated through a 0.22 pm Millipore
membrane to remove the solid particles. The concentrations of tetra-
cycline and the degradation intermediates were analyzed using an ultra-
high performance liquid chromatography mass spectrometry. The
removal efficiency of tetracycline was recorded as R, which was calcu-
lated by the following equation [37]:

R = (Cop—Cp/Cpx100% €y
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Fig. 2. XPS spectra of Bi;02(OH)NO3/BiVO, (3:1), (a) XPS fully survey spectra, (b) Bi4f, (c) Ols, (d) V2p and (e) N1s.
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Fig. 3. SEM images (a, b, c) of Bi;O2(OH)NO3, BiVO,, and Bi,O»(OH)NO3/BiVO,, TEM image (d) of Bi;O2(OH)NO3/BiVO4, HRTEM images (e, f, g) of Bi,O2(OH)

NOs, BiVOy, and BizO2(OH)NO3/BiVO,.

Where the Cy represents the initial concentration of tetracycline, and
C; means the concentration of tetracycline at a given irradiated time
interval. Moreover, the effect of photocatalytic reaction factors were
also investigated, included the pH (5, 7 and 9), and the effects of Na™,
ca?t, Mg?", CI', NO3, SOF, H,POj,, HCO3, CH3COO', HA, SA and AC
were also studied. In addition, the recycling experiments and the natural
control experiments were carried respectively.

2.5. Toxicity assessment

The toxicity of tetracycline and its degradation intermediates were
evaluated through the ECOSAR prediction model. It was developed by
the U.S. Environmental Protection Agency. Three aquatic species of fish,
daphnid, and algae were involved mainly, and the corresponding me-
dian lethal (96 h or 48 h LC50), median effective concentration (96 h
EC50), and chronic value (ChV) was investigated.

3. Results and discussions
3.1. Structure and morphology
The crystalline phase of the as-prepared Bi-based samples was

examined by XRD patterns. The XRD pattern of BioO2(OH)NO3/BiVO4
composites were shown in Fig. 1. The BioO2(OH)NO3/BiVO4 composites

were in the mole ratio of 2:1, 3:1 and 4:1 of Bi;O2(OH)NO3 and BiVO4
labeled as a, b and c respectively. It can be seen that the diffraction peaks
of the Bi-based composties at 18.32°, 24.37°, 32.68°, 48.40° corresponds
well to the crystal planes of (101), (200), (112), and (312) of BiVO4
(ICSD 14-0133), respectively [38]. Meanwhile, the diffraction peaks of
the as-prepared samples at 10.31°, 25.55° and 31.29° matches well with
its (002), (112) and (114) crystal planes of Bi;O2(OH)NOs3 (ICSD
15-4359) accordingly [39]. Which suggested that the diffraction peaks
of pure BisO2(OH)NO3 and that of BiVO4 were all retained in the
as-prepared samples and indicated the coexistence of BizO2(OH)NO3
and BiVOy. It was confirmed that the Bi,O3(OH)NO3/BiVO,4 composites
were prepared successfully.

The composition and chemical state of the as-prepared Bi»O2(OH)
NO3/BiVO4 composite BipO3(OH)NOs/BiVO4 composite (with the
3:1 mol ratio of Bi;O2(OH)NO3 to BiVO,4) was studied by XPS analysis.
As shown in Fig. 2a, the survey spectrum of the as-prepared Bi-based
sample revealed that all of the detected elements were well matched
with their composition in the composite. The C 1 s peak of the adven-
titious carbon was also detected in the spectrum, which may be caused
by the XPS instrument and dust in the environment. The high resolution
spectra of Bi 4 f, 02s, N 1 s and V2p were also found availably. As shown
in Fig. 2b, two peaks of the high resolution XPS spectrum of Bi 4 f were
observed. They were located at 158.5 and 164.5 eV, which can be cor-
responded to the binding energies of Bi 4f7/2 and Bi 4f5/2, respectively.
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Fig. 4. (a) the UV-vis diffuse reflection spectra of the as-prepared samples, (b) the band gaps of the as-prepared samples, (c) the electrochemical impedance
spectroscopy (EIS) Nyquist plots of the as-prepared samples, (d-f)Nitrogen adsorption-desorption isotherms and pore size distribution curves of the as-

prepared samples.

