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ARTICLE INFO ABSTRACT

Keywords: Herein, a novel Z-scheme BiOBr/BiOF heterojunction was synthesized via one-step microwave-assisted hydro-

BiOBr/BiOF heterojunction thermal method, which was integrated with peroxymonosulfate (PMS) to design a sulfate radical (¢SOz) based

Z-scheme " advanced oxidation processes (AOPs) system through PMS activation (BiOBr/BiOF-PMS) toward Levofloxacin

f:r(;z};m;);zsu ate (LFX) photodegradation. In order to achieving an optimal degradation efficiency, the formed BiOBr/BiOF-PMS
Vi X . . . . .

Photodegradation was systematically investigated and the operational parameters for LFX photodegradation were thoroughly

optimized. Thereby, the optimal BiOBr/BiOF exhibits a higher photodegradation efficiency of 89.8 % toward LFX
via PMS activation compared to others including PMS alone, BiOBr, BiOF and BiOBr/BiOF with varied ratios.
Furthermore, the BiOBr/BiOF has superior stability for multiple cycles and universal applicability for degrading
various contaminants. This can mainly be attributed that the formed heterojunction between BiOBr and BiOF and
the enhanced concentration of oxygen vacancies (OVs) of BiOBr/BiOF heterojunction, which can synchronously
promote the separation and transmission of the photogenerated charges (e”/h™) and thereby lead to more
reactive oxygen species (ROS). As well, the expanded optical responsiveness and increased specific surface area
of BiOBr/BiOF are also mainly responsible for the improved photodegradation capability. Free radical capture
experiments and ESR technique verify that the eO5 is the primary ROS and ¢SO4 and ¢OH play subordinative
role. The photodegradation pathways of LFX were unraveled based on the identified intermediates with a liquid-
chromatography-mass (LC-MS) technique. Consequently, this study offers a novel route by developing Bi-based
heterojunction photocatalyst to activate PMS for refractory antibiotic photodegradation.

1. Introduction considerable attention due to its potential toxicity and difficulty to

metabolize by humans and animals. It is reported that the average

Large amounts of antibiotics discharged into the natural water body
have brought about severe environmental contamination and eco-
catastrophe, which has garnered considerable attention on account of
their potential toxicity and uncontrollable threats to the environment
and human beings [1,2]. Among them, LFX, as one of typical
third-generation broad-spectrum quinolone antibiotics, has been widely
utilized in clinical practice to treat diseases and prevent infections.
However, its excessive use and scale-up production have also brought
serious environmental pollution problems, which have aroused
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concentration of LFX in sewage treatment plants can reach an
astounding level approximately 2000 ng-L ™! [3]. Therefore, addressing
the problem relative to antibiotic contamination has emerged as a
crucial concern in contemporary society [4,5]. Over the last several
years, various traditional wastewater treatment techniques including
adsorption, biological treatment, electrocoagulation, flocculation, ion
exchange, membrane separation and reverse osmosis have been exten-
sively employed to convert antibiotics into less harmful or non-toxic
states in order to reduce pollution risk [6,7]. However, these methods
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commonly suffer from severe drawbacks, such as excessive sludge for-
mation, extreme energy consumption, low removal efficiency, high cost
and the generation of secondary pollutants [8]. Accordingly, it is quite
imperative to explore a reliable and efficient degradation method to
accomplish the complete removal of toxic antibiotics.

Semiconductor photocatalysis, as a fascinating AOPs technology, has
been intensively investigated in the degradation of various refractory
organic pollutants due to it is numerous advantages such as easy to
operation, low cost, low energy consumption and environmental
compatibility [9,10]. Especially, photocatalysis coupled with PMS
activation shows greater potential to degrade organic pollutants thanks
to the formation of eSO with higher redox potential (2.5-3.1 V vs.
NHE), longer half-life (30-40 ps vs. 20 ns) and a wider pH operating
range (2~8) compared to hydroxyl radical (¢OH) [11]. In this context,
the exploration of photocatalysts with high efficiency and low-cost is
still extremely important to improve the degradation efficiency and
promote the practical applicability of photocatalysis [12].

In recent decades, as typical anisotropic two-dimensional (2D)
semiconductor material with an appropriate bandgap (2.4-2.9 eV),
BiOBr has attracted widespread attention in the photocatalytic field due
to low cost, non-toxicity, chemical stability and large specific surface
area, etc. Especially, owing to its unique layered structure consisting of
positive [Biz05]%* layers and negative halogen ion plates, there is a
strong internal electrostatic field in its own crystal structure, which can
effectively facilitate the separation and transportation of the e /h™ [13].
However, as an indirect bandgap semiconductor, its photocatalytic
degradation process still suffer from some limitations because of the
rapid recombination of photogenerated e /h™ [14]. Recently, numerous
efforts have been concentrated on the modification of BiOBr for
improving its photocatalytic performance, e.g., elemental doping, defect
engineering, morphology modulation and heterojunction construction
(Type-II heterojunction, S-scheme and Z-scheme, etc.). Generally, con-
structing a heterojunction is a widely used strategy for improving the
photocatalytic performance of monomer photocatalyst, which can
effectively accelerate the separation and transfer together with simul-
taneously inhibit the recombination of the e /h" [15-17]. In particular,
Z-scheme heterojunction photocatalysts have attracted widespread
attention due to their ability to retain strong redox capabilities of each
monomer [18-20]. In addition, it is reported that the inducing OVs on
the surface and inside the photocatalyst can be an efficacious strategy to
improve the performance of the photocatalyst, which can enable to
modulate the electronic structure, extend light response, regulate band
gap, alter the positions of conduction and valence bands (CB and VB) of
the photocatalyst, finally leading to the significant improved photo-
catalytic performance.

Herein, a novel Z-scheme BiOBr/BiOF heterojunction photocatalysts
with abundant OVs was synthesized via a facile one-step microwave-
assisted hydrothermal method and thereby utilized to construct a ¢SOz
radical based AOPs system (BiOBr/BiOF-PMS) by integrating with PMS
for degrading the refractory LFX contaminants. The BiOBr/BiOF was
subjected to a detailed characterization with a series of combined
techniques including SEM, TEM, FT-IR, XRD, XPS, etc. The photo-
degradation properties of BiOBr/BiOF-PMS were optimized and evalu-
ated by investigating the LFX removal efficiencies under various catalyst
dosages, pH values, the initial concentration of antibiotic and PMS.
Furthermore, free radical capture assays and ESR testing were utilized to
investigate the ROS and unravel the possible photodegradation mech-
anism. The possible photodegradation pathway of LFX was investigated
by checking the intermediates using LC-MS technique. To sum up, this
work offers a novel route for improving the photocatalytic performance
of bismuth oxyhalide by synchronously integrating construction of
heterojunction and induction of OVs for contaminants removal via PMS
activation.
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2. Materials and methods
2.1. Materials and chemicals

All reagents were analytical grade and used directly without further
purification. The deionized water was employed throughout the exper-
iment. Detailed information about the chemicals and reagents is pro-
vided in the supporting information (Text S1).

