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ent from a wastewater treatment plant in a photo-Fenton-like system, respectively. The remarkable performance was attributed to the fact that photogenerated electrons accelerated
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inorganic ions were explored. The reactive oxidation species (ROS) quenching results and
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electron spin resonance (ESR) spectra confirmed that •O2 − and •OH were responsible for
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the dark and photo-Fenton-like systems, respectively. The degradation mechanisms and
pathways of TCH were proposed, and the toxicity of products was evaluated. This work
contributes a highly efficient and environmentally friendly catalyst and provides a clear
mechanistic explanation for the removal of antibiotic pollutants in environmental remediation.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
The antibiotic tetracycline hydrochloride (TCH) has been
increasingly used to treat human diseases. However, the
∗

extensive use of TCH can pose a threat to human health
and cause water environmental pollution because of its carcinogenicity and metabolism resistance, even at low concentrations (Chen et al., 2020). Furthermore, effluent organic
matter (EfOM) in real secondary effluent from wastewater
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treatment plants (WWTPs) is difficult to remove by conventional wastewater treatment processes, such as chemical precipitation (Le et al., 2020), biological treatment (Vu and
Wu, 2020) and adsorption (Jiang et al., 2020). There is thus an
urgent need to develop effective technologies to address these
environmental issues.
Heterogeneous photo-Fenton-like technology has been
shown to be an efficient method for water decontamination,
especially for non-biodegradable pollutants. H2 O2 can be efficiently activated by transition metal-based catalysts and generate abundant •OH across a wide pH range, which has a
high redox potential (2.72 V vs. NHE) (Han et al., 2020) and
could non-selectively mineralize pollutants into less-toxic
products, such as CO2 and H2 O, with a high rate constant
(106 ˜109 M−1 S−1 ) (Li et al., 2020). CuFe2 O4 (CFO) with an inverse spinel structure has been widely studied as an effective
p-type heterogeneous catalyst in the water treatment field
because of its low toxicity (Ma et al., 2020), magnetic properties (Chen et al., 2020) and active activation of H2 O2 with
Cu and Fe (Li et al., 2017). However, the high charge recombination rate, low valence band (VB) potential and conversion
rate of Fe(III)/Fe(II) and Cu(II)/Cu(I) limit its practical application (Li et al., 2019). Consequently, various methods have
been developed to address the aforementioned shortcomings, including metal doping (Koley et al., 2020), morphology
control (Shi et al., 2019) and the construction of heterojunctions (Meng et al., 2020). Among these methods, constructing heterojunctions with other catalysts has been considered
a particularly promising method for achieving high catalytic
performance.
Heterostructures reported for the photo-Fenton-like degradation of pollutants to date include CFO@g-C3 N4 (Yao et al.,
2015), CFO@C (Guo et al., 2017) and CFO@GO (Lin and Lu,
2019). Although considerable effort has been made to enhance the charge separation efficiency and ion conversion
rate for improved catalytic performance, the reactive oxidation species (ROS) mechanism remains unclear. Bi2 WO6
(BWO) is a typical n-type semiconductor material that has
attracted wide attention because of its higher VB potential and rich active sites (Zhu and Zhou, 2020). Given
the matching of the band structure between BWO and
CFO, BWO has been considered a prime material for constructing an intimate p-n heterojunction for the rapid removal of pollutants. To date, no studies have examined the
degradation of the recalcitrant pollutants with BWO/CFO
catalyst.
Here, the BWO/CFO catalyst was accurately designed
to efficiently remove emerging pollutants and reveal the
ROS mechanism. We successfully fabricated BWO/CFO heterostructure using a simple two-step method. The physical
composition, microstructure, optical properties and photovoltaic properties were investigated in detail. We found that
magnetic BWO/CFO could serve as a photo-switch for •O2 −
and •OH-dominated catalysis in dark and photo-Fenton-like
systems, respectively. Furthermore, factors affecting degradation such as H2 O2 concentration, initial pH, catalyst dosage,
pollutant concentration and inorganic ions were further analyzed to provide insight into the practical applicability of
the catalyst. Finally, the possible degradation mechanism and

pathways for TCH and the toxicity of products were proposed,
respectively.

