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Abstract Bi,WOg4 was synthesized with a hydrothermal
method at different pHs and used for the degradation of
tetracycline (TC) in water. The mesoporous Bi,WOg¢
prepared at pH 1 (BWO-1) displayed the highest
adsorption and degradation capacity to TC due to its
large surface area and more efficient capacity to separate
photogenerated electrons and holes. 97% of TC at 20 mg
-L™" was removed by BWO-1 at 0.5g-L™" after 120 min
irradiation under simulated solar light. Only 31% of the
total organic carbon (TOC) was removed after 360 min
irradiation although the TC removal reached 100%,
suggesting that TC was mainly transformed to intermediate
products rather than completely mineralized. The inter-
mediates were identified by high-performance liquid
chromatography-time of flight-mass spectrometry
(HPLC-TOF-MS) and possible photodegradation path-
ways were proposed.

Keywords Bi, WOg, hydrothermal synthesis, tetracycline
(TC), photocatalysis

1 Introduction

Antibiotics have been widely used in human and veterinary
medicines for several decades [1]. Due to their poor
absorption efficiency, most of them are excreted through
feces and urine as un-metabolized parent compounds [2].
As a result, antibiotics are widely present in municipal
wastewater and surface water. Their presence in surface
water could result in adverse effects to aquatic organisms
and ecological system. However, they cannot be removed
by traditional wastewater treatment techniques [1-4].
Among all the antibiotics, tetracycline (TC) is one of the
most used in aquaculture and veterinary medicines. Large
amount of TC has been detected in sewage water (0.1—1.0
ug-L™) [5,6], surface water (0.11 pg-L™" in the United
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States [7], 4.2 ug-L ™" in Germany [8]), groundwater and
even in drinking water [9,10]. Several methods have been
developed to eliminate TC in aqueous solution, including
ozonation degradation [11], photo-electro-Fenton oxida-
tion [12], ultraviolet radiation [13], photocatalytic degra-
dation [14,15], and etc. In recent years, photocatalysis for
TC degradation using semiconductor catalysts has become
a cost-effective and environmentally sustainable treatment
method.

The most widely used photocatalyst is TiO,. Zhu et al.
[14] used nanosized TiO, to degrade TC in water under
UV irradiation, and 95% of TC was eliminated after 60 min
irradiation. However TiO, can only been excited by
ultraviolet light shorter than 387.5nm, which only
accounts for about 4% of the sunlight [16]. In addition, it
is easy for the photo-generated electrons and holes in TiO,
to recombine due to its morphology and properties [17].
Recently, many new photocatalysts such as Bi,WOg
[18,19], BiVO, [20], which were first discovered by
Kudo et al. in the late 1990’s [21], have been developed to
overcome the drawbacks of TiO,. The most important
characteristic of these new photocatalysts is that they
display high photocatalytic activity under visible light.
Among these photocatalysts, Bi,WOg¢ has attracted con-
siderable attention. It can induce effective separation of
photo-generated electron-hole pairs and achieve a high
photocatalytic performance, owing to its unique layered-
structure. Wang et al. [22] reported that Bi, WOy prepared
at pH 11 displayed very efficient photodegradation
capacity to bisphenol A (BPA) under simulated solar
light. Chen et al. [23] discovered that Bi;WOg¢ could
degrade Microcystin-RR (MC-RR) efficiently under near
ultraviolet light.

The objective of this study was to investigate the
degradation of TC in water using Bi, WOg as photocatalyst
under simulated solar light irradiation. We used Bi, WOgq to
degradate tetracycline for the first time. Bi,WO4 was
synthesized using hydrothermal method with pH varying
in the range of 1—11. The synthesized catalysts were
characterized by means of a variety of analytical methods.
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The possible photocatalytic mechanisms were also inves-
tigated based on the information of the produced
intermediates.

2 Materials and methods
2.1 Materials and chemical

BI(NO3)35H20, N32WO4‘2H20, NaOH, (NH4)2C204,
HNO; and glacial acetic acid (analytical grade) were
purchased from Chemical Technology Co., Ltd., Tianjin,
China. Tetracycline (TC) was purchased from Sigma—
Aldrich (Shanghai, China) and was of chromatographic
grade. N,O-bis (trimethylsilyl) trifluoroacetamide
(BSTFA) was purchased from J&K chemical company,
USA. Methanol of high performance liquid chromatogra-
phy (HPLC) grade used for the mobile phase was
purchased from Concord Technology Co., Ltd., Tianjin,
China. Formic acid (HPLC grade) used for liquid
chromatography coupled with mass spectrometer (LC-
MS) analysis were purchased from Dikma Technology
Inc., USA.

2.2 Preparation and characterization of Bi,WOgq

Bi,WO¢ was prepared using the hydrothermal method
described by Wang et al. [22]. 20 mL of sodium tungstate
solution at 0.10 mol- L™ was mixed with 20 mL of bismuth
nitrate solution at 0.20 mol-L™'. The mixed solution was
vigorously stirred and ultrasonicated at room temperature
for 30 min sequentially. The pH of the reaction solution
was adjusted with diluted HNO3 or NaOH solution to 1.0,
4.0, 7.0, 9.0 and 11.0, respectively. The as-prepared
catalysts were denoted as BWO-1, -4, -7, -9, and -11,
respectively. The suspension was transferred to a 40 mL
Teflon-lined autoclave and then heated to 140°C for 20 h in
an oven. The precipitates were collected by centrifugation,
washed with water and ethanol for three times and dried at
120 °C for 6 h. The X-ray diffraction (XRD) was carried on
a D/MAX 2500V diffractometer (Rigaku, Japan) using
monochromatized Cu Ka radiation under 40 kV and 100

mA and the scanning range was from 20° to 80°. Field
Emission Scanning Electron Microscope (1530VP, phoe-
nix-dx 60 s, OIM, Germany) provided the morphology of
the photocatalysts. UV-vis diffuse reflectance spectra were
recorded using a Hitachi U-3010 spectrometer in the range
of 200-600 nm. Brunauer-Emmett-Teller (BET) surface
area and pore size measurements were performed on an
autosorb-1-MP 1530VP automatic surface area and pore
size analyzer. Photoelectrochemical test with an Autolab
PGSTAT302N electrochemical system (Metrohm Ltd.,
Switzerland) was carried out in a conventional three-
electrodes, a single-compartment quart cell filled with 0.1

mol-L™" Na,SO, electrolyte and a potentiostat. The
working electrode was the ITO/photocatalyst electrode.
A platinum wire was used as a counter electrode with Ag/
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AgCl (saturates KCl) as a reference electrode. We switched
on and off to measure the photoresponses of the
photocatalysts under visible light (A >400nm) at 0.0 V.
Electrochemical impedance spectra (EIS) were recorded at
0.0 V. A sinusoidal ac perturbation of 10 mV was applied
to the electrode over the frequency range of 0.01-10* Hz.

2.3 Photocatalytic reactions and analysis

The photochemical reactor (XPA-7, Nanjing, Xujiang
Company, China) equipped with a 350W Xe lamp as light
source, was used for the degradation of TC. The initial
conditions of all photocatalytic reactions were the same:
20 mL of TC solution (20 mg-L™") was mixed with 10 mg
catalyst with constant magnetic stirring. Before illumina-
tion, the TC solution with catalysts was magnetically
stirred in the dark for 30 min to establish adsorption
equilibrium of TC on the catalysts. Throughout the
reaction, the concentration of TC in the solution was
analyzed by a high performance liquid chromatography
(HPLC, Agilent 1200) with the UV detector at 355 nm
wavelength. The analytical conditions were as follows:
Agilent Eclipse XDB-C18 column (5 pm, 150 mm x 4.6