2.2. Preparation of BiOBr/BiOF

The BiOBr/BiOF was prepared with a microwave-assisted hydro-
thermal method. Typically, 1 mmol Bi(NO3)3-5H20 were thoroughly
dissolved into 30 mL ethylene glycol (EG) and then 1 mmol mixture of
KBr and NH4F with different molar ratio of Br and F was introduced into
the above solution under continuously stirring for 1 h. Subsequently, the
obtained solution was transferred into a 100 mL PTFE microwave
reactor and the reactor was sealed and suffered from heating treatment
at 160 °C for 1 h in a microwave reaction apparatus with power of 5000
W at frequency of 2450 MHz. After naturally cooling to room temper-
ature, the powders product was collected by a series of sequential
treatments including centrifugation and cleaning with deionized water
and ethanol for several times. The resulting BiOBr/BiOF was obtained by
drying the powders in an oven at 70°C for 8 h. In order to obtain the
optimal catalysts, the molar ratios of KBr to NH4F were selected as 4:1,
2:1, 1:1 and 1:2 and the obtained photocatalysts were designated as
BiOBr-4/BiOF-1, BiOBr-2/BiOF-1, BiOBr-1/BiOF-1 (BiOBr/BiOF) and
BiOBr-1/BiOF-2, respectively. It needs to be noted that the above formed
products were uniformly simplified as BiOBr/BiOF in the following
explanation without special emphasis.

Additionally, the pure BiOBr and BiOF were also synthesized with
merely adding KBr (1.0 mmol) or NH4F (1.0 mmol) besides Bi
(NO3)3-5H20 (1.0 mmol) using the identical method, which were uti-
lized to contrast with the BiOBr/BiOF compounds.

2.3. Material characterization

The specific information of material characterization is explained in
the supporting information (Text S$2).

2.4. Photocatalytic degradation experiment

The photodegradation experiment was performed in a quartz glass
photoreactor equipped with magnetic agitator and condensing appa-
ratus system with circulating water (BL-GHX-V, China), which can
ensure the photoreaction in a constant room temperature ~25°C. A 500
W xenon lamp was selected as the light source for persistent supply of
energy and the used light intensity was modulated to 100 mW-cm ™2 for
simulating the solar light. The internal schematic diagram of the pho-
tocatalytic instrument is shown in Fig. S1. Typically, under magnetic
stirring, a certain amount of catalyst is uniformly dispersed into 50 mL of
LFX solution with a specified concentration. Subsequently, the above
reactive solutions were maintained in dark conditions for 30 min to
achieve adsorption-desorption equilibrium. After that, the photo-
catalytic degradation was carried out by adding PMS in a specific pro-
portion and then turning on the xenon lamp light source. 5 mL aliquots
were subsequently taken out at 30 min intervals and treated by centri-
fugation approach to remove the residue photocatalyst. Then, the clar-
ified supernatant liquid was collected and measured using a UV-visible
spectrophotometer (TU-1900, China) at the maximum absorption
wavelength of LFX (A = 289 nm) to analyze the concentration of residual
LFX. Finally, the photocatalytic degradation efficiency of LFX was
evaluated according to Eq. (1):

Degradation efficiency ( %) = [(Co — C¢) / Co] x 100 = [(Ao —A;) / Ao
@
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where Cy and C; are the concentration of LFX at time 0 and t, while Ap
and A; refer to the absorbance intensities of the LFX solution at time
0 and t, respectively [21].

Furthermore, the photodegradation process of LFX was investigated
utilizing the pseudo first-order reaction kinetic model as the following
formula (2):

InC,/Co = —kgpt @)
where kg, stands for the apparent rate constant (min™Y). Cp and C;
resemble the formula (1).

It is noted that the relative photocatalytic operation parameters were
detailly optimized by varying the concentration of PMS (0.5 mmol-L ™%,
1 mmol-L’l, 1.5 mmol-L’l, 2 mmol-L’l), initial concentration of LFX (5
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mg 'L, 10 mg 1LY, 20 mg 1LY, 30 mg 1Lt and 40 mg 1LY,
applied dosage of the catalysts (5 mg, 10 mg, 20 mg, 30 mg and 40 mg)
and solution pH values (3, 5, 7, 9 and 11), respectively. In addition, the
degradation intermediates of LFX were identified by the LC-MS tech-
nique. The stability and reusability of the catalysts were investigated by
multiple recycle degradation experiments under identical conditions.
The as-used catalysts were collected with centrifugation approach and
washed with deionized water for removing the residual substance.
Furthermore, the FT-IR, XPS and SEM of the catalyst before and after
utilization were compared to assess the variation of composition, crys-
talline structure and morphology of the catalyst. To analyze the
mineralization degree of LFX by BiOBr/BiOF in the photocatalysis, total
organic carbon (TOC) removal efficiency was calculated according to
expression (3):
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Fig. 1. (a) Schematic illustration of the fabrication process of BiOBr/BiOF (b) the Scanning electron microscopy (SEM image), (c) Transmission electron microscopy
(TEM) image and (d, d; and d5) high-resolution-TEM (HR-TEM) images of BiOBr/BiOF (e) the electron spin resonance (ESR) spectra of BiOBr and BiOBr/BiOF (f) the
energy dispersive spectrometer (EDS) elemental mapping images of BiOBr/BiOF.
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TOC removal efficiency = [(TOC, — TOC) / TOC,] x 100 % 3

where, TOCy and TOC are the TOC values of the LFX solution and in the
degradation solution sample, respectively [22].

All photodegradation experiments were conducted in triplicate and
the gained results were statistically calculated using the analysis of
variance (ANOVA) method, which are displayed as the average of the
measurements with error bars representing the relative deviation from
this average. The variables were analyzed based on their impact on the
response at a 95 % confidence level, with a significance threshold of p <
0.05.

2.5. Photoelectrochemical measurement

The detailed description of photoelectrochemical measurements is
shown in the supporting information (Text S3).