1.

Materials and methods

1.1.

Materials preparation and characterizations

BWO was synthesized by a facile hydrothermal method. Bismuth nitrate (1.94 g) was dissolved into 32.0 mL of solution
including 12.0 mL of acetic acid and 20.0 mL of water. Subsequently, 20.0 mL of 0.2 mol/L disodium hydrogen phosphate
solution was added dropwise into the aforementioned bismuth nitrate solution. After stirring for 1 hr, the mixed solution was heated at 180 °C for 16 hr in a Teflon-lined autoclave.
The resultant precipitates were washed by water and ethanol
successively, followed by drying at 70 °C for 10 hr to obtain
BWO powder.
BWO/CFO was prepared by a solvothermal method. A stoichiometric amount of BWO (molar ratio of BWO to CFO at
x = 5%, 10% and 15%) was dispersed into 70.0 mL of ethylene
glycol with ultrasound. Next, 0.68 g of copper chloride and 2.16
g of ferric chloride were simultaneously dissolved into the turbid solution. Afterwards, 1.60 g of sodium acetate and 1.30 g
of cetyltrimethylammonium bromide were placed into the solution. The obtained mixture was added into an 80.0-mL autoclave and kept at 200 °C for 12 hr. The precipitates were
washed with water and ethanol, followed by drying at 70 °C
for 10 hr. The resulting products were placed into a crucible
and calcined at 400 °C for 2 hr. The composites were referred
to as xBWO/CFO (x = 5, 10 and 15). The characterizations are
shown in Appendix A Text S1.

1.2.

Catalytic tests

The catalytic performance of the catalysts was evaluated by
the oxidation of TCH and secondary effluent (collected from
the municipal WWTP in Changchun, China). Next, 100.0 mg of
catalysts was added into 100.0 mL of TCH solution (20.0 mg/L)
or 50.0 mL of raw secondary effluent. After ultrasonication for
5 min, the mixture was stirred for 30 min in the dark, and 50.0
μL of H2 O2 (30.0 wt%) was introduced into the system to initiate the reaction with the assistance of visible light irradiation. Three-mL samples were taken every 5 min and immediately quenched with 20.0 μL of n-butanol after filtering with
0.22-μm membrane filters. A high-performance liquid chromatograph (HPLC, Agilent 1100, Germany) was used to identify
the TCH concentration. The mobile phase (V/V) consisted of
acetonitrile (10%) and acetic acid (90%). The flow rate was 1.0
mL/min, and the detection wavelength was 357.0 nm. The TOC
removal efficiencies of different samples were determined by
a TOC analyzer (TOC, SSM-5000A, Japan). Triplicate parallel experiments were performed, and error bars were included in
the degradation curves.
In the ROS quenching experiment, the scavengers were
n-butanol for •OH, KI (10.0 mmol/L) for •OHsurf , formic acid
(1.0 mmol/L) for h+ , KBrO3 (10.0 mmol/L) for e− and pbenzoquinone (p-BQ) (1.0 mmol/L) for •O2 − . The toxicity tests
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of BWO/CFO, TCH and products are shown in Appendix A
Text S2.

2.

Results and discussion

2.1.

Structure and morphology

X-ray diffraction (XRD) patterns were characterized to investigate the structure of the catalysts. The diffraction peaks (2θ )
at 30.2°, 35.5°, 47.3°, 53.6°, 57.1° and 62.7° corresponded to the
(220), (311), (331), (422), (511) and (440) planes of cubic spinel
CFO (JPCD NO. 77-0010), respectively (Fig. 1). Diffraction peaks
at 28.3°, 32.7°, 47.1°, 55.9° and 58.5° were attributed to the (131),
(060), (202), (133) and (262) planes of russellite BWO (JPCD NO.
39-0256), respectively. In addition, both CFO and BWO diffraction peaks were detected in the BWO/CFO composites, indicating that BWO and CFO had been combined successfully.
The morphology and microstructure of BWO, CFO and
10BWO/CFO are shown in Fig. 2a-g. In Fig. 2a, BWO was assembled from numerous irregular nanosheets. In Fig. 2b, CFO
was a spherical structure with a diameter of ˜150 nm and had
a rough and porous shell, which was composed of abundant
nanoparticles (NPs). The scanning electron microscopy (SEM)
image of 10BWO/CFO (Fig. 2c) shows that CFO NPs were tightly
attached on the irregular BWO sheet. In Fig. 2d, the transmission electron microscopy (TEM) image shows that the diameter of CFO NPs was approximately 5 nm and that CFO
NPs were evenly distributed on the BWO sheet, demonstrating
the coexistence of BWO and CFO. In addition, high-resolution
transmission electron microscopy (HRTEM) (Fig. 2e–g) revealed
an interface contact between CFO NPs and BWO sheet, and
interlaced lattice could be clearly observed, indicating that
10BWO/CFO was strongly coupled and in close contact. The
lattice spacing of 0.252 nm was attributed to the (311) plane
for CFO, while the lattice spacing of 0.295 nm was attributed
to the (131) plane for BWO, which was consistent with the XRD
results. In Fig. 2h, the elemental mapping images show the
good dispersibility of the Bi, W, O, Cu and Fe elements, further demonstrating that CFO has grown well on the surface of
BWO.

Fig. 1 – XRD patterns of CuFe2 O4 (CFO) and Bi2 WO6 (BWO)
and BWO/CFO composites with different molar ratios.

Fig. 2 – SEM images of (a) BWO, (b) CFO and (c) 10BWO/CFO;
(d) TEM image; (e-g) HRTEM images of 10BWO/CFO; and (h)
STEM and STEM elemental mapping of Bi, W, O, Cu and Fe.

X-ray photoelectron spectroscopy (XPS) was used to investigate the surface valence and chemical composition. In
Fig. 3a, Cu, Fe, O, C, Bi and W elements were observed in survey spectra of 10BWO/CFO composite, and the C element was
derived from the equipment itself. In the Bi 4f spectra (Fig. 3b),
the peaks at 159.0 and 164.3 eV corresponded to Bi 4f7/2 and Bi
4f5/2 , respectively (He et al., 2020). In Fig. 3c, the peaks at 35.1
and 37.8 eV, originating from W 4f7/2 and W 4f5/2 , respectively,
were clearly observable in the W 4f spectra (Wang et al., 2020).
The O 1s spectra (Fig. 3d) were divided into two peaks. The
peak located at 531.5 eV was consistent with the presence of
O−H on the surface of the sample (Guo et al., 2020), while the
binding energy at 530.1 eV was attributed to the lattice oxygen
in BWO/CFO (You et al., 2020). In the region of the Cu 2p spectra
(Fig. 3e), the peaks located at 954.5 and 934.2 eV were ascribed
to Cu 2p1/2 and Cu 2p3/2 , respectively (Liu et al., 2021). Moreover, two peaks at 934.2 and 936.8 eV were consistent with the
presence of Cu2+ on octahedral and tetrahedral sites, respectively (Guo et al., 2021), whereas the peaks at 941.7 and 944.1
eV were similar to those of dominated Cu (II) oxide species
(Dong et al., 2021). In Fig. 3f, the peaks at 711.3 and 719.5 eV
demonstrated the existence of Fe3+ cations (Niu et al., 2021),
and the peaks at 711.3, 713.4 and 725.1 eV corresponded to
Fe 2p1/2 and Fe 2p3/2 spectra, respectively. Moreover, the peak
at 713.4 eV, between the peaks at 711.3 eV and 718.5 eV, indicated that Fe3+ was in two coordination environment, which
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Fig. 3 – XPS spectra of 10BWO/CFO composite for (a) Survey, (b) Bi 4f, (c) W 4f, (d) O 1s, (e) Cu 2p and (f) Fe 2p.

accorded well with octahedral and tetrahedral sites of Fe3+ ,
respectively (Gu et al., 2008).

2.2.

Optical property analysis

UV-Vis diffuse reflectance spectra (DRS) revealed the optical
properties of samples. Pristine CFO showed a strong response
in the wavelength range of 300–800 nm, and the visible light
absorption decreased as the loading of BWO increased (Fig. 4a).
This was attributed to the weak visible light absorption of pristine BWO stemming from its intrinsic wide band gap. According to the Kubelka-Munk method (Song et al., 2020), the band
gaps (Eg) for pristine CFO and BWO were calculated to be 1.90
and 2.85 eV (Fig. 4b and c), respectively.

2.3.

Photovoltaic property analysis

Surface photovoltage (SPV) technology was used to detect the
surface/interface photogenerated charge behavior of catalysts
(Li et al., 2020). In Fig. 5a, BWO as an n-type semiconductor material had a positive response, which was ascribed to
the direction of the surface electric field from bulk to surface. Pristine CFO exhibited a negative response in 300–600
nm, which is a representative characteristic of p-type semi-

conductors because of their surface built-in electric field from
surface to bulk (Das et al., 2020). The negative SPV response
first decreased after the initial introduction of n-type BWO
(5BWO/CFO), which meant that more holes transferred to the
surface and combined with electrons. The strongest SPV response for 10BWO/CFO was observed, which might be attributed to the fact that the intensity of the electric field increased and eventually exceeded the intensity of the surface
electric field after the amount of BWO increased to 10%, thus,
more electrons of CFO transferred to BWO, and the holes of
BWO to CFO permit the charge separation efficiency to be
maximized. However, excessive BWO (15BWO/CFO) can create a recombination site for photogenerated charges, leading
to a lower SPV response (Qin et al., 2019). The photoluminescence (PL) measurement was further performed to investigate the radiative recombination process of the photogenerated charge. Compared with pristine CFO and BWO, the asprepared BWO/CFO composites exhibited a lower PL response
(Fig. 5b), which indicated that the interface electric field between BWO and CFO efficiently inhibited the charge recombination. Moreover, 10BWO/CFO exhibited the lowest PL response, suggesting that 10BWO/CFO had the lowest recombination possibility among the photogenerated electron-hole
pairs, which was consistent with the SPV results.
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Fig. 4 – (a) UV–vis DRS spectra of CFO, BWO and BWO/CFO composites with different molar ratios; band gaps of (b) pristine
CFO and (c) BWO.

Fig. 5 – (a) SPV and (b) PL spectra of a-prepared composites.

2.4.

Catalytic performance

The control experiments were performed first and are shown
in Fig. 6a. The negligible removal efficiency of TCH could be
detected in the presence of light or H2 O2 alone. However,
TCH degradation efficiencies of 42.0% and 51.2% were obtained in the presence of light and H2 O2 , respectively, when
10BWO/CFO was added to the system, implying that the heterogeneous catalyst made a significant contribution to TCH
degradation performance. In Fig. 6b, the degradation rate was
evaluated by a pseudo-first-order kinetic model, and the rate
constant showed the following order: Fenton-like reaction
(0.0287 min−1 ) > photocatalytic (0.0179 min−1 ) > H2 O2 or light
only (˜0 min−1 ). When the H2 O2 concentration was 10.0 mM,
pristine CFO and BWO had 78.0% and 80.0% photo-Fentonlike degradation efficiencies in 30 min, respectively (Fig. 6c).
By comparison, the photo-Fenton-like degradation efficiencies of as-prepared BWO/CFO samples were much higher than
those of CFO and BWO, and the degradation performance
was strongly affected by the BWO content. When the BWO
content increased from 5% to 10%, the degradation rate increased rapidly, and a degradation efficiency of 92.1% could

be achieved in 30 min. This degradation efficiency is much
higher than that reported by other studies using catalysts (Appendix A Table S1). Nevertheless, excessive BWO in BWO/CFO
can obstruct the active site of the Fenton-like reaction and
thus inhibit the degradation efficiency. In Fig. 6d, the corresponding degradation rate constant was in the following order: 10BWO/CFO (0.1138 min−1 ) > 5BWO/CFO (0.0735 min−1 )
> 15BWO/CFO (0.0618 min−1 ) > BWO (0.0546 min−1 ) > CFO
(0.0492 min−1 ). These results reflect the advantage of the
strong interface interaction in BWO/CFO composites. Total
organic carbon (TOC) removal efficiencies for TCH and secondary effluent are shown in Fig. 6e and f, respectively. Pristine
CFO had 42.7% and 26.2% TOC removal efficiencies for TCH
and secondary effluent, respectively. Nevertheless, 5BWO/CFO
showed lower removal efficiency compared with pristine CFO,
suggesting that the Fenton-like reaction was beneficial to pollutant mineralization (Zhang et al., 2020). The optimal removal
efficiencies of 50.7% and 35.1% for TCH and secondary effluent, respectively, were achieved with 10BWO/CFO, and efficiencies decreased to 33.7% and 15.5% after the molar ratio increased to 15%. In addition, the lower mineralization efficiencies for raw secondary effluent compared with TCH solution
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Fig. 6 – (a) Degradation efficiencies and (b) rate constant of TCH for 10BWO/CFO in different systems. (c) Degradation
efficiencies and (d) rate constant of TCH for different samples in the photo-Fenton-like system. Mineralization efficiencies of
(e) TCH and (f) raw secondary effluent of catalysts.

might stem from the fact that various competitive substances
in secondary effluent inhibited the oxidation process.

2.5.

Effect of environmental factors on TCH removal

In Fig. 7a, an enhancement in degradation efficiency was observed with an H2 O2 concentration ranging from 5.0 to 10.0
mmol/L. However, the efficiency reduced when the concentration of H2 O2 increased to 15.0 mmol/L. This might be attributed to the fact that H2 O2 is more likely to participate in
the Fenton-like reaction at high concentrations. Nevertheless,
excessive H2 O2 was supersaturated for limited reactive sites
and could even stimulate the scavenger effect (Li et al., 2019):
that is, H2 O2 could react with ROS in the system and result in
slow degradation.
The pH can affect the ROS oxidation ability and H2 O2
activation in the photo-Fenton-like system as well as the
speciation of degradation products (Xu et al., 2020). Thus,
photo-Fenton-like degradation experiments were performed

under different pH conditions. The degradation efficiency of
10BWO/CFO significantly varied in the pH range of 2.6 to 6.3
(Fig. 7b). A 96.0% degradation efficiency was achieved within
30 min when the initial pH was 2.6. However, the degradation rate was inhibited and decreased to 62.0% when the pH
increased to 6.3, demonstrating that the oxidation ability of
ROS was stronger at pH=2.6 than at pH=6.3. This result is
consistent with that of a previous study (Guo et al., 2020).
The efficiency further declined to 58.0% when the pH was 8.4,
which might stem from the fact that hydroxide complexes
had formed and resulted in reduced degradation performance
(Wang et al., 2019). As displayed in Appendix A Fig. S1, the
degradation rate of 10BWO/CFO at pH=2.6 (0.0945 min−1 ) was
approximately 3.1 times higher than that at pH=8.4 (0.0302
min−1 ), further demonstrating the generation of ferric hydroxide and copper hydroxide precipitate at pH=8.4.
The effect of photocatalyst dosages is shown in Fig. 7c,
a degradation efficiency of 84.0% was achieved in 30 min at
a dosage of 0.50 g/L. When the dosage of catalyst increased
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Fig. 7 – Effect of (a) H2 O2 concentration, (b) initial pH, (c) catalyst concentration, (d) TCH concentration, (e) positive ions and (f)
negative ions on the oxidation of TCH over 10 BWO/CFO in the photo-Fenton-like system. H2 O2 =10.0 mmol/L; initial
pH=4.0; catalyst dosage=1.0 g/L; TCH=20.0 mg/L.

to 1.50 g/L, the degradation efficiency markedly increased
from 84.0% to 92.1%. The most likely explanation is that the
higher catalyst dosage resulted in more excited photogenerated charges, which could accelerate the generation of ROS
and the TCH oxidation process.
The effect of TCH concentration was investigated by conducting experiments using four different TCH concentrations.
TCH was almost completely degraded in 5 min at a concentration of 10.0 mg/L (Fig. 7d). However, degradation performance tended to decrease as the initial TCH concentration increased from 10.0 to 40.0 mg/L. The result might stem from
the intense competition for light absorption between TCH
and its intermediates when the TCH concentration was 40.0
mg/L. A degradation efficiency of 76.0% was achieved within
20 min at 40.0 mg/L TCH, reflecting the excellent performance
of BWO/CFO for antibiotic removal.
The effect of inorganic ions was systematically explored.
The introduction of cations (Na+ , Ca2+ , Mg2+ and K+ ) into
the photo-Fenton system with 10BWO/CFO barely altered the
degradation efficiencies (Fig. 7e); thus, the cations were as-

sumed to have a negligible effect on TCH degradation performance. The anions of Cl− and NO3 − had virtually no effect on TCH degradation (Fig. 7f). However, the degradation
efficiencies decreased to 82.0% and 80.1% after the introduction of HCO3 − and PO4 3− , respectively. This observation stems
from the fact that HCO3 − could increase the pH of the solution, which inhibits the generation of ROS and thus reduces
degradation efficiencies (Shan et al., 2019). The increase in pH
was supported by Appendix A Fig. S2. Both HCO3 − and PO4 3−
could coordinate with transition metals on the surface of the
catalyst, thereby inhibiting the pollutant degradation process
(Li et al., 2019). Furthermore, PO4 3− and HCO3 − could react
with ROS to generate PO4 3 • and HCO3 •, respectively (Nie et al.,
2018).

2.6.

Stability and reusability test of BWO/CFO

To accurately characterize the stability of the catalyst, the
leached ion concentration in the photo-Fenton-like system
was investigated. The leached copper ion concentration in
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Fig. 8 – (a) Leached Cu ion concentration and (b) percentage in the photo-Fenton-like system; (b) stability of 10WO/CFO
toward TCH degradation over four recycles; and (c) XRD and (d) UV–vis DRS spectra of 10BWO/CFO before and after four
recycles.

the reaction liquor for pristine CFO reached 2.68 mg/L after the first cycle (Fig. 8a). However, the leached copper ions
sharply decreased after coupling with BWO, and the minimum leached value (0.90 mg/L) for 10BWO/CFO was achieved,
which was one-third of the leached value for pristine CFO. This
suggested that the interaction between CFO and BWO was
favored in the heterogeneous photo-Fenton-like reaction. As
shown in Appendix A Fig. S3, the degradation efficiency of the
homogeneous Fenton reaction initiated by leaching Cu ions
(5.1%) was far less than that after the addition of 10BWO/CFO
(92.1%). Furthermore, the leached copper ion concentration
over every cycle was between 0.62–0.90 mg/L, and the concentration after four cycles was clearly lower than that after
the first cycle, which might be attributed to the large degree
of physical release in the first cycle and the dominance of
chemical release in subsequent cycles. The percentage of Cu
leached of all BWO/CFO samples was lower than 0.11% (0.06%
for 10BWO/CFO) after four cycles of degradation, which indicated that catalysts showed excellent stability. In addition, the
iron ion concentration in solution could not be detected because it was lower than the detection limit of the instrument
(0.05 mg/L in aqueous solution).
The reaction stability test of 10BWO/CFO was performed
and is shown in Fig. 8b. The efficiency was reduced by approximately 3.0% after four cycles of degradation, which demonstrated the excellent stability of the as-prepared catalyst. The
XRD and UV-Vis DRS spectra of fresh and used 10BWO/CFO
are shown in Fig. 8c and d, respectively, to investigate the

reusability of catalyst. In Fig. 8c, there was no obvious change
in the intensity of the diffraction peaks and the phase structure of fresh and used 10BWO/CFO. In addition, there was no
observed change in the absorption properties of fresh and
used 10BWO/CFO shown in Fig. 8d. The above results indicated
the superior stability and reusability of BWO/CFO composites. The magnetic hysteresis (M-H) curves of fresh and used
10BWO/CFO are shown in Appendix A Fig. S4. The saturation
magnetization of used 10BWO/CFO after four cycles of degradation reduced to 2.57 emu/g compared with 3.32 emu/g for
fresh 10BWO/CFO. Nevertheless, the used catalyst could still
be magnetically separated from the solution by an extra magnet (Appendix A Inset in Fig. S4).

2.7.

Toxicity test of BWO/CFO

The toxicity of 10BWO/CFO was analyzed via cytotoxicity assays with S. aureus and E. coli as models. There was no obvious
inhibition of either S. aureus or E. coli, even when the dosage
of the sample increased to 9.0 mg/mL (Fig. 9a and b). These
results showed that the as-prepared 10BWO/CFO had low cytotoxicity and could thus be used for environmental remediation.

2.8.

TCH degradation products and toxicity assessment

According to LC-MS (Appendix A Fig. S5), nineteen degradation products of TCH were detected and analyzed. The pos-
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Fig. 9 – Relative viability of S. aureus and E. coli with different concentrations of 10BWO/CFO. The set concentrations were 0.0,
1.0, 3.0, 6.0 and 9.0 mg/mL, respectively.

sible molecular structures of the products are listed in Appendix ATable S2, and the degradation pathways are shown
in Fig. 10. First, TCH (m/z=445.0) (Wang et al., 2020) was transformed into P1 (m/z=356.0), P2 (m/z=476.0), P5 (m/z=427.0),
P6 (m/z=413.0), P10 (m/z=397.0) and P14 (m/z=384.0). These
products were mainly derived from hydroxylation, dehydration, deamination and methyl groups (Xin et al., 2021). Next,
methyl and hydroxyl on P6 and P2 were oxidized by ROS
and produced P9 (m/z=414.0), P3 (m/z=451.0), P7 (m/z=478.0)
and P11 (m/z=493.0) (Wang et al., 2019). In addition, P1
(m/z=356.0) could be formed via deamidization and was further transformed into P4 (m/z=339.0), P8 (m/z=325.0) and P13
(m/z=309.0) via dehydroxylation and demethylation processes
(Yang et al., 2018). Subsequently, one benzene ring of P8
(m/z=325.0), P13 (m/z=309.0) and P14 (m/z=384.0) was attacked
by ROS, and a ring-opening reaction occurred. As a result, the
3-ring P12 (m/z=319.0), P16 (m/z=270.0) and P17 (m/z=300.0)
were detected (Wang et al., 2018). In addition, the rapid deamination, demethylation and decarboxylation reactions caused
the formation of P15 (m/z=274.0), P18 (m/z=224.0) and P19
(m/z=239.0) (Yi et al., 2018). Lastly, the toxic products were oxidized into harmless CO2 and H2 O.
The acute toxicity, mutagenicity and developmental toxicity are shown in Fig. 11. The values of Fathead minnow and
Daphnia magna for TCH were 0.9 and 12.7 mg/L, respectively
(Fig. 11a, b), which were considered “very toxic” and “harmful,” respectively. The values of Fathead minnow for P1, P2, P3,
P4, P7, P11 and P18 were 6.48, 7.26, 7.26, 1.68, 24.49, 27.12 and

1.73 times as high as the initial TCH, respectively. The values of Daphnia magna for P3, P4, P7 and P12 were also higher
than the initial TCH. This suggested that most of the products were less toxic than TCH. In Fig. 11c, the mutagenicity
of TCH was “positive,” and the mutagenicity of most products
became “negative” after the photo-Fenton process. In Fig. 11d,
TCH and its products were all considered “developmental toxicant,” whereas the corresponding values of degradation products including P1, P3, P6, P7, P9, P10, P11, and P18 were obviously decreased. These findings, along with the above calculated results, indicate that TCH was effectively mineralized
into low-toxicity products. The toxicity was assessed by cytