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mainly photocatalyzed under acidic conditions and hydrolyzed under alkaline conditions. Combined with active species and degradation product identification, the photocatalytic degradation pathways of CFP by Bi4 O5 Br2 was proposed, including hydrolysis,
oxidation, reduction and decarboxylation. Most importantly, the identified products were
all hydrolysis rather than oxidation byproducts transformed from the intermediate of
β-lactam bond cleavage in CFP molecule, quite different from the mostly previous studies. Furthermore, the final products were demonstrated to be less toxic through the toxicity analysis. Overall, this study illustrates the detailed mechanism of CFP degradation by
Bi4 O5 Br2 and confirms Bi4 O5 Br2 to be a promising material for the photodegradation of CFP.
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Introduction
Cephalosporins (CEPs) belong to β-lactam antibiotics which
have been widely used in treatment of both human and animal diseases as well as in livestock farming and aquaculture.
The detection of CEPs in various natural environments is becoming more and more frequent owing to their increasing production and application (Li et al., 2018a; Tang et al., 2018), as
has caused many problems, mainly developing drug-resistant
bacteria (Ribeiro et al., 2018). Crucially, more toxic and more
persistent transformation products of CEPs can be formed
in their natural attenuation processes (Wang and Lin, 2012).
In the meantime, during the production and application of
drugs, a large quantity of drug-containing wastewaters can
be produced. As well known, wastewater treatment plants
(WWTPs) are not designed to remove these chemicals but
can reduce their concentrations to varying degrees. In most
cases, an incomplete removal occurs and their residues are
released into the environment, resulting in widespread pollution. The release of sewage and wastewater has been recognized as one of main pollution resources of CEPs in environment (Michael et al., 2013). Thus, it is still a great challenge
to find the more efficient technologies to remove CEPs from
sewages or wastewaters.
In the last decade, the advanced oxidation processes
(AOPs) such as ozone (Wang and Zhuan, 2020; Iakovides et al.,
2019) and hydrogen peroxide (Sierra et al., 2020) have been
successfully used in the removal of antibiotics to some extent.
In most situations these oxidation methods can remove or
deactivate the parent drugs completely or significantly. However, for CEPs, byproducts such as sulfoxides are formed and
found to be even more toxic and more persistent (Dodd et al.,
2010; Li et al., 2013). Many efforts have been paid to explore
alternative efficient and green treatment strategies to eliminate these chemicals. For example, Perea et al. (2019) used
electro-generated Cl2 -active on Ti/RuO2 -IrO2 anode to degrade cephalexin-containing effluents and demonstrated
that both the parent drug and its initial sulfoxide by-products
were considerably eliminated. Several authors applied a
more competitive technology, i.e. photocatalytic oxidation to
remove CEPs by employing semi-conductor materials as photocatalysts under ultraviolet (UV) or visible light (Wang and
Zhuan, 2020; Ribeiro et al., 2018). These studies mainly focused on the impurity doping modification of TiO2 (doping
N, Ag and Au) to extend the photocatalytic reaction from UV
region to solar light (Gurkan et al., 2012; Pugazhenthiran et al.,
2013, 2014; Sheydaei et al., 2018). Also, other visible light
response photocatalysts such as Ag3 PO4 /BiOBr (Xiao et al.,
2017), ZnO/α-Fe2 O3 (Wang and Zhuan, 2020) and BN/CdAl2 O4
composites (Kumar et al., 2020) have been conducted towards
CEPs degradation and exhibited outperforming performance.
Clearly, whether impurity doping or heterojunction modification, it tends to suffer from the complexity and high
cost in fabrication, which limits its applications in practice.
Accordingly, there is an imperative need for developing a
feasible photocatalytic system which enables targeted elimination of CEPs with byproducts of non-toxicity while the
photocatalyst preparation process is simple and relatively low
cost.