2.6. Antibacterial activity

The toxicity of the degraded LFX solution was evaluated by per-
forming the antibacterial activity experiments with Escherichia staph-
ylococcus aureus bacteria as representative strains. Specifically, a meat
peptone culture medium (MPCM) was prepared by dissolving 25.0 g
NaCl, 12.5 g yeast extract, 10.0 g tryptone and 15.0 g agar powder into
1000 mL deionized water in a clean beaker under heating for a certain
time. The above MPCM (10 mL) was transferred into a petri dish with
diameter of 10 cm and then sterilized at 120 °C for 20 min. Then, 200 pL
bacterial solution was added the MPCM in petri dish. The dried filter
papers with existence of different LFX solutions including the original
and degraded solution were evenly distributed on the surface of the
above MPCM. After incubating for 24 h at 37 °C, the antibacterial ac-
tivity was evaluated by measuring the diameter of the clear inhibitory
zones in millimeter.

3. Results and discussion

As schematically illustrated in Fig. 1a, the flower-like BiOBr/BiOF
was synthesized by facile one-step microwave-assisted hydrothermal
method using Bi(NO3)3-5H20, KBr and NH4F as feedstocks. The
morphology and microstructure of the synthesized samples were char-
acterized by performing the SEM and TEM measurements. From the SEM
image in Fig. 1b, it can be easily seen that the BiOBr/BiOF has a flower-
like morphology composed of irregular nanosheets with almost similar
thickness. In contrast, both of the synthesized BiOBr and BiOF display
microsphere-like morphology with significant agglomeration (Fig. $2).
Thereby, it can be reasonably speculated that the regulation on the ratio
of F~ and Br~ can effectively control the crystallization and growth
process of the resultant product, finally leading to various morphology
of the resultant catalyst. In view of the above confirmation, we can
assertively infer that the BiOBr/BiOF has larger specific surface area and
higher pore distribution than those of BiOBr and BiOF, which is
commonly conducive to the photocatalytic activity due to the existence
of abundant reactive sites on the surface of samples [23].

From the TEM image in Fig. 1c, we can observe that the BiOBr/BiOF
exhibits a distinct lamellar structure with an almost similar thickness
that was stacked with each other. By comparison, the discrepancy of the
morphology of BiOBr/BiOF in SEM and TEM can mainly be due to the
destruction of the layered flower-like morphology of BiOBr/BiOF under
ultrasonic effect for preparing TEM sample. Furthermore, the HR-TEM
images of BiOBr/BiOF in Fig. 1d exhibit distinct lattice fringes with
interplanar spacings of 0.284 nm and 0.410 nm, which correspond to the
(102) crystal planes of BiOBr (Fig. 1d;) and the (110) crystal planes of
BiOF (Fig. 1dy), respectively [24,25]. This directly proves the successful
construction of the heterojunction between BiOBr and BiOF. Addition-
ally, the discontinuity on lattice stripes in BiOBr/BiOF may be related to
the presence of oxygen vacancies (OVs) [26]. This can mainly be

Surfaces and Interfaces 61 (2025) 106143

attributed that microwave-assisted hydrothermal method can promote
the thermal motion of water molecules at high temperatures and thereby
accelerat the desorption of oxygen atoms from the surface or interior of
materials, finally leading to the formation of OVs [27]. From the selected
area electron diffraction (SAED) pattern in Fig. $3, we can clearly see
two sets of bright electron diffraction spots marked with blue and green
circles, which correspond to the (001), (110) and (102) planes of BiOBr
and the (110) plane of BiOF, manifesting the formation of BiOBr/BiOF
heterojunction. As shown in Fig. le, the higher ESR signal of BiO-
Br/BiOF compared to the pure BiOBr is mainly attributed that the
BiOBr/BiOF possesses the higher concentration of OVs, which is
conventionally conducive to the improvement of photocatalytic per-
formance [28]. In addition, the EDS analysis in Fig. 1f reveals that the
BiOBr/BiOF consists of Bi, O, Br and F elements, further confirming the
successful synthesis of binary BiOBr/BiOF heterojunction.

The crystal structure of BiOBr, BiOF and BiOBr/BiOF were demon-
strated by XRD measurements. As shown in Fig. 2a, the diffraction peak
at11.6°,25.3°,31.7°,32.2°,57.3° and 76.5° in the XRD pattern of BiOBr
can be assigned to the (001), (101), (102), (110), (212) and (310) crystal
planes of BiOBr (JCPDS#01-073-2061) [29]. The diffraction peaks
located at 27.7°, 31.7°, 44.2° and 53.7° in the XRD pattern of BiOF can
be attributed to the (101), (110), (112) and (211) crystal planes of BiOF
(JCPDS#04-010-1921) [30]. The BiOBr/BiOF contains the character-
istic diffraction peaks of BiOBr and BiOF, confirming the successful
construction of BiOBr/BiOF heterojunction. The surface functional
groups of the synthesized samples including BiOBr, BiOF and BiO-
Br/BiOF were investigated by performing the FT-IR measurements. As
depicted in Fig. 2b, it is evident that each sample exhibits well-defined
absorption peaks at a wavenumber of 515 cm ™!, which can be attrib-
uted to the symmetric stretching vibrational mode associated with the
Bi-O bond [31]. Additionally, the prominent peak observed at 3480
em ! is in accordance with the bending vibration of hydroxyl groups
(-OH) [32]. As for BiOBr, the peaks in the region of 1050 em~ ! and 1390
cm ! are assigned to the Bi-Br band stretching vibration. The absorption
peak located at 1620 cm ™! corresponds to the symmetric stretching vi-
bration of the Br-Br bond [33]. Furthermore, the absorption peak at
1080 cm~! in BiOF is ascribed to the Bi-F bond [34]. From the FT-IR
spectrum of BiOBr/BiOF, we can discern all the characteristic peaks of
BiOBr and BiOF, indicating the successful synthesis of BiOBr/BiOF. The
decrease in OH concentration demonstrates that hydrogen bonds are the
main interactions between BiOBr and BiOF in the BiOBr/BiOF
heterojunction.

To further determine the surface elemental composition and chem-
ical state of the BiOBr/BiOF, the XPS characterization was performed. As
depicted in Fig. 2c, the XPS survey spectrum of BiOBr/BiOF reveals the
presence of Bi, O, Br and F elements. Also, we can see the appearance of
unintentional C 1s XPS core level at approximately 284.6 eV in the XPS
spectrum, which can be attributed to the unavoidable presence of
carbonaceous material within the calibration apparatus. In Fig. 2d, the
high-resolution Bi 4f XPS spectra exhibit two peaks at binding energy of
164.2 eV and 158.9 eV, which can be attributed to the Bi 4f;,» and Bi
4fs /5 states, confirming the existence of oxidation state of Bi®* and
corresponding to the energy band of Bi-O [35]. The O 1s XPS signal
(Fig. 2e) exhibits asymmetry distributions and can be deconvoluted into
four peaks located at 533.7 eV, 532.0 eV, 530.3 eV and 529.3 eV, which
are related to the hydroxyl, OVs, oxygen atoms in the vicinity of OVs and
lattice oxygen in the BiOBr/BiOF [36]. Moreover, it is evident that the
binding energy of oxygen atoms in BiOBr/BiOF shows almost no
movement, while the peaks of lattice oxygen and vacancy oxygen are
moved to a higher binding energy, indicating the changes of chemical
atmosphere due to the replacement of Br~ ions by F~ ions in the com-
plex. By further comparison, we can find that the concentration of OVs
in the BiOBr/BiOF shows an apparent increase. This may be due to the
formation of heterojunctions and the incorporation of surface hydroxyl
oxygen into the lattice in the microwave-assisted hydrothermal method.
Undoubtedly, the increase of the concentration of OVs can effectively
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enhance the photocatalytic activity of BiOBr/BiOF by increasing the
electron enrichment and promoting the formation of free radicals in
photocatalytic reactions. The reduction in hydroxyl concentration is
attributed to the migration of oxygen atoms during the process of sample
synthesis, which is consistent with the FT-IR results. From Fig. 2f, the
high-resolution Br 3d spectra are deconvoluted into two peaks at 68.9 eV
and 67.9 eV, which can be attributed to Br 3ds,; and Br 3ds,2, respec-
tively [37]. Compared to bare BiOBr, we can see that the high-resolution
Br 3d XPS peaks of BiOBr/BiOF shift to a higher binding energy,
implying a decrease in the electron cloud density around Br ions in
BiOBr/BiOF. Finally, the high-resolution F 1s XPS spectrum (Fig. S4) at
binding energy of 682.8 eV confirm that the F~ can be found within the
BiOF [38]. Consequently, the changes in elemental binding energy
directly reflects the variations of electron density of element and the
electron diffusion between different elements finally providing evidence
of the successful synthesis of BiOBr/BiOF composite [39].

The UV-vis diffuse reflectance spectroscopy (UV-vis-DRS) was per-
formed to investigate the optical absorption properties of the as-
prepared samples. As depicted in Fig. 3a, the optical absorption edges
for BiOBr, BiOF and BiOBr/BiOF were observed at approximately 420
nm, 360 nm and 440 nm, respectively. The light absorption range of the
BiOBr/BiOF shows a significant redshift compared with the bare
monomers, confirming better utilization ability for the visible light.
Thereby, the band gap energy of the photocatalysts were calculated
using the Kubelka-Munk function (ahv = A(hv - Eg)"/ 2), where o denotes
the absorption coefficient, Eg reflects the band gap value of semi-
conductor and A refers to the absorption, hv stands for the photon en-
ergy and n = 1 for direct transition [40]. From the Tauc plots in Fig. 3b,
we can observe that the optical gap values are 2.95 eV and 3.35 eV for
BiOBr and BiOF, which are consistent with previous reports [41,42]. The
N; adsorption-desorption isotherms were collected to further examine
the textural structure of the prepared photocatalysts. As demonstrated in
Fig. 3c, all the obtained catalysts exhibits a typical IV type
adsorption-desorption isotherm with an H3 hysteresis ring, indicating
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the presence of a mesoporous framework within the layered catalysts
[43]. The corresponding pore size distribution curves (Fig. 3d) show that
the pores in BiOF have sizes ranging from 2 nm to 5 nm, indicating the
presence of mesoporous in the material surfaces. The pore size distri-
bution in BiOBr encompasses both mesoporous and microporous range.
The existence of mesoporous is associated with the two-dimensional
lamellar surface structure of BiOBr, while the presence of micropores
is related to the spherical structure of BiOBr. The pore size of BiO-
Br/BiOF is primarily distributed in the large pore size range, which is
attributed to the formation of a flower-like heterojunction between
BiOBr and BiOF, resulting in their mutual coverage and reducing the
number of mesopores on the surface of BiOBr. The detailed parameters
of the specific surface area and pore sizes distribution are presented in
Table S1. The specific surface areas of BiOBr, BiOF and BiOBr/BiOF are
12.858 m%g~ !, 5.190 m?g~! and 31.269 m%g~!, respectively. The
larger specific surface area of BiOBr/BiOF will facilitate the adsorption
of target pollutants in water and expose more reactive sites, which
provides a structural basis for highly photodegradation performance
toward LFX [44].

In view of the superior properties of BiOBr/BiOF than that of BiOBr
and BiOF, we systematically evaluated the effects of different catalytic
systems (including PMS alone, monomers-PMS and BiOBr/BiOF
composites-PMS) on the photodegradation efficiency of LFX. It is noted
that all the degradation conditions are consistent besides the types of the
prepared catalysts. As shown in Fig. 4a, the degradation efficiency of
LFX in the presence of PMS alone exhibits a minor level reaching only
15.6 %. Nevertheless, upon the addition of monomer photocatalysts
(BiOBr and BiOF) within the system, there is a slight enhancement for
the degradation efficiency of LFX to approximately 44.8 % and 24.0 %,
respectively. Excitingly, the significant improvement of the degradation
efficiency of LFX can be confirmed by the BiOBr/BiOF composites
(BiOBr-4/BiOF-1, BiOBr-2/BiOF-1, BiOBr/BiOF and BiOBr-1/BiOF-2).
When the molar ratio of Br and F is 1:1, the formed BiOBr/BiOF de-
livers the highest degradation efficiency is 80.2 %. From Fig. 4b, we can

1.0 B
N 0.0} I
//"’ T t—— 0.008 |
0.8 / 03} I I I
—_
=-0.6} Tz 0.006 s
506 —o—PMS @) ‘g ¥ T & B
O —=— BiOBNPMS O 09l BiOBr-PMS =) & = & &
0.4 —— BiOF-PMS~y = <« BiOF-PMS 00041 g8 &2 &z £
BiOBr-4/BiOF-1- ] 12} BiOBr-4/BiOF-1-PMS * e I I 9T ¢ &
0.2 BiOBr-2/BiOF-1-PMS ¥=~——| BiOBr-2/BiOF-1-PMS 0.002 - g & & “° ©
) BiOBr/BiOF-PMS 15t BiOBr/BiOF-PMS g % % &
—+— BiOBr-1/BiOF-2-PMS + BiOBr-1/BiOF-2-PMS phis & BIOF
0.0 A . : . . - -1.8 - , - . 0.000
d 30 0 30 60 90 120 150 180 e -50 0 Tso ( 100) 150 200 Samples
Time (min ime (min
1.0 (min) 0.014
-or \ 0.012} I
0.8 : X
"\ 051 \ ~ 0010}
$ D d;
5 0.6 \? N < 1ol £ 0.008F = I
~ o Ry ~ . E 1
O ) \.} U 1 L=
0.4 =¢=(0 mmol-L S \ £ + 0 mmol-L” PMS = 0.006 |
—=— 0.5 mmol-L"! PMS l\ErL -L5F . 0.5mmol-L" PMS o
L \ 1 0.004
02 1 mmol-L~ PMS IS 1 mmol-L™ PMS
) 2 mmol-L! PMS | 20 2 mmol-L" PMS 0.002}
3 mmol-L' PMS 3 mmol-L"' PMS
0.0 : L ' ' ' 2.5 : . L : 0.000
30 0 30 60 90 120 150 180 -50 0 50 100 150 200 Wt W ot
Time (min) Time (min) T
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observe that the degradation of LFX by varied systems satisfy the first-
order kinetic process. As shown in Fig. 4c, the obtained kg, values are
0.0008 min~* (PMS), 0.0026 min~' (BiOBr-PMS), 0.0014 min~" (BiOF-
PMS), 0.0071 min~! (BiOBr-4/BiOF-1-PMS), 0.0071 min™ !(BiOBr-2/
BiOF-1-PMS), 0.0086 min~! (BiOBr/BiOF-PMS) and 0.0071 min~!
(BiOBr-1/BiOF-2-PMS), respectively. The maximum kg, value of 0.0086
min~! suggests that the BiOBr/BiOF-PMS is the optimal system toward
LFX photodegradation via PMS activation. Hereafter, the following op-
timizations were performed based on the BiOBr/BiOF-PMS for further
improving the photodegradation performance.

Afterward, we further optimized the concentration of PMS addition
in the system. As illustrated in Fig. 4d, with the concentration of PMS
increasing from 0 mmol-L ™! to 3 mmol-L~}, the degradation efficiency of
LFX shows a trend of initially increasing and then decreasing and the
highest degradation efficiency of LFX of 86.8 % can be obtained at 1
mmol-L~! PMS. Moreover, the degradation process of LFX also comply
to the pseudo first-order kinetic model (Fig. 4e) and the biggest kqyp
value is 0.0122 min~! for the 1 mmol-1."! PMS (Fig. 4f). This may be
attributed to the insufficient generation of ¢SO free radicals at a lower
concentration of PMS and conversely the scavenging phenomenon of
formed radicals (eSO4 and eOH) by the excessive PMS, finally leading to
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the abundant generation of reactive radicals and low reactivity in the
system.

The effect of the initial LFX concentration on LFX photodegradartion
in the BiOBr/BiOF-PMS system is depicted in Fig. 5a. As the initial
concentration of LFX increases from 5 mg-L ™! to 40 mg -L ™!, the removal
efficiency of LFX initially increases from 60.1 % to 87.2 % and then
decreases to 54.4 % at a higher initial concentration. The highest
degradation efficiency reaching 87.2 % can be obtained at an optimal
concentration of 20 mg-L L. Likewise, the degradation efficiency of LFX
also follows the pseudo first-order kinetic process (Fig. 5b) and the kqyp
values in Fig. 5c¢ are 0.0053 min~! (5 mg-L’l), 0.0074 min~! (10
mg-L 1), 0.0086 min~! (20 mg-L1), 0.0062 min~! (30 mg-L 1), 0.0037
min~! (40 mg-L 1), respectively. The inferior degradation efficiency at a
lower concentration of LFX is attributed to the underutilization for the
catalyst due to the insufficient contact between the catalyst and LFX. On
a contrary, a higher concentration of LFX may impede the penetration of
light and cover the active sites of the catalyst. Simultaneously, an in-
crease in initial LFX concentration may generate more complex in-
termediates in the degradation system, finally competing with the target
pollutant for ROS and consequently reducing LFX removal efficiency.
Therefore, the initial concentration of LFX in subsequent experiments
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was set at 20 mg-L’l.

Fig. 5d shows the effect of BiOBr/BiOF dosage on the degradation
efficiency of LFX in the BiOBr/BiOF-PMS system. When the applied
dosage of BiOBr/BiOF in 50 mL LFX solution increase from 5 mg to 40
mg, the photodegradation efficiencies of LFX exhibit an initial increase
from 35.1 % to 88.1 % followed by a subsequent decrease to 71.7 % with
further increasing the dosage and it reaches an impressive maximum
degradation efficiency ~ 88.1 % at 20 mg, while the kg, value also
achieves its highest point at 0.0083 min~! (Fig. 5e, f). This change of
trend can be ascribed to the increase in active sites involved in photo-
catalytic degradation with an increasing dosage of catalyst utilized from
5 mg to 20 mg. However, the excessive dosage of the used catalyst more
than 20 mg may result in catalyst accumulation within the aqueous
solution, leading to coverage of the catalytic active sites and hindering
their functionality. Additionally, another possible reason is the excessive
presence of the catalyst causes a shadow effect for the light within the
aqueous solution, thereby diminishing light absorption efficiency.

The impact of pH on the photodegradation of LFX is shown in Fig. 5g.
Similar with the above optimization on initial concentration of LFX and
the catalyst dosage, the photodegradation efficiencies of LFX also shows
an increase with pH value increase from 3 to 7 then gradually decrease
when the pH is greater than 7. The highest photodegradation efficiency
of LFX reaches 89.8 % at the optimal pH value of 7. Form Fig. S5h, we can
see that the photodegradation of LFX at varied pH also obey to the
pseudo first-order kinetic model. The value of kg, is 0.0051 min~},
0.0057 min?, 0.0078 min~!, 0.0071 min~! and 0.0061 min* at pH of
3,5,7,9and 11, respectively (Fig. 5i). It can be easily concluded that the
neutral conditions (pH = 7) are obviously beneficial for the removal of
LFX, while strong acid and strong alkali conditions can lead to the
deterioration for the photodegradation toward LFX. Many aspects can be
utilized to interpret this phenomenon. Firstly, in the strong acid system,
the balance between protonation and deprotonation of eO> is disrupted,
finally leading to the consumption of eO;. Conversely, in extremely
alkaline environments, ¢SOy tends to convert into relatively low activity
eOH. The strongly alkaline systems may trigger the deprotonation of
PMS to weakly oxidized SO2™, resulting in the reduction of LFX removal
efficiency. However, the BiOBr/BiOF-PMS maintains stable catalytic
performance within a specific range, indicating its wide adaptability to
both poor acidic and basic environments. Moreover, the BiOBr/BiOF
shows a zero charge point (pHy,) at approximately pH of 7.67 (Fig. S5),
indicating that the surface of BiOBr/BiOF exhibits positive charge at
pH<7.67 and in contrast negative charge at pH>7.67. Besides, the trend
in degradation efficiency is possibly attributed that the large number of
H' in water leads to a reduction in the number of photogenerated e~
within the system at a lower pH level and on the contrary an extremely
high pH value results in a significant increase in OH™ concentration
which brings about a reduction of concentration of the generated h* and
consequently causes a notable decrease in ROS such as !0, and -OH.
Moreover, the first-order dissociation constant (pKa;) of LFX is 5.33 and
the second-order dissociation constant (pKay) is 8.07. When the pH of
the degradation solution is below 5.33 or above 8.07, LFX carries posi-
tive and negative charges, respectively. Whereas it shows a neutral form
within the pH range of 5.33 to 8.07. Therefore, BiOBr/BiOF and LFX
molecules may exhibit identical charge characteristics at low and high
pH levels, finally leading to mutual repulsion which is consistent with
our conclusion derived from investigating the optimal pH [45]. All in all,
the optimal operation conditions for LFX photodegradation by
BiOBr/BiOF-PMS are 1 mmol-L ™! of PMS addition, 20 mg-L ™! of LFX, 20
mg of BiOBr/BiOF and pH = 7, ultimately leading to a significant
degradation efficiency of 89.8 %. By comparison with other developed
heterojunction photocatalysts based on BiOBr (Table S2), this devel-
oped BiOBr/BiOF heterojunction possesses relatively higher degrada-
tion performance toward LFX besides facile preparation method,
proving its huge applicability in removal of antibiotic contaminants.