They were characteristic peaks of Bi>" [40], which exhibited the pres-
ence of Bi®* in the as-prepared composite. Fig. 2¢ showed the O 1s
spectrum could be deconvoluted into two peaks. One located at
529.9 eV could be ascribed to the Bi-O chemical bond. The other located
at 532.0 eV, which can be assigned to H-O in BiO2(OH)(NO3) [41,42].
Fig. 2d was the high-resolution XPS spectra of V2p, the binding energies
of V2p3/2 and V2pl/2 were 516.3 and 523.3 eV, which can be corre-
sponded to the V°*. Fig. 2e showed that the N 1 s spectra of the sample,
the peak centered at 407.6 eV can be assigned to NO3. The XPS analysis
of the sample further proved that the BioO2(OH)NO3/BiVO4 composite
was synthesized successfully.

The morphology and microstructure of the as-prepared Bi-based
samples were checked by SEM, TEM and HRTEM, which were presented
in Fig. 3. Fig. 3a showed that the pure Bi;O2(OH)NO3; samples were

stacked by many nano-particles. Obviously, the as-prepared BiVO4
samples were constituted by uniform flowerlike hierarchical micro-
structures (Fig. 3b). TEM images of BipO2(OH)NO3/BiVO,4 composite
(Fig. 3c) revealed that the co-existence of nano-particle Bi,O2(OH)NO3
and the aggregation of BiVO4 hierarchical microstructure. The HRTEM
image was detected to further observe the heterojunction structure be-
tween BisO2(OH)NO3 and BiVOy. Fig. 3d displayed that the BiVO4 sheets
were intimately contacted by BipO2(OH)NO3 particles.

The high-resolution TEM (HRTEM) images of Bi;O2(OH)NO3, BiVOy,
and BizO2(OH)NO3/BiVO4 were presented in Fig. 3e, Fig. 3f, Fig. 3g
respectively. As shown in Fig. 3g, an interface transition zone can be
observed obviously, which was similar with Fig. 3e and Fig. 3f. Mean-
while, Fig. 3g exhibited the lattice fringe with a spacing of 0.281 nm
corresponded well to the (114) plane of BipO2(OH)NOj, and the
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quality conditions.

measured interplanar distances of 0.291 nm matched with p-spacing of
the (211) crystal of BiVO4 [39]. The results of the TEM and HRTEM
analyses portended that the separation and transfer of photoinduced
charge carries maybe accelerated by the intimate heterojunction struc-
ture between BisOo(OH)NO3 and BiVO4 in BisO2(OH)NO3/BiVOy4
composite.

3.2. DRS analysis

The light absorption properties of as-prepared Bi-based samples were
studied by investigating the UV-vis diffuse reflection spectra (UV-vis
DRS). As shown in Fig. 4a (the abbreviations S1, S2 and S3 mean
Bi02(OH)NO3, BiVO4 and BiyO2(OH)NO3/BiVO,4 respectively),
Bi;02(OH)NO3/BiVO,4 composite has strong absorption of ultraviolet
and visible light. The light absorption of Bi;O2(OH)NO3/BiVO4 was
enhanced by the heterojunction effect between BipO2(OH)NO3 and
BiVO4. Furthermore, Bi;O5(OH)NO3/BiVO,4 composite can observe an
obvious red-shift compared with Bi;O2(OH)NO3 and BiVO4. Meanwhile,
the values of band gap of as-prepared Bi-based samples were quantita-
tively estimated by the Kubelka-Munk approach:

ahv = A(hv -Eg)™? @)

Where « is the optical absorption coefficient, the Eg is band gap, A is
a constant and hv, and hv is photonic energy. As BioO2(OH)NO3 and
BiVOy, are both indirect semiconductors [38], n is 4 for them. Based on
the (ah)'/? versus (hv) plot in Fig. 4b, which indicated that the optical
band gap of Bi;O3(OH)NO3/BiVO, is 2.25 eV, and the Eg values of
Bi2O2(OH)NO3 and BiVO4 were 2.65 eV and 2.85 eV respectively. It
suggested that BioO2(OH)NO3/BiVO,4 composite had a smaller optical
band gap structure, which meant that the composite had a greater

response of under the irradiation of sunlight, and its photocatalytic
performance maybe improved. Meanwhile, this result was also
confirmed by the electrochemical impedance spectra (EIS) measure-
ment. As shown in Nyquist plot (Fig. 4b), which indicated that the
Bi>02(OH)NO3/BiVO4 had a smaller arc radius than both BisO2(OH)NO3
and BiVOy. It revealed that the formation of Z-scheme heterostructure of
Bis02(OH)NO3/BiVO4 can effectively promote the separation of pho-
togenerated carriers and fast charge transfer. Furthermore, to investi-
gate the influence factor of the photoresponse property, the specific
surface area was determined by the Nitrogen adsorption-desorption
isotherms. The results were presented in Fig. 4d-f. Where, d, e and f
meant BipO(OH)NOs, BiVO,4 and BizO2(OH)NO3/BiVO,4 respectively,
and their specific surface areas were 1.70 m%g~?, 2.99 m?g~?, 5.20 m?
g~ ! respectively. Obviously, the specific surface area of BiyOo(OH)
NO3/BiVO4 composite was larger than granular BipO(OH)NOs and
flaky BiVO4. Combining the results of DRS analysis and EIS measure-
ment, the excellent response performances of BisO2(OH)NO3/BiVO4
composite could be attributed to its larger specific surface area Z-scheme
heterostructure, and the enhanced photocatalytic activity had been
further verified by the result of photocatalytic degradation experiment.

3.3. Photocatalytic performance

To investigate the activities of as-prepared Bi-based samples, the
experiments of photocatalytic degradation were measured in a liquid-
—solid reaction system under simulated solar light radiation. Firstly, the
photocatalytic activity of the BisO2(OH)NOs3, BiVO,4 and Bi»O5(OH)
NO3/BiVO4 composite was evaluated by measuring the degradation of
tetracycline. As shown in Fig. 5a (the abbreviations S1 and S2 mean
Bip02(OH)NO3 and BiVOy, the BisO2(OH)NO3/BiVO4 composites were
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in the mole ratio of 2:1, 3:1 and 4:1 of Bi;O2(OH)NO3 and BiVO,4 labeled
as S4, S3 and S5 respectively), BioO2(OH)NO3 and BiVO4 exhibited weak
photocatalytic performance. The Bi;O2(OH)NO3/BiVO4 (3:1) composite
displayed greatly improved photocatalytic degradation, where about
95% of tetracycline was photodegraded under the same conditions. The
reusability and stability of as-prepared Bi,O3(OH)NO3/BiVO,4 photo-
catalyst was used in three repeat tetracycline degradation experiments,
and the photocatalyst was characterized by XRD and SEM. As shown in
Fig. 5b, the rate of tetracycline degradation decreased slightly after
three runs, which indicated that the stability of the as-prepared
Bis02(OH)NO3/BiVO,4 photocatalyst was very good. As displayed in
Fig. 5c, the XRD patterns and SEM images of the as-prepared BioO2(OH)
NO3/BiVO4 composite photocatalyst were almost the same as those of

the pristine features. Which revealed that the as-prepared Bi,O2(OH)
NO3/BiVO4 composite photocatalyst had a good application prospect.
Furthermore, the effects of water environment on tetracycline photo-
catalytic degradation were also investigated by sampling of different
water sources (river water and tap water). Fig. 5d showed that the
degradation efficiencies tap water and river water were lower than that
of in distilled water. Obviously, tetracycline degradation can be
restrained in real water. In references, it maybe relate with the coex-
isting inorganic ions and organic species in water environment [43].
Secondly, to study the influences of the coexisting materials, the in-
fluences of initial pH on tetracycline photocatalytic were investigated at
different pH conditions. From Fig. 6a, a slight variation of tetracycline
degradation was observed when the pH increased from 5 to 7, and an
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Table 1

the brief information of tetracycline and the transformation products.

No. m/z Formula Chemical structure
TC 445 C22H24N205 L A
o <ty J\ on
P1-1 396 CooH16N207
P1-2 302 Cy,H;,NOg
CH,
U
OH
On o OH
P1-3 245 C13H1006 s
\0
H
OoH
OH o o
P1-4 166 CsH1006
o,
OH
P1-5 118 C4HgO4 OH
0.
\/g‘/ml
o
P2-1 368 CooH17NOg CHy N
pP2-2 339 C1oH17NOg
OH
OH OH OH 0
P2-3 326 C19H;805 cH, NH,
(LT
OH
OH OH OH o
P2-4 245 C14H12NO4 O“
o
OH 0 OH
P2-5 219 C13H14NO3 CHy
;);P;/C"s
oH o [o}
P3-1 396 CooH14NOg o
no oHy
P3-2 302 C16H1306
P3-3 282 C14H;,30¢
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Table 1 (continued)

No. m/z Formula Chemical structure
P3-4 234 C12H1005 "‘3\ e
T
0
OH o
P3-5 124 C7Ho02