mm); the mobile phase was 55:45 (v/v) methanol and
0.025% glacial acetic acid aqueous solution; flow rate was
set as I mL-min'. After reaction, the catalysts were
collected and extracted in a 20 mL mixed solution of water
(50%) and methanol (50%), and then stirred for 24 h. The
supernatant was analyzed for TC using HPLC to determine
the amount of TC remaining on the photocatalyst. High-
performance liquid chromatography coupled with time of
flight-mass spectrometry (ESI-Q-TOF-MS/MS) (LC-MS/
MS, Waters 2695XE, USA) and gas chromatography
coupled with mass spectrometry (GC-MS, Agilent
5975GC-7890MS, USA) were used to identify the major
intermediates in the reaction solution. For LC-MS, the ion
mode was set on positive mode and ion scanning range was
m/z 50-800. Before GC-MS analysis, the samples should
be derivatized. Forty ml of reaction solution (the solutions
in two parallel tests were combined) was centrifuged to
remove photocatalysts and adjusted to pH 2.5 with 10%
HCI, extracted with 15 mL of dichloromethane for three
times and then dehydrated using anhydrous sodium sulfate.
Afterwards, the dehydrated samples were blown down to 1

mL under a nitrogen stream. 0.5 mL of N,O-bis (trimethyl-
silyl) trifluoroacetamide (BSTFA) was added and the
mixed solution was kept at 50°C for 30 min. 1 pL of the
solution was injected into GC (equipped with Thermal TR-
5 column).

3 Results and discussion
3.1 Characterization of the prepared catalysts

The powder X-ray diffraction (XRD) patterns which
provide crystal structure and phase information of the as-
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synthesized samples are displayed in Fig. 1. The diffrac-
tion peaks of the Bi, WOgq catalysts prepared atpH 1,4, 7,9
were consistent with those of russellite Bi,WO¢ [22-24].
This agrees with the result reported by Wang et al. [22].
However the catalyst prepared at pH 11 was a mixture of
Bi2WO6 [JCPDS NO. 39-0256] and Bi3.g4W0‘16O6.24
[JCPDS No. 43-0447] [22,23]. Thus, BWO-11 was not
discussed anymore. The solution pH may affect the
solubility of WO,* and [Bi,0,]*" and finally leads to
the formation of different phases of bismuth tungsten oxide
[25]. The morphology of the as-prepared photocatalysts
was investigated by the SEM (Fig. S1). From the images, it
can be seen clearly that Bi, WO, was present as a flower-
like spherical structure when the pH was in the range of 1—
4. The crystallite size was about 4-10 nm thickness and
mostly 200-300 nm in length. As pH increased to 7-9, the
catalysts were in irregular sheet structure. The N,
adsorption/desorption isotherm and the pore size distribu-
tion (inset) of the catalyst prepared at pH 1 are shown in
Fig. S2. The isotherm was identified as type IV, which is
characteristic of mesoporous structure [17,26,27]. Most of
the pores in the catalyst were less than 5 nm. The catalyst
displayed a nanoporous structure which was supported by
the relatively large surface area and total pore volume. The
SgeTs of the catalysts BWO-1, -4, -7, and -9 were 32.41,
26.84, 12.30 and 7.35m?-g ', respectively. The UV-vis
DRS patterns of the catalysts prepared at different pH
values are illustrated in Fig. 2. All the catalysts demon-
strated high photoabsorption capacity in the range of UV to
visible light around 450 nm, suggesting their potential
photocatalytic activity under visible light. The bandgap
was calculated with the formula of £, = 1240/, where E,
and Ao represent bandgap and absorption edge, respec-
tively. The bandgap was estimated to be 2.76, 2.73, 2.64
and 2.79 eV for BWO-1, -4, -7 and -9, respectively.

3.2 Degradation efficiency of TC by Bi, WO, prepared at
different pHs

Before irradiation, TC was allowed to adsorb on the
catalysts in dark for 30min to establish adsorption
equilibrium, and the sorption kinetics are shown in Fig.
S3. For all the prepared catalysts, the sorption equilibrium
of TC could be reached in 30 min. As shown in Fig. 3, the
adsorption capacity of the Bi,WOg catalysts decreased as
the pH of the hydrothermal reaction solution increased
from 1 to 9. About 31% TC could be absorbed by BWO-1
while only about 11% was absorbed by BWO-9. This may
be due to the relatively large Sgpr of BWO-1 as compared
to other catalysts. Thus, BWO-1 could provide more
adsorption sites for TC than others. It was reported that TC
could be photodegraded by superoxide radical anion
(0,°7) and singlet molecular oxygen O, (‘Ag) under
visible light [28]. In the control experiment without any
catalyst, less than 7% TC was decomposed in 300 min,
suggesting that the photolysis of TC under visible light
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Fig. 1 XRD patterns of Bi,WOg prepared at different hydro-
thermal pHs
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Fig. 2 Diffuse reflectance UVvis spectra of Bi,WOg catalysts
prepared at different hydrothermal pHs

irradiation without catalyst is very weak. The photode-
gradation efficiency decreased as the pH of the hydro-
thermal reaction solution increased from 1 to 9 and BWO-1
displayed the highest degradation efficiency. Nearly 97%
of TC at 20 mg-L™' was removed in 120 min by BWO-1.
To compare the photocatalytic activity of Bi, WOgq catalysts
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Fig. 3 Degradation kinetics of TC by Bi,WOg prepared at
different hydrothermal pHs under visible light irradiation. m: pH =
1; @:pH=4; A: pH=7; ¥: pH=9; »: TiO,(P25); «:without
catalyst

with TiO,, the photodegradation of TC on TiO, was also
investigated and it was found that only 71% of TC was
degraded by TiO, in 120 min at the same conditions. At the
end of reaction, the amount of TC remained on the
catalysts was monitored and no TC was detected in the
solids of BWO-1, suggesting that the TC adsorbed on the
catalyst was completely degraded. For BWO-4, even
though it had slightly smaller surface area than BWO-1, it
displayed similar adsorption capacity to TC as BWO-1.
However, the degradation rate of TC was only 90% in 300
min, much lower than BWO-1. Photoeletrochemical
performance could be used to evaluate the efficiency of
photogenerated charge interface separation for photocata-
lytic performance [29,30]. An on-off circulatory system
was used to examine the photoresponses of ITO/Bi, WO
electrodes under visible light irradiation. Figure S4 shows
the results of photoelectrochemical tests of the catalysts
prepared at different pHs. The photocurrent intensity
generated by BWO-1 was twice of that induced by BWO-
4, and -7, suggesting more efficient separation of
photogenerated electron-hole pairs in BWO-1. The photo-
current generated by BWO-9 was minimal. The interface
charge separation efficiency was also investigated by EIS.
A smaller arc radius in the EIS Nyquist plot implies an
effective separation of the photogenerated electron—hole
pairs [31,32]. Figure 4(a) illustrates that the impedance arc
radius of BWO-1 under visible light irradiation was
smaller than in dark, indicating that there were only a
few electrons across the electrolyte interface of BWO-1
without irradiation. As shown in Fig. 4(b), the arc radius of
BWO-1 was the smallest among the catalysts prepared at
different pHs under simulated solar light irradiation,
further supporting that the photogenerated electron-hole
pairs were more effectively separated in the system of
BWO-1 and there was a more efficient interfacial charge
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transfer between the electron donor and electron acceptor
[32]. This explained the high efficiency of BWO-1 to
degrade TC. The degradation of TC in 300 min was 60%
and 55% for BWO-7 and -9, respectively. All the reactions
followed pseudo-first order kinetics and the kinetic rate
constant (k) was calculated (Fig. S5). The &k decreased from
1.39 x 10 2min ' for BWO-1t0 0.64,0.21 and 0.16 x10°2
min~' for BWO-4, -7 and -9, respectively and it was 0.33 x
102 min' for TiO,. The kinetic rate constant (k) for BWO-
1 was 7 times of that for BWO-9. This result was different
from that reported by Wang et al. [22], who demonstrated
that the photodegradation efficiency to BPA increased as
the pH of the hydrothermal reaction solution increased
from 4 to 11 and the catalyst prepared at pH 11 displayed
the highest degradation efficiency to BPA [22,33].
However, Amano et al. [34] reported that the photo-
catalytic degradation of acetic acid for Bi, WO¢ decreased
as the hydrothermal reaction solution pH increased from
acid to alkaline condition. The result in the current study
was in agreement with that of Chen et al. [23], who
reported the catalyst prepared at pH 1 displayed the highest
degradation efficiency to Microcystin-RR. Thus, the
photocatalytic efficiency of Bi;WOg is not only dependent
on its own properties, but also on the characteristics of the
reactants. In the current study, BWO-1 was used for the
following experiments.

3.3 Influence of isopropanol, KI and (NH,4),C,O4 on the
photocatalytic reaction

Isopropanol (IPA) has been used as a hydroxyl radical
scavenger and KI and (NH4),C,O,4 as hole scavengers
[33,35]. In the current study, IPA, KI and (NH4),C,0,4
were added in the reaction solution to illustrate the active
species for the photocatalytic degradation process. As
shown in Fig. 5(a), the degradation of TC by BWO-1 was
slightly inhibited by IPA, and the IPA concentration (V/V)
in the solution did not make big difference on the inhibition
effect. This fact indicates that -OH may not be the main
reactive species responsible for the degradation of TC by
Bi,WOg. On the contrary, the degradation was distinctly
suppressed by KI and the effect increased as the
concentration of KI increased (Fig. 5(b)). When the KI
concentration was 10 mmol, only 70% of TC was removed
after 360 min irradiation. Similarly, the inhibition effect
also increased with the concentration of (NH,),C,04, and
only 50% of TC was removed after 300 min irradiation
when 5 mmol (NHy4),C,0,4 was added (Fig. 5(c)). These
results suggest that the photogenerated hole was mainly
responsible for the degradation [36].

3.4 Photodegradation pathway
As shown Fig. 6, about 31% of total organic carbon (TOC)

was removed, even though the removal rate of TC was
100% within the 360 min irradiation. This is similar with
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Fig. 4 Electrochemical impedance spectra (EIS) Nyquist plots of
BWO-I1(light vs. dark) (a) and EIS of different hydrothermal pHs
under visible light irradiation (b)

the results reported by Hao et al. [37], who used BiOI
platelet to degrade TC under visible-light for 240 min, and
the TOC removal rate was only 28.68%. The results
indicate that TC was mainly transformed to intermediate
products but not completely mineralized. Two main
intermediates were identified by LC-MS and the main
fragment ions of the transformation products are shown in
Table 1. Intermediate 1 with a m/z 400 could be a product
reacted with photogenerated hole via loss of amino, N-
methyl and hydroxyl groups [14,15,38—40]. As discussed
above, photogenerated hole was the main reactive species
responsible for the degradation of TC by Bi, WO, [22,23].
The intermediate 2 displayed m/z at 477, which was
proposed to occur via the reaction of -OH at the C2-C3,
Clla-C12 double-bond and a rearrangement at C12
[14,19,37,39], implying that -OH was also involved in
the degradation of TC by Bi,WOg [38,40,41]. Six more
intermediates with small molecular weight were detected
by GC-MS and they are listed in Table S1. They were
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Fig. 5 The effects of isopropanol ((a), V/V), KI ((b), mmol-L ")
and (NH,4),C,04 ((c), mmol- Lfl) at different concentrations on the
photodegradation of TC by BWO-1 under simulated solar light
irradiation
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Table 1 Main fragment ions of TC and intermediate products
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and degradation capacity to TC due to its large surface area
and more efficient interfacial charge transfer between the
electron donor and electron acceptor. 97% of TC at 20 mg
L' was removed by 0.5 g- L' of Bi, WO solids after 120
min irradiation of simulated solar light. Photogenerated
holes were suggested as the main active species respon-
sible for the degradation of TC and the produced -OH was
also involved in the reaction. Due to the intermediates
produced during the reaction, only 31% TOC was removed
in 360 min irradiation, at which TC was completely
degraded.
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