Besides the high photocatalytic activity, the stability and recycla-
bility of the developed photocatalysts is another important
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consideration for practical applications. As illustrated in Fig. 6a, the
photodegradation efficiency of LFX could still maintain above 80 %
within 180 min after five runs, proving the eminent stability of BiOBr/
BiOF. Meanwhile, the degree of mineralization of LFX solution was
evaluated by measuring and analyzing the removal rate of TOC during
the cycle experiment. As can be seen in Fig. 6a, the BiOBr/BiOF-PMS
system delivers a remarkable TOC removal rate of 61.1 % for LFX at
the initial cycle of the photodegradation experiment, which slightly
decreases to 52.7 % after five consecutive runs, indicating that BiOBr/
BiOF possesses excellent capability for mineralizing LFX into inorganic
substances. Furthermore, the lower removal rate of TOC (61.1 %)
compared to the photodegradation efficiency (89.8 %) during the initial
run can be attributed to the formation of intermediate products. Addi-
tionally, the gradual decline of characteristic adsorption peak of LFX in
the UV-vis spectra (Fig. S6) during the initial run indicates the even-
tually significant degradation of LFX and production of a series of in-
termediates. Generally, the degradation of LFX contaminants represents
the decrease of solution toxicity. As shown in Fig. 6b and ¢, we can
obviously observe that the diameters (1.1 cm, 1.6 cm, 1.9 cm and 2.1
cm) of the inhibitory zones of the degraded LFX solutions are significant
smaller than those (1.7 cm, 2.3 cm, 2.9 cm and 3.0 cm) of the initial LFX
solutions (5 mg-L™}, 10 mg-L ™}, 20 mg-L ™}, 30 mg-L 1), unraveling the
toxicity reduction of degraded LFX solution compared to the original
solution. Thereby, it can be easily concluded that the photodegradation
of LFX by BiOBr/BiOF-PMS system can significantly reduce the toxicity
of LFX. However, it did not reach its lowest level possibly due to
incomplete mineralization within a shorter operation time. In addition,
there is no significant difference for the FT-IR spectra (Fig. 6d) and SEM
(Fig. 6e) of the BiOBr/BiOF before and after five runs, further implying
the strong stability of BiOBr/BiOF. Furthermore, from the high resolu-
tion O1s XPS spectra of BiOBr/BiOF before and after five runs (Fig. §7),
it can be observed that the BiOBr/BiOF after utilization shows a mar-
ginal decline for the concentration of OVs, also indicating the better
stability of the BiOBr/BiOF photocatalyst. The marginal decline for the
concentration of OVs could be attributed to the partial coverage on the
surface of the photocatalyst by the degraded intermediates. Addition-
ally, the stability of the BiOBr/BiOF can also be confirmed by quantifi-
cationally detecting the concentration of the dissolved Bi®* from BiOBr/
BiOF in the degraded solution using inductively coupled plasma mass
spectrometry (ICP-MS). If all Bi®" were to theoretically leach into the
solution, the expected concentration would be 30.46 mg-L . However,
after the 3 h light reaction, the degradation solution exhibited a signif-
icantly lower concentration of Bi** only 49.48 pg-L™!. The observed
amount of leached Bi into the solution is considerably below the theo-
retical concentration. Hence, it can be inferred that minimal decompo-
sition of BiOBr/BiOF occurs during the photoreaction process, indirectly
confirming its eminent stability.

To further investigate the practical utilizability of the prepared
BiOBr/BiOF, the photodegradation efficiencies of various contaminants
including tetracycline (TC), rhodamine B (RhB), aureomycin (AM),
cefalexin (CLX) and ciprofloxacin (CPFX) by BiOBr/BiOF-PMS were
collected and evaluated. As shown in Fig. 6f, with an identical irradia-
tion time of 180 min, the obtained degradation efficiencies of TC, RhB,
AM, CLX and CPFX are 51.7 %, 90.2 %, 52.0 %, 34.1 % and 69.4 %,
respectively, revealing that the prepared BiOBr/BiOF possesses
remarkable universality toward the photocatalytic removal of a variety
of refractory contaminants. The difference of the degradation effi-
ciencies for varied target pollutants can mainly be related to the intrinsic
selectivity of the synthesized photocatalyst and the complexity of the
pollutants. The ROS responsible for LFX degradation by the BiOBr/BiOF-
PMS system were investigated by performing the radical quenching
experiments in the degradation process, in which the MeOH was used as
the scavenger of ¢OH and ¢SO4 and while the IPA, p-BQ, L-his and AA
were applied for trapping the e¢OH, O3, 0, and all active species,
respectively. As shown in Fig. 6g, it can be seen that the introduction of
AA and p-BQ into the degradation system leads to a significant decrease
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Fig. 6. (a) Cyclic photodegradation experiment and total organic carbon (TOC) removal of LFX by BiOBr/BiOF-PMS (b, c) antibacterial activity against Staphy-
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system under dark and light irradiation.

in the removal rate of LFX from 89.8 % to 34.1 % and 40 %, respectively,
indicating that O3 is the main active specie for LFX degradation.
Additionally, all the other ROS including eOH, ¢SOj, 10, together with
the h' play a subordinative role for the degradation of LFX [46,47]. ESR
tests with DMPO as a spin trapping agent were performed to further
verify the generated ROS in the photodegradation system. In Fig. 6h,
there is no apparent ESR signal for the DMPO+ BiOBr/BiOF-PMS under
dark condition, indicating there is no ¢OH radicals in the system. When
the above systems were irradiated for 30 min, four distinctive charac-
teristic ESR peaks of DMPO-eOH adducts with relative intensity ratio of
1:2:2:1 were observed, revealing the presence of ¢OH in this system
[48]. Apart from the above observation, we can also discern other
characteristic ESR signals of DMPO-eSO4 adducts, confirming the gen-
eration of eSOz [49]. In Fig. 6i, the characteristic ESR signals with the
intensity ratio 1:1:1:1 can be detected in the BiOBr/BiOF-PMS system
after 30 min illumination and whereas there is no obvious ESR signal
under dark condition, proving the existence of DMPO-eO5 adducts and
indirectly demonstrating the generation of ¢O3 [50]. In short, the above
confirmation consolidates the crucial role of eOH, ¢SO; and O3

responsible for the LFX degradation.

Transient photocurrent response is a widely used approach for
unraveling the charge transfer and separation properties of the prepared
photocatalysts. As shown in Fig. 7a, all the BiOBr, BiOF and BiOBr/BiOF
exhibit regular photocurrent responses during light on/off cycle mea-
surements under dark and visible light irradiation. Compared with the
pure BiOBr and BiOF, the BiOBr/BiOF heterojunction displays the
highest photocurrent intensity, suggesting its superior separation and
transfer ability of the e /h ™. Quite obviously, heterojunction formation
is the decisive factor for the improved photoelectric performance of
BiOBr/BiOF, which can not only avoid excessive recombination of e/
h™ but also extend the lifetime of the photogenerated e /h™, thus
demonstrating better photocatalytic performance. Furthermore, the
separation and transfer performance of the photogenerated e /h* in the
photocatalysts were disclosed by measuring the photoluminescence
spectra (PL). As shown in Fig. S8, the BiOBr/BiOF shows a lower PL
emission intensity than that of BiOBr and BiOF, indicating that the
photogenerated charges can be effectively separated in the BiOBr/BiOF
heterojunction and the recombination of e /h' pairs can also be
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Fig. 7. (a) Transient photocurrent measurements (I-t), (b) electrochemical impedance spectra (EIS) (c) electrochemical double-layer specific capacitance (Cpy) tests
of BiOBr, BiOF and BiOBr/BiOF and (d) Mott Schottky curves of BiOBr and BiOF, respectively.

inhibited, which is quite conducive to the photocatalytic activity. The
EIS was commonly used for exploring the charges transfer resistance in
the photocatalyst. From Fig. 7b and Table S3, we can observe that the
binary BiOBr/BiOF heterojunction has smaller semi-circle in low fre-
quency of the EIS than those of the BiOBr and BiOF monomers, revealing
that the BiOBr/BiOF has smaller charges transfer resistance (R, = 1.557
Q) than those of the BiOBr (R.; = 3.537 Q) and BiOF (R, = 3.585 Q).
Quite obviously, the smaller R.; value of BiOBr/BiOF is beneficial for the
rapid transfer of photogenerated e /h™, finally leading to prominent
photocatalytic performance. The exceptional photocatalytic perfor-
mance can be closely correlated to the number of the reactive sites on
the photocatalyst. By measuring the cyclic voltammetry (CV) curves of
the catalysts in the non-Faraday region at different scanning rates, the
Cpr, can be obtained by fitting the relationships between current in-
tensities of CV and scanning rates and thereby the electrochemically
active surface area (ECSA) of catalysts can be estimated from the ob-
tained Cp;. Fig. S9 and Fig. 7c illustrate the CV curves and Cpy, profiles.
As shown in Fig. 7c, the sequence of Cpy, values is BiOBr/BiOF > BiOBr >
BiOF, indicating that BiOBr/BiOF had the highest surface reaction active
site for photocatalytic degradation of LFX. From the Mott-Schottky plots
of the BiOBr and BiOF in Fig. 7d, we can see that both of the BiOBr and
BiOF display a n-type semiconductor characteristics due to the positive
slopes, suggesting that their flat band edge positions (Eg) correspond to
their Fermi levels. By extending the Mott-Schottky curves to intersect
with the horizontal axis, the Eg of BiOBr and BiOF can be obtained as
-0.33 eV and -0.018 eV, respectively. As commonly understand, the CB
value of the n-type semiconductor is roughly equivalent to the Ep,.
Hence, the relative positions of the CB in BiOBr and BiOF are determined
to be -0.33 eV (vs. NHE) and -0.018 eV (vs. NHE), respectively [51].
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Based on the equations (Eg = Eyp - Ecp), the corresponding Eyp values of
BiOBr and BiOF are 2.62 eV and 3.17 eV (vs NHE, pH = 7), respectively.

Based on the obtained energy band structures values (CB and VB) of
the prepared photocatalysts, two kinds of probable photodegradation
mechanisms including type II or Z-scheme can be utilized to unravel the
LFX degradation mechanism by BiOBr/BiOF-PMS. As shown in Fig. 8 the
BiOBr/BiOF produces carriers upon absorbing photons by the catalyst
(Eq 1). In this process, the photogenerated electrons (e~) can be excited
from VB to CB in BiOBr and BiOF, while the holes (h™) are retained in the
VB of them. It is noted that the presence of defective energy levels of OVs
can enhance the enrichment of the e™ and influences its transfer direc-
tion. From a thermodynamic point of view, BiOBr has a more negative
Ecg (-0.33 eV) than that of BiOF (-0.018 eV), while BiOF has a more
positive Eyp (3.17 eV) than that of BiOBr (2.62 eV). If the photocatalytic
degradation mechanism of BiOBr/BiOF conforms to the type II illus-
trated in Fig. 8a, the photogenerated e in the CB of BiOBr will be
transferred to the CB of BiOF and while the h™ in the VB of BiOF will be
transported to the VB of BiOBr. In this case, the generated e can react
with O; to form O3 and the generated h* would react with Hy0 to
produce e¢OH. Contrary to expectations, this pathway could not take
place due to the fact of the CB potential (-0.018 eV) of the BiOF being
more positive than that Oy/e035 (-0.046 eV). This contradicts the pres-
ence of active species (eO3) identified in the results of the above free
radical trapping test. Hence, it can be ventured that the Z-scheme is the
suitable mechanism in the photocatalytic degradation of LFX by BiOBr/
BiOF-PMS shown in Fig. 8b. After photoexcitation, the photogenerated
e in the CB of BiOF in the Z-scheme heterojunction combines with the
h™ in the VB of BiOBr, thus retaining the h™ with high oxidation capacity
and the e~ with high reduction capacity. In addition, the activation of
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Fig. 8. The schematic illustration of the photodegradation mechanism for LFX by BiOBr/BiOF-PMS system.

PMS in the system promotes the generation of free radicals and thus PMS system dominates the photodegradation of LFX and the existence of

enhances the photodegradation efficiency of LFX, in combination with OVs can promote the enhancement of oxidation capacity.

the main ROS identified through free radical measurements (eSO ). The BiOBr/BiOF + hv — e + h' )
generated e~ and h' can react with O» and H,0 to produce O3 and e + 0z~ e0z 2
eOH, respectively (Eq 2 and 3). The photogenerated e™ simultaneously hj + Hz0 —~ «OH + H - @
react with PMS to form ¢SOy and then the formed:SOZ converts H,O to fsc:; :I_ngo_)_:ss(c))%iro.%l{ fH g;
oOH (Eq 4 and 5). Subsequently, the produced O3 in the system further 05 + eOH — 10y + OH™ ®)
react with h* and eOH to form 0,, respectively (Eq 6 and 7). Finally, «0; +h'" =10, @
LFX is converted into degradation products (CO», H»O and other small #8035/ #03/ eOH/ h*/ 10, + LFX — degradation products ®)

molecules) through the synergistic effects of eSO;, eO3, ¢OH, h' and
10, by BiOBr/BiOF-PMS system (Eq 8). In conclusion, the Z-scheme

mechanism in combination with the PMS activation in the BiOBr/BiOF- The degradation pathways of LFX by BiOBr/BiOF-PMS system were
T ||
0 N~ .\v)
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Fig. 9. Proposed photodegradation routes of LFX by BiOBr/BiOF-PMS system.

11



G. Dong et al.

presumably inferred by analyzing the identified degradation in-
termediates of LFX with LC-MS technology. Fig. S10 shows the obtained
mass spectra of intermediates and Table S4 lists their corresponding
molecular structure formulas. As illustrated in Fig. 9, the degradation for
LFX by BiOBr/BiOF-PMS system can be categorized into 6 types of
pathways, which primarily involve three processes including carboxyl-
ation/decarboxylation, demethylation and the cleavage of piperazinyl
groups attacked by the formed ROS. In pathway I, the P1 (m/z = 322)
was generated due to the cleavage of the piperazine ring and following
elimination of the methyl group in LFX (m/z = 362). Afterwards, P1 also
underwent a structural transformation, finally resulting in the formation
of P2 (m/z = 279). Subsequently, the P2 was transformed P3 (m/z =
217) or P3' (m/z = 167) through decarboxylation and defluorination or
ring-opening reaction [52]. Due to the abundant electron density in
piperazine, pathway II was initiated through cleavage and oxidation of
the piperazine ring, finally resulting in the generation of P4 (m/z = 392)
from LFX (m/z = 362). Afterwards, the elimination of a single carbonyl
group from P4 resulted in the formation of P5 (m/z = 364), while the
remaining carbonyl was further eliminated to yield P6 (m/z = 336). In
addition, the formation of P7 (m/z = 307) occurred through a sequence
of processes involving demethylation, deamination and carbonylation of
P6 [53]. The formation of P8 (m/z = 364) in pathway III is achieved
through the demethylation of LFX, followed by cleavage of the N-C bond
on the aromatic ring, resulting in further oxidation and the generation of
P9 (m/z = 336). The degradation of the piperazine group was occurred
due to ring opening caused by the attack of free radicals. Additionally,
decarboxylation of P9 was occurred leading to the formation of P10
(m/z = 292) [54]. Pathway IV began with the decarboxylation process
of the quinolone ring of LFX, leading to the formation of P11 (m/z =
318). The intermediate P12 (m/z = 298) was formed due to the removal
of fluorine group from P11. P12’ underwent further oxidation through
the breaking of the N-C bond within the aromatic ring, resulting in
decarbonylation and yielding P13 (m/z = 176). Additionally, trans-
formation of compound P11 can lead to the formation of P12"” (m/z =
284) by means of defluorination, demethylation and dehydrogenation
[55]. In pathway V, the initial step of the reaction involves a direct
de-methylation process that leads to the formation of P14 (m/z = 348),
which subsequently underwent conversion into an amino group. Their
intermediates underwent further degradation, resulting in the formation
of P15 (m/z = 298) and P16 (m/z = 190) through de-carboxylation and
de-piperazinylation. Furthermore, by initiating the ring opening of the
benzene group, P17 (m/z = 167) was also gaine [56]. For the pathway
VI, P18 (m/z = 336), P19 (m/z = 307) and P20 (m/z = 279) are initially
formed by reactive radicals (eéSOs and ¢OH) attacking the piperazinyl
group. The ring-opening of the morpholine moiety in P20 could result in
the production of P21 (m/z = 261). The primary factors contributing to
the generation of P22 (m/z = 178), P23 (m/z = 71) and P23’ (m/z = 56)
were identified as defluorination, along with the initiation of benzene
ring and quinolone ring opening processes [57]. Ultimately, LFX is fully
converted into inorganic substances (such as HoO and CO3) through the
fragmentation of functional groups and then degradation into smaller
molecular components under adequate exposure to radiation over
BiOBr/BiOF-PMS system.

4. Conclusion

In summary, we have developed a Z-scheme flower-like BiOBr/BiOF
heterojunction photocatalyst with abundant OVs for constructing a PMS
activation based AOPs (BiOBr/BiOF-PMS) technology to degrade LFX in
aqueous with a facile one-step microwave-assisted hydrothermal
method. After a systematical optimization on the preparation conditions
of BiOBr/BiOF and the photocatalytic operation parameters by evalu-
ating the LFX degradation, the optimal BiOBr/BiOF-PMS system deliv-
ered the highest degradation efficiency (89.8 %) toward LFX at an
optimized condition of 1 mmol-L™! of PMS addition, 20 mg-L ™! of LFX,
20 mg of BiOBr/BiOF and pH = 7, while the BiOBr and BiOF merely lead
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to a lower degradation efficiencies of 44.8 %and 24.0 %. This can mainly
be attributed to the formation of heterojunction between BiOBr and
BiOF together with the existence of abundant OVs, which can efficiently
promote the separation and transfer and inhibit the recombination of the
photogenerated e /h™ pairs. Furthermore, the BiOBr/BiOF has better
stability for multiple runs and universal applicability toward many other
contaminants. The radical trapping experiments and ESR measurements
confirm that the ¢0O3 is the main active species and all the other ROS
including eOH, ¢SOy, 10, together with the h* play a subordinative role
for the degradation of LFX. The degradation pathway of LFX was
explored by LC-MS technique. This present study offers an efficient
strategy for further improving the photocatalytic activity of the bismuth
oxyhalide toward the degradation of antibiotics via PMS activation.
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