Recently, bismuth oxyhalide (BiOX, X = Cl, Br and I) photocatalysts have gained immense attention in wastewater treatment under visible light or solar irradiation due to their special 2D layered structure (Feng et al., 2020). But, the photoactivity of pure BiOX is unsatisfactory because of the low
transfer speed of the charge carriers and high photogenerated electron-hole recombination rate (Zhang et al., 2019b).
So, many researchers are attempting to develop new modifying approaches to improve their photoactivity, including doping modification (Zeng et al., 2019), heterostructure/composite
formation (Li et al., 2015; Zhang et al., 2019a) and dehalogenation (Chen et al., 2019; Feng et al., 2020), etc. In the
available approaches, dehalogenation strategy is an effective method that can reduce the halide content and valence
band maximum of BiOX (Zhao et al., 2017), resulting in the
enhanced optical absorption and efficient separation of the
photo-induced electron-hole pairs as compared to ordinary
BiOX, thus higher photoactivity. For instance, Bi5 O7 Br (Su et al.,
2015), Bi4 O5 Br2 (Chen et al., 2019), and Bi4 O5 I2 (Feng et al.,
2020) displayed excellent activity for wastewater treatment
under visible light irradiation. Among the rich-bismuth materials developed, Bi4 O5 Br2 has obtained greatest attention owing to its superior optical, electrical, and photochemical performance. For example, Mao et al. (2016) reported that the removal efficiency of resorcinol by Bi4 O5 Br2 was about 31 times
higher than pure BiOBr within 180 min visible light irradiation. In addition, Wu et al. (2018) found Bi4 O5 Br2 had approximately three times higher reaction rate than pure BiOBr toward bisphenol A degradation. This is also attributed to higher
visible-light absorption and lower interface charge transport
resistance of Bi4 O5 Br2 (Wu et al., 2018). From the available
publications, it can be concluded that Bi4 O5 Br2 is highly capable of degrading various pollutants, but few authors consider
the specific degradation pathway and the toxicity of the final
products of pollutants, which would bring great impact on the
environmental security.
Thus, the aim of this study was not only to investigate
the photocatalytic properties but also the transformation
pathways of CEPs by Bi4 O5 Br2 under visible light. Here, cefoperazone sodium (CFP) was selected as the representative
of CEPs, a third-generation cephalosporin antibiotic widely
used in various infections treatment (Cagnardi et al., 2010;
Sattler et al., 1986). Frequent use of CFP has led to its occurrence in the influent and effluent wastewater samples
(Wang et al., 2011), and finally appearance in the aquatic environment (Ribeiro et al., 2018). Previous studies have demonstrated that besides developing resistance bacteria, CFP can
induce adverse impacts on ecosystems such as affecting
gene expression in zebrafish embryos and causing variable
abnormal phenotypes (Zhang et al., 2013). And, at present
little information available regards the photocatalytic system applications in the degradation of CFP. Also, the photodegradation products data are insufficient in the literature.
In this work, the tested Bi4 O5 Br2 nanosheets were synthesized via solvothermal method with ethanol as solvent at
180°C. The possible factors such as for the improved photocatalytic degradation of CFP by Bi4 O5 Br2 are investigated
in detail, which include a larger BET specific area, narrower
band gap and lower electron-hole recombination efficiency as
compared to BiOBr. In addition, the underlying photodegrada-
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tion process mechanisms (including pathways) were explored
using active oxygen species determination and liquid chromatography mass spectrometry. It was observed that Bi4 O5 Br2
had ability of green degradation CFP through hydrolysis and
oxidation. Meanwhile, the toxicity assessment using Microcystis aeruginosa was also performed to further confirm the nontoxicity of the degradation products.

analysis range of 200-700 nm, and BaSO4 was used as the reference material. The spectrofluorimeter (F-4500, Hitachi, Japan)
was used to determine the photoluminescence (PL) spectra
with an excitation wavelength of 315 nm and the emission
range was 400-500 nm. The electrochemical measurements
were carried out on an electrochemical workstation (Interface
1010E, Gamry, USA).

1.4.

1.

Material and methods

1.1.

Materials

Bi(NO3 )3 5H2 O, potassium bromide (KBr) and sodium hydroxide (NaOH) were obtained from Aladdin Chemical Reagent Co.
Ltd. Ethanol was from Tianjin Tianli Chemical Reagent Co. Ltd.
All reagents were of analytical grade and used without further
purification. Acetonitrile (high performance liquid chromatographic grade (HPLC grade)) and formic acid (HPLC grade) were
bought from Sigma-Aldrich (St. Louis, MO, USA). Cefoperazone
(CFP) sodium was purchased from Ehrenstorfer GmbH. Deionized water was used in all experiments.

1.2.

Synthesis of Bi4 O5 Br2

Bi4 O5 Br2 was synthesized through solvothermal method. In
a typical synthesis process, 10 mmol of Bi(NO3 )3 5H2 O were
dispersed in 40 mL ethanol with continuous stirring, followed
by the addition of 10 mmol KBr to the solution. After stirring
the obtained suspension for 3 hr at room temperature, 2 mol/L
NaOH aqueous solution was added drop wise to adjust the desired pH value (pH = 9, 11 and 12). The obtained mixture was
continuously stirred for another 4 hr, then transferred into a
100 mL Teflon-lined stainless autoclave and heated to 180°C
for 24 hr. After the reaction finished, the autoclave was cooled
naturally to room temperature. Finally, the precipitates were
collected by centrifugation, washed with deionized water and
ethanol several times and dried at 60°C overnight. The synthesized products were marked as Bi4 O5 Br2 -9, Bi4 O5 Br2 -11 and
Bi4 O5 Br2 -12, respectively. For comparison, BiOBr was also synthesized following the same procedures without addition of
NaOH and the natural pH of reaction system is 2.3 in this case.

1.3.