OH

evident decrease in tetracycline degradation at pH of 9. Therefore, the
pH conditions in the subsequent experimental treatments were selected
as the values of 7, which further approached to the pH of the actual
water environment. To study the influences of coexisting inorganic ions
(CI', SO%, HyPO4-, NO3, CO%, HCO3, and CH3COO", Mg?*, Na©™ and
Ca?") on tetracycline photocatalytic degradation, the corresponding
experiments were systematically investigated under established exper-
imental conditions. Fig. 6b revealed that the influences of inorganic
anions were gradually increased in sequence of HCO3, HoPO3, CH3COO',
C0%, SOF, NO3 and CI'. The CI' exhibited a slight gain effect on tetra-
cycline degradation, because it could be transformed and generated to
Cly and HOCI [44]. The NO3 and SO?{ demonstrated in a similar effect
for degradation of tetracycline. The formation of NO3 and SO3 species
can generate other active species, which could promote the degradation
reactions of tetracycline at the beginning of the reactions. With the
consumption of NO3 and SO%’, the degradation reactions were sup-
pressed gradually. However, the addition of HCO3, HoPOy, CH3COOQ",
CO%, can greatly inhibit the degradation of tetracycline. These species
can deplete or hinder the active species, and the pH values of reaction
system could also be increased. Meanwhile, Fig. 6¢ revealed that the
degradation of tetracycline could be inhibited by the coexisting cations
of Na*, Mg?" and Ca%*. Due to they can combine with tetracycline to
form coordination compounds [45].

As well known, main organic matters were found in the natural water
environment such as humic acid (HA). To investigate the effects of co-
existing organics, humic acid (HA), salicylic acid (SA), acetic acid
(AC) were added into the reaction systems. Fig. 6d showed that the
addition of HA, SA, SA can greatly inhibit the degradation of tetracy-
cline. The radicals (¢OH and the others) could be consumed by the co-
existing organic matters, and the degradation rate of organic pollut-
ants could also be slowed down.

3.4. Photocatalytic mechanism

Based on above discussion and reference research, the possible
mechanism of BiyO2(OH)NO3/BiVO,4 photocatalytic system was
deduced and proposed. It was reported that the conduction band and
valence band of Bi;O(OH)NO3 were about — 0.88 eV and 2.46 eV
respectively [46]. They were higher than that of BiVO4 (Ecp ~ 0.32 eV,
Eyp &~ 2.67 eV) [47]. Based on literature research [48], because the CB of
Bi02(OH)NO3 (—0.88 eV) is more negative than the standard redox
potential of O3/e03 (—0.33 eV), Bio02(OH)NO3/BiVO4 can obey a direct
Z-scheme. An intimate and effective heterojunction can be formed by
coupling with Bi;O2(OH)NO3 and BiVO4. When photons of energy
higher than the band gap were harvested by semiconductors of
Bi2O2(OH)NO3 and BiVOQ,, electrons were excitated from the valence
band to the conduction band and photogenerated e /h™ couples were
produced simultaneously. Meanwhile, the recombination of photo-
generated carriers could be effectively inhibited by the formation of
heterojunction between BipO2(OH)NO3 and BiVO4. Therefore, the
photocatalytic activity of the as-prepared Bi;O2(OH)NO3/BiVO4 can be
also enhanced substantially. To further ascertain the main active species
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Fig. 8. Proposed pathway of tetracycline degradation in Bi,O»(OH)NO3-BiVO,4 photocatalytic system.
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Fig. 9. Predicted toxicity of tetracycline transformation products in Bi,O2(OH)NO3-BiVO4 photocatalytic system.

and elucidate the mechanism for the degradation of tetracycline by the
Bi»02(OH)NO3-BiVO,4 photocatalytic system. The quenching experi-
ments of active species were performed by adding different scavengers,
and methanol (MeOH), isopropyl alcohol (IPA) and 1,4-benzoquinone
(BQ) were used as the scavenger of holes (h™), hydroxyl radicals (-OH)
and superoxide radicals (-O3). The results were displayed in Fig. 7a,

which indicated that the degradation efficiencies of tetracycline were
significantly inhibited by the addition of scavengers. It revealed
that-OH,-O3, h™ were generated and played the most roles in the pho-
tocatalytic degradation of tetracycline. In references, h* and-O3 were
mainly participated in the process of demethylationand deamination,
and-OH principally lead to hydroxylation, deamidation and
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ring-opening of tetracycline [49,50]. Combining with the references and
band theory, the photocatalytic mechanism could be proposed in
Fig. 7b. The scope of sunlight absorption can be broadened by the het-
erostructures of BioO2(OH)NO3-BiVOy4, and the recombination rate of
photon-generated carries (e’/h™) can be also postponed effectively. The
photocatalytic degradation efficiencies of tetracycline could be
enhanced greatly.

3.5. Degradation pathway

It reported that tetracycline was completely mineralized in a pho-
tocatalytic reaction. Usually, total organic carbon (TOC) analysis was
used to investigate the mineralization efficiency. In this work, 56% of
TOC removal efficiencies could be attained. It revealed that more than
half of the tetracycline molecules have been completely mineralized,
and the others have just been decomposed into intermediates. Therefore,
an ultra-high performance liquid chromatography mass spectrometry
was employed to analyze the degradation intermediates of tetracycline
in the Bi02(OH)NO3/BiVO4 photocatalytic reaction system. The brief
information of tetracycline and the transformation products were listed
in Table 1, and three possible degradation pathways were proposed in
Fig. 8.

In pathway I, tetracycline was firstly fragmented into P1-1 (m/
2z = 396) through dehydroxylation and demethylation. Secondly, P1-1
transformed into P1-2 (m/z = 302) after further dehydroxylation,
demethylation, deamidation and ring cleavage [51]. Thirdly, P1-2
converted into P1-3 (m/z = 245) by demethylation, dehydroxylation,
dealkylation, ring cleavage and carbonylation. Fourthly, P1-4
(m/z = 166) was formed by demethylation, dehydroxylation, decar-
bonylation, ring cleavage and hydroxylation. Fifthly, P1-5 (m/z = 118)
was generated by dehydroxylation, carbonylation and hydroxylation. In
pathway II, tetracycline was firstly decomposed into P2-1 (m/z = 368)
through dehydroxylation and demethylation. Secondly, P2-2
(m/z = 339) was formed by decarbonylation. Thirdly, P2-3 (m/z = 326)
was generated by dehydroxylation. Fourthly, P2-4 (m/z = 245) was
transformed through demethylation, dehydroxylation and ring cleav-
age. Fifthly, P2-5 (m/z = 219) was produced by decarbonylation and
ring cleavage. In pathway III, P3-1 (m/z = 396) was firstly obtained by
removing hydroxyl group. Secondly, P3-2 (m/z = 302) was generated
by demethylation, dehydroxylation, deamination, decarbonylation and
ring cleavage. Thirdly, P3-3 (m/z = 282) was by further decarbon-
ylation and ring cleavage. Fourthly, P3-4 (m/z = 234) was generated
dehydroxylation. Fifthly, P3-5 (m/z = 124) was obtained by consecu-
tive demethylation, dehydroxylation, decarbonylation and ring cleav-
age. Subsequently, the more small molecules could be produced and
mineralized into CO,, H,O and NHJ completely.

3.6. Toxicity prediction

The toxicity of tetracycline and the degradation intermediates were
predicted by ECOSAR software, which was based on a quantitative
structure-activity relationship (QSAR) model [37]. According to the
structural formulas of the chemical substances, the acute toxicity and
chronic toxicity was assessed by the LCs of toxicity to fish, daphnia and
algae. The analysis results were displayed in Fig. 9, which revealed that
the acute toxicity of most tetracycline degradation products were
harmless ( > 100 mg/L). However, the increasing trends of the homol-
ogous chronic toxicity were also observed. Meanwhile, some of the
toxicity values of the intermediates were higher than that of toxicity,
which indicated that the toxicity of intermediates decreased with the
photocatalytic degradation process of tetracycline. It was approximately
consistent with the result of the reference, which reported that the
toxicity levels showed firstly increasing and then decreasing trend [52].
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4. Conclusions

In summary, the Bi,O3(OH)NO3/BiVO,4 composite catalyst was suc-
cessfully prepared by a mild and convenient hydrothermal method. A
model pollutant of tetracycline was employed to investigate the activity
of BipO2(OH)NO3/BiVO4 composite. The BisO2(OH)NO3/BiVO4 com-
posite can achieve higher efficiency for tetracycline degradation, and
the best degradation efficiency was 95% for 10 mg/L of tetracycline. In
addition, the results of quenching experiments demonstrated that-OH,-
03 and h™ were present in the Bi;02(OH)NO3/BiVO,4 photocatalytic
system and that-OH was critical for the efficient photocatalytic degra-
dation of tetracycline. The results of the recycling experiments revealed
that the BisO2(OH)NO3/BiVO4 photocatalyst had great stability. The
intermediate products of photocatalytic degradation tetracycline were
detected by UPLC-MS, and the possible pathways for tetracycline
degradation in the photocatalytic reaction were deduced. Base on the
results of QSAR prediction, tetracycline degradation could reduce
toxicity. Hence, this work supplied that new idea for the design of high-
performance Bi-based composite could promote to degrade organic
pollutants in aquatic systems, and some new insights of the mechanism
were also provided.
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