Characterization

The crystalline phase of the samples was analyzed by X-ray
diffraction (XRD, Ultima IV, Rigaku, Japan) with Cu Kα radiation (1.5405 Å) at room temperature. The scanning was carried out in the 5° to 90° range with a scan rate of 8°/min. The
elemental content of the catalysts was further verified by energy dispersive spectrometer (EDS, X-MaxN , Oxford, Britain).
The morphology of the obtained products was characterized
using scanning electron microscopy (SEM, JSM-7500F, JEOL,
Japan). The Brunauer-Emmett-Teller (BET) surface areas were
measured from the nitrogen adsorption/desorption isotherms
at 77 K (liquid nitrogen temperature) by specific surface area
and aperture tester (Jw-Bk112, JWGB, China). The ultravioletvisible diffuse reflectance spectra (UV-vis DRS) were recorded
on a spectrophotometer (UV-3100, Hitachi, Japan) with an
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Photocatalytic experiments

The CFP photocatalytic degradation was conducted in a photochemical reactor equipped with a 350 W Xe lamp for attaining the visible light (λ > 420 nm). The catalyst powder (5 mg)
and 50 mL of the CFP solution (10 mg/L) were added in the
quartz tubes. The resulting suspension was stirred magnetically in dark for 30 min to establish the adsorption-desorption
equilibrium between the photocatalyst and pollutant. Afterwards, the suspension was exposed to light irradiation under
stirring (200 r/min) and merry-go-round during the reaction
process. The suspension (1.5 mL) was taken out every 20 min,
and then filtered through the 0.22 μm filter.

1.5.

Analytical methods

The degradation process of CFP was monitored by high performance liquid chromatography (HPLC, e2695, Waters, USA)
equipped with diode array detector (2998, Waters, USA) (254
nm) using the Kromasil C18 column (250 mm × 4.6 mm, 5 μm)
and a mobile phase consisting of acetonitrile and 0.5% formic
acid (30:70, V:V) at a flow rate of 1.0 mL/min. The column temperature was set at 30°C, and the injection volume was 20 μL.
The degradation products of CFP were analyzed using the
liquid chromatograph tandem mass spectrometer (LC-MS, Q
Exactive Focus, Dionex, USA). Firstly, the samples after 60 min
illumination were filtered using a 0.22 μm nylon syringe filter. The obtained solution was transferred into the solid phase
extraction column and eluted with methanol (up to 5 mL).
Finally, the collected eluate was evaporated to 1 mL under a
stream of nitrogen for the liquid chromatograph-mass spectrometer (LC-MS) analysis. The mobile phase consisted of 0.1
vol.% formic acid in water (A) and methanol (B). The analytes
were analyzed on an Acquity ultra performance liquid chromatography (UPLC) bridge ethane hybrid (BEH) C18 column (50
mm × 2.1 mm, 1.7 μm). The column temperature was set at
35°C, and the gradient elution procedure for the solvent B was
as follows: 5% (0 - 3 min), 40% (11 min), 100% (13 - 15 min) and
5% (16 - 18 min). The retention time of CFP was 11.56 min. The
mass spectrometer was operated at the atmospheric pressure
ionization-electrospray mode with the positive ion detection
in the scan range of 200-1300 mass-to-charge ratio (m/z). The
desolvation temperature was 350°C.

2.

Results and discussion

2.1.

XRD, morphology and EDS

The X-ray diffraction (XRD) patterns of the photocatalysts synthesized at different pH values are presented in Fig. 1. It can be
observed that the primary structure of the crystal was varied
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the Bi/Br value of BiOBr (1.19) was close to 1.00, the theoretical value of BiOBr. These results further confirmed that the
prepared catalysts belonged to the Bi4 O5 Br2 family, coinciding
well with XRD patterns.
The structural characterization demonstrated that the pH
value played a key role in the composition and morphology
of the final products. As previously reported, Br-poor bismuth
oxy-bromides can be obtained from BiOBr through OH¯ gradually substituting Br¯ under alkaline condition (Liu et al., 2015;
Li et al., 2018c). With increasing the amount of NaOH, the samples containing a lower Br¯ content were produced in the end.
The possible reaction process for the formation of the Bi4 O5 Br2
samples in this work can be described as follows (Eqs. (1) - (3)):

Fig. 1 – X-ray diffraction (XRD) patterns of the as-prepared
BiOBr and Bi4 O5 Br2 photocatalysts.

Bi(NO3 )3 + CH3 CH2 OH ↔ [Bi(CH3 CH2 O )]2+ + H+ + 3NO3 −

[Bi(CH3 CH2 O )]2+ +H2 O+Br− ↔ BiOBr ↓ +H+ +CH3 CH2 OH (2)
4BiOBr + 2OH− ↔ Bi4 O5 Br2 + 2Br− + H2 O

with the pH conditions. The corresponding (112), (013), (411),
(422) and (811) planes of Bi4 O5 Br2 located in the XRD patterns
were indexed to a monoclinic Bi4 O5 Br2 structure (JCPDS No.
97-041-2591) (Mao et al., 2016). However, for the reaction solution pH was 9, the typical diffraction peaks of the tetragonal BiOBr phase (JCPDS No. 09-0393) appeared (Ye et al., 2014),
which suggested the formation of BiOBr at a low pH. Meanwhile, with an increase in the pH value, the diffraction peaks
of the BiOBr phase gradually disappeared, and the peaks of
Bi4 O5 Br2 appeared. Obviously, Bi4 O5 Br2 -9 was composed of
BiOBr and Bi4 O5 Br2 phases, while the pure Bi4 O5 Br2 formed
at pH 11 and 12, indicating that the Bi-rich Bi4 O5 Br2 can be
obtained using the solvothermal method with Bi(NO3 )3 and
KBr as the Bi and Br sources in ethanol. Furthermore, the average crystal sizes of the catalysts were calculated according
to Scherrer formula (Hong et al., 2018). As shown in Appendix
A Table S1, the grain size of the samples are about 16.12, 24.88
and 19.29 nm for Bi4 O5 Br2 -9, Bi4 O5 Br2 -11 and Bi4 O5 Br2 -12, respectively. Although Bi4 O5 B2 -11 and Bi4 O5 Br2 -12 both belong
to pure Bi4 O5 Br2 phase, Bi4 O5 Br2 -12 may have smaller carrier
transmission distance and higher electron hole separation efficiency due to its smaller particle size (Dong et al., 2011).
Fig. 2 illustrates the scanning electron microscopy (SEM)
images of the as-prepared samples to reveal the surface microstructure. The pure BiOBr nanosheets exhibited flower-like
structure with an average thickness of 10 nm (Fig. 2a), and
all three Bi4 O5 Br2 samples had an irregular layered structure.
As shown in Fig. 2, the sheet size decreased in all Bi4 O5 Br2
samples (Fig. 2b-d) as compared to BiOBr, and followed the
order Bi4 O5 Br2 -11 > Bi4 O5 Br2 -12 > Bi4 O5 Br2 -9. Also, the more
uneven nanosheets of Bi4 O5 Br2 -9 sample than Bi4 O5 Br2 -11 or
Bi4 O5 Br2 -12 further proved that Bi4 O5 Br2 -9 was a mixed phase
of BiOBr and Bi4 O5 Br2 , in consistence with the XRD results.
In order to understand the chemical composition of BiOBr
and Bi4 O5 Br2 -12, the energy dispersive spectrometer (EDS)
analysis of the materials was performed (Fig. 3). Clearly, both
BiOBr and Bi4 O5 Br2 -12 contained Bi, O and Br, and the obtained Bi/Br molar ratios were listed in Appendix A Table S1.
The results displayed that the Bi/Br value for Bi4 O5 Br2 was
2.14, which approached its theoretical value (2.00). Similarly,

(1)

2.2.

(3)

BET analysis

Generally, a larger surface area leads to a higher number of
the active sites for the pollutant adsorption, which is beneficial for the photodegradation reaction (Chhabra et al., 2019).
The surface area and pore structure of the catalysts prepared at different pH values were analyzed via the nitrogen
adsorption-desorption isotherms and pore size distribution
curves. As shown in Fig. 4a, the catalysts exhibited typical type
IV isotherms with H3 type hysteresis loops based on the International Union of Pure and Applied Chemistry (IUPAC) classification, which manifested the presence of mesoporosity in
their structure (Ao et al., 2014; Mao et al., 2016). The specific
surface area values of different catalysts are as follows. For
BiOBr, the obtained surface area was 21.14 m2 /g, while the surface areas of Bi4 O5 Br2 -9 and Bi4 O5 Br2 -11 samples were calculated to be 19.82 and 16.04 m2 /g, respectively. Bi4 O5 Br2 -12
sample demonstrated the highest specific surface area (22.15
m2 /g) among the prepared samples, indicating that the pH
value had a vital influence on the structure of the final materials. In addition, for the Bi4 O5 Br2 -12 sample, through the
N2 adsorption-desorption isotherm in Fig. 4a, we found that
the pore structure of Bi4 O5 Br2 -12 has strong interaction with
N2 at a low relative pressure, leading to the rapid adsorption.
When the relative pressure increases, the pore structure on
the surface is filled to saturation and then the turning point
appeared. N2 will continue to be adsorbed due to the gaps between catalyst particles, and then there is no platform after
saturation (Destefano et al., 2017). Bi4 O5 Br2 -11 is also a kind
of IV isotherm as same as Bi4 O5 Br2 -12, but its adsorption to
N2 in the low relative pressure region is weaker than that of
Bi4 O5 Br2 -12. Therefore, the pore structure of Bi4 O5 Br2 -12 surface is more abundant, which is conducive to the separation
of photogenerated carriers and the improvement of photocatalytic activity (Liu et al., 2014). And as shown in Fig. 4b,
the obtained pore size distribution through the Barrerr-JoynerHalenda (BJH) method displayed that the Bi4 O5 Br2 catalysts
were porous materials with a size range of 1-4 nm. As a result,
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Fig. 2 – Scanning electron microscopy (SEM) images of the as-prepared (a) BiOBr, (b) Bi4 O5 Br2 -9, (c) Bi4 O5 Br2 -11, and (d)
Bi4 O5 Br2 -12 photocatalysts.

Fig. 3 – Energy dispersive X-ray spectrometry (EDS) of the as-prepared (a) BiOBr and (b) Bi4 O5 Br2 photocatalysts. cps: counts
per second.

Fig. 4 – (a) Nitrogen adsorption-desorption isotherms and (b) corresponding pore size distribution curves of the as-prepared
photocatalysts. dV/dD: pore volume.
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Fig. 5 – (a) Ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) of the as-prepared photocatalysts and (b) Mott-Schottky
curves of BiOBr and Bi4 O5 Br2 -12. C−2 : the inverse square of space charge capacitance; SCE: saturated calomel reference
electrode.

the larger surface area and abundant porosity of Bi4 O5 Br2 can
efficiently help to promote the adsorption of pollutants and
their photocatalytic degradation in comparison with BiOBr.

tion, the potentials can be converted to the normal hydrogen
electrode (NHE) potentials (E (NHE)) using the following equation (Liang et al., 2019).

2.3.

E (NHE ) = E (SCE ) + 0.24

Optical property analysis

The optical absorption properties and response of the catalysts synthesized at different pH values were evaluated by UVVis absorption spectroscopy. As shown in Fig. 5a, pure BiOBr
had an absorption onset at about 470 nm, whereas the absorption edge of Bi4 O5 Br2 synthesized at pH = 12 was noted
at about 585 nm. The optical absorption edges of Bi4 O5 Br2 -9
and Bi4 O5 Br2 -11 were between those of BiOBr and Bi4 O5 Br2 12, which signified that the absorption edges were monotonically extended to a higher wavelength on increasing the pH
value. The optical band-gap energy of the prepared samples
was estimated according to Eq. (4):
Eg = 1240/λ

(4)

where λ (nm) and Eg (J) represent the absorption edge wavelength and band-gap energy (Torki and Faghihian, 2017), respectively. The band-gap values of the as-prepared catalysts
were estimated to be 2.64, 2.52, 2.36 and 2.12 eV for BiOBr,
Bi4 O5 Br2 -9, Bi4 O5 Br2 -11 and Bi4 O5 Br2 -12, respectively, which
showed that Bi4 O5 Br2 can effectively narrow the energy gap as
compared to BiOBr, leading to superior absorption of photons
in the solar energy spectrum. As the energy band structure
had a significant influence on the activity of the photocatalysts (Zeng et al., 2019), the Mott-Schottky method was employed to survey the band energy potential of the prepared
samples. As displayed in Fig. 5b, Bi4 O5 Br2 -12 and BiOBr both
exhibited obvious n-type semiconductor characteristics with
a positive slope for the inverse square of space charge capacitance (C−2 ) versus potential curve, and their flat band potentials were determined to be –0.48 and –0.70 eV (vs. saturated
calomel electrode (SCE)). The conduction band potential (CB)
has been observed to be about 0.1 V above flat band potential
(Efb ) for many n-type semiconductors (Sun et al., 2014). Therefore, the CB edge potentials of Bi4 O5 Br2 and BiOBr were estimated to be –0.38 and –0.60 eV (vs. SCE), respectively. In addi-

(5)

where E (SCE) is saturated calomel electrode potential. Based
on Eq. (5), the conduction band potentials (ECB ) of Bi4 O5 Br2 and
BiOBr were calculated to be –0.14 and –0.36 eV (vs. NHE). Using
the equation EVB = Eg + ECB , the valence band positions (EVB )
of Bi4 O5 Br2 and BiOBr were 1.98 and 2.28 eV. Similar results
have been reported by Di et al. (2016).

2.4.

Charge separation property

The photocatalytic efficiency of the catalyst partly depends on
its quantum efficiency, which is usually estimated through the
corresponding photoluminescence (PL) spectrum. In general,
the PL spectrum provides information about the separation
and recombination of the photo-induced charge carriers. The
higher the PL intensity, the higher is the recombination rate
of the photogenerated electrons and holes (Wu et al., 2019).
Fig. 6a presents the PL intensity of the samples including
BiOBr, Bi4 O5 Br2 -9, Bi4 O5 Br2 -11 and Bi4 O5 Br2 -12, in a descending order. Compared with BiOBr, all Bi4 O5 Br2 samples demonstrated much reduced emission intensity, implying that the
small Br to O ratio can increase the separation rate of photogenerated electrons and holes, which has been reported in
many previous studies (Wu et al., 2018). Meanwhile, the higher
separation rate of Bi4 O5 Br2 -12 than Bi4 O5 Br2 -11 mainly ascribed to its smaller particle size and abundant pore structure
which have been inferred in XRD and Brunner-Emmet-Teller
(BET) results.
Also, the electrochemical impedance spectra (EIS) could
reveal the capability of interfacial charge transfer of the
electrode-electrolyte (Zhang et al., 2020; Xing et al., 2020). Generally speaking, a smaller arc size means a lower charge transfer resistance on the surface thus a higher charge transfer efficiency (Chen et al., 2020; He et al., 2020). From Fig. 6b, it displayed that the arc radius of Bi4 O5 Br2 was smaller than that
of pure BiOBr, suggesting higher charge migration efficiency

journal of environmental sciences 100 (2021) 203–215

209

Fig. 6 – (a) Photoluminescence spectra and (b) electrochemical impedance spectra of the catalysts prepared at different pH
values. Z : real impedance; Z : imaginary impedance.

of the Bi4 O5 Br2 . Combining PL with EIS results, Bi4 O5 Br2 has
higher separation and transfer efficiency and thereby presents
better photocatalytic activity than that of BiOBr, which is consistent with their photocatalytic activity tested later.

2.5.

in degradation CFP experiments, indicating that the prepared
material had good reusability and desired photocatalytic performance.

2.6.

Photodegradation mechanism

2.6.1.

Effect of solution pH

Photocatalytic degradation of CFP

Fig. 7 summarizes the photoactivity of the catalysts synthesized at different pH values for the degradation of CFP under visible light. The adsorption-desorption equilibrium between the CFP solution and samples could be reached by stirring for 30 min under dark conditions prior to irradiation.
Pure BiOBr exhibited limited photocatalytic activity and only
38% of CFP was removed after 120 min irradiation, while all
Bi4 O5 Br2 showed superior performance to BiOBr for CFP removal, in which Bi4 O5 Br2 -12 had the highest photocatalytic
activity with a removal rate of 78% (Fig. 7a). In order to quantitatively evaluate the reaction kinetics of the CFP degradation over the prepared samples, the pseudo-first order relation (ln(C0 /Ct ) = kt), where C0 is the initial CFP concentration,
Ct is the concentration of CFP in the solution at time t and
t is the reaction time, was used to fit the experimental data.
The kinetic rate constant (k) values of four nanosheets were
in the following order: BiOBr (k = 0.00299 min–1 ) < Bi4 O5 Br2 9 (k = 0.00362 min–1 ) < Bi4 O5 Br2 -11 (k = 0.00639 min–1 ) <
Bi4 O5 Br2 -12 (k = 0.00925 min–1 ) (Fig. 7b), which accorded well
with that of their charge separation efficiency (Fig. 6). These
results fully proved that bismuth-rich phase Bi4 O5 Br2 could
enhance the photocatalytic activity of the bismuth oxybromide photocatalysts, as also reported in other studies (Li et al.,
2018b). Furthermore, the mineralization of CFP by four catalysts was measured through the total organic carbon (TOC)
removal. Fig. 7c shows that the TOC removal of CFP by three
Bi4 O5 Br2 (30.68%-50.12%) after 120 min irradiation under visible light is much higher than that of pure BiOBr (25.45%). However, the TOC of CFP solution during the photocatalytic degradation period by Bi4 O5 Br2 decreased but not completed. Considering that Bi4 O5 Br2 -12 had the best mineralization ability,
its reusability and stability were further examined by performing the cycling experiments. As shown in Fig. 7d, the photocatalytic activity decreased by only about 7% after five cycles

The solution pH is considered to be an important factor as it
influences the surface charge properties of the semiconductors as well as the substrates (Pourtaheri and NezamzadehEjhieh, 2015). Fig. 8a shows the effect of solution pH on the
degradation of CFP by Bi4 O5 Br2 . Apparently, there is little difference in the degradation performance of Bi4 O5 Br2 at the solution pH values tested. This observation can be explained
by taking into consideration the species of both the antibiotics and catalyst at different pH. CFP has two dissociation
constants, i.e. pKa1 = 4.5 and pKa2 = 6.5, respectively (ElShaboury et al., 2007). For Bi4 O5 Br2 , the zero-point charge, determined by zeta potential, was 4.3, as presented in Fig. 8b.
Hence, the Bi4 O5 Br2 surface is positively charged at pH <
4.3 and negatively charged at pH > 4.3. The interactions between Bi4 O5 Br2 and CFP and the corresponding dark reaction
results after 30 min are depicted in Fig. 9 and Appendix A
Table S2.
As can be seen from Fig. 9, the removal rate of CFP by adsorption on Bi4 O5 Br2 should be lower at pH 3.12 and 8.75 due
to the electrostatic repulsion. However, the removal rate of CFP
after 30 min reaction in dark at different pH values exhibits a
small difference in the presence of Bi4 O5 Br2 (Appendix A Table S2). Notably, the removal rate of CFP at different solution
pH values increased by more than 20% after 30 min reaction
in dark using Bi4 O5 Br2 in comparison to the case without catalyst, indicating the effective adsorption behavior of Bi4 O5 Br2
along with its ability to catalyze the hydrolysis of CFP.
Appendix A Fig. S1 shows the chromatogram for the sample after 30 min adsorption in dark at different solution pH
conditions. Based on the chromatograms, the PA (hydrolytic
product) peak was gradually increased as the solution pH
changed from 3.12 to 8.75, indicating that Bi4 O5 Br2 not only
exhibited the adsorption ability for CFP, but also promoted its
hydrolysis. In other words, during the 30 min dark adsorption,
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Fig. 7 – (a) Photocatalytic degradation curves of cefoperazone (CFP), (b) the corresponding kinetic rate constants, (c) total
organic carbon (TOC) removal of CFP after photodegradation 120 min by the as-prepared photocatalysts, and (d) the cycling
performance of Bi4 O5 Br2 -12. Reaction conditions: concentration of CFP ([CFP]) = 10 mg/L, catalyst dosage ([Cat.]) = 0.1 g/L. C0 :
the initial CFP concentration; Ct : the concentration of CFP in the solution at irradiation time t; k: the kinetic rate constant;
TOC/TOC0 : the total organic carbon removal rate.

Fig. 8 – (a) Effect of solution pH on the CFP photodegradation efficiency and (b) zeta potential of the Bi4 O5 Br2 -12 catalyst.
Reaction conditions: [CFP] = 10 mg/L, [Cat.] = 0.1 g/L, visible light.

CFP mainly adsorbed at low pH and hydrolyzed at high pH, as
shown in Appendix A Table S2 and Fig. S1.
Additionally, a high extent of degradation of CFP has been
presented at different solution pH values after 120 min illumination in Fig. 8a. As noted from Appendix A Fig. S1d, as

the solution pH changed, the degradation products were also
changed correspondingly owing to the different degradation
mechanism of CFP. Four degradation products (denoted as
Pa - Pd) were observed at all solution pH conditions. Besides,
other degradation products (denoted as Pe - Pi) were mainly
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Fig. 9 – Interaction between CFP and Bi4 O5 Br2 -12 under
different pH conditions.

no distinctive change in the degradation rate was detected after the addition of the typical quencher of •OH, isopropyl alcohol (IPA), which confirmed that •OH was not the main active
species during the photodegradation process.
The proposed mechanism for the photodegradation of CFP
over Bi4 O5 Br2 is illustrated in detail in Fig. 11. The electronhole (e− -h+ ) pairs were first formed under the visible-light irradiation, with the electrons in the conduction band (CB) and
the holes in the valence band (VB). According to the MottSchottky measurement of Bi4 O5 Br2 in Fig. 5b, its valence band
potential of 1.98 eV is lower than that for •OH/H2 O (2.27 eV)
or •OH/OH− (2.38 eV) (Yang et al., 2016), therefore, •OH cannot
be formed. Moreover, the CB potential (–0.14 eV) of Bi4 O5 Br2
is sufficiently negative to the redox potential of O2 /•O2 − (E0
(O2 /•O2 − )) (–0.046 eV vs NHE) (Sheng et al., 2014). Consequently,
the electrons in the CB of Bi4 O5 Br2 are able to reduce the
surface-adsorbed O2 to generate •O2 − . Therefore, the process of the photocatalytic degradation reaction is mainly controlled by the oxidation resulting from h+ and •O2 − rather than
•OH, in agreement with the previously reported trapping experiments (Wu et al., 2018).

2.6.3.

Fig. 10 – Effect of the scavengers on the CFP degradation
rate. BQ: benzoquinone; IPA: isopropyl alcohol; TEOA:
triethanolamine.

formed under acidic condition (pH = 3.12), while a new degradation product (denoted as Pj) was observed under weakly alkaline condition (pH = 8.75). The number of degradation products was the most at pH = 5.53, including 10 products (Pa –
Pj). The observed phenomenon may be associated with the
fact that CFP is mainly photocatalyzed under acidic conditions, hydrolyzed under alkaline conditions, while photocatalytic degradation and hydrolysis coexist at pH 5.53.

2.6.2.

Possible photodegradation mechanism

To identify which reactive species playing a key role in the
photocatalytic process, trapping experiments were implemented. Triethanolamine (TEOA), isopropyl alcohol (IPA) and
1,4-benzoquinone (BQ) were employed as the capture agents
for the photogenerated holes (h+ ), hydroxyl radicals (•OH) and
superoxide radicals (•O2 − ) in the photocatalytic reaction process, respectively (Su et al., 2018; Luo et al., 2019). As displayed
in Fig. 10, the degradation efficiency of CFP was evidently inhibited by the addition of BQ, suggesting that •O2 − had a key
influence on the photocatalysis process. In addition, it could
be seen that the degradation efficiency of CFP was also affected by the addition of TEOA, indicating that h+ was another
active species responsible for the CFP removal. Nevertheless,

211

Primary degradation products

In order to identify the possible pathway for the CFP degradation, samples taken at 60 min illumination were studied using
high performance liquid chromatography-mass spectrometry
(HPLC-MS) in the positive mode. Based on the obtained total
ion chromatogram (Appendix A Fig. S2) and the corresponding mass spectra (Appendix A Fig. S3), eight major products of
CFP were detected, and the results are displayed in Appendix
A Table S3. The products at m/z 425, 295a, 261, 377, 393, 399,
349, and 295b correspond to eight kinds of molecular structure (denoted as P1, P2, P3, P4, P5, P6, P7 and P8) in Appendix A
Table S3, respectively. CFP at a retention time (tR ) value of 11.54
min firstly transformed into P1 (m/z = 425) through the hydrolysis of the β-lactam bond and leaving of C-3 methylene substituent and C-7-acylamido side-chain substituent (He et al.,
2019). The decarboxylation process has been proved for the
formation of P2 at m/z 295 (Peterson et al., 2012). The other
degradation pathway firstly led to the cleavage of the β-lactam
of CFP (m/z = 646), resulting in the byproduct P3 (m/z = 261)
and P4 (m/z = 377), which was consistent with the fragment
patterns presented by Wang et al. (2017). Furthermore, the
product P5 (m/z = 393) was generated from the oxidation of
the aldehyde group on P4 by •O2 − /h+ (Ding et al., 2017). The
degradation product P6, with an m/z of 399, might form from
the carbanyl group on P5 via the reducing action of the electrons produced by photocatalysis (Bansal and Verma, 2018).
Subsequently, the major fragments ion at m/z 349 (P7) was produced due to the decarboxylation of P5. Finally, the intermediate product P8 (m/z = 295b) was formed by the hydrolysis of
the amide bond of piperazinedione in P7.
On the basis of the above products identified it can be concluded that CFP had four photocatalytic degradation pathways by Bi4 O5 Br2 under visible light (Fig. 12), including hydrolysis, oxidation, reduction and decarboxylation. Noticeably, the identified products were all hydrolysis rather than
oxidation byproducts transformed from the intermediate of
β-lactam bond cleavage in CFP molecule, quite different from
the mostly previous studies. This is extremely significant
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Fig. 11 – Possible photocatalytic degradation mechanism of CFP on Bi4 O5 Br2 . CB: conduction band; VB: valence band.

Fig. 12 – Proposed pathways for the photocatalytic degradation of CFP by Bi4 O5 Br2 . m/z: mass-to-charge ratio; P1-P8: eight
different degradation products.
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Fig. 13 – Antibacterial activity of CFP and its degradation solution against Microcystis aeruginosa.

for CEPs-containing wastewater treatment because their hydrolysis products have no antibacterial activity (Hou and
Poole, 1971) and hence their biodegradability can be improved
largely and reduced the environmental risks greatly (Cai et al.,
2017; Duan et al., 2019).

2.6.4.

Toxicity analysis

Although a variety of methods have been applied to remove
CEPs, some of their transformation products display even
higher toxicity than the parent compounds. To further confirm the antimicrobial activity of the residual CFP transformation products by Bi4 O5 Br2 , toxicity analysis is carried out in our
study. A few research studies have shown that cephalosporins
not only exhibit a broad spectrum of antimicrobial activity, but
also impart a certain elimination effect on the freshwater algae (Chen and Guo, 2012). Therefore, Microcystis aeruginosa was
selected to test the antibacterial activity of the CFP degradation products. The operation steps are as follows: firstly, under
the same conditions, take 80 mL of algae in three 250 mL conical flasks and add 20 mL of the blank (deionized water), photodegradation solution (CFP solution after degradation for 60
min) and initial CFP solution into the flasks, respectively. The
flasks were placed in the incubator for closed culture, and artificial light was applied in the completely isolated transparent
container. As shown in Fig. 13, after three days of training, the
amount of algae added to CFP contained a lot of apoptosis, and
the solution turned pale yellow. On the other hand, the green
Microcystic algae added to the degraded solution had the same
appearance as the blank, implying that the antibacterial activity of the degradation products was greatly reduced. Hence,
the methodology used in this work not only enhanced the removal efficiency of CFP, but also exhibited an environmentally
friendly way to reduce the toxicity of the degradation products.

3.

Conclusions

In this work, Bi4 O5 Br2 nanosheets were successfully prepared
via a simple solvothermal method in ethanol. The morphology, crystal structure, optical properties and band structures
of the obtained samples were investigated. In comparison to
BiOBr, the Bi4 O5 Br2 nanosheets displayed superior photoactivity for CFP degradation, with an optimal CFP removal of
78% under 120 min illumination. In addition, an increase in
the solution pH had an insignificant effect on the degradation
performance, thus, indicating a vital advantage for practical

applications. The trapping experiments indicated that •O2 −
and h+ were the main reactive species during the visible-light
based photocatalytic process. Also, to note, the LC-MS and toxicity analysis showed that the less toxic products produced by
the degradation of CFP would have significant influence on the
practical requirements for antibiotic removal. In summary, the
strategy using Bi4 O5 Br2 to remove CFP is not only efficient, but
represents a green process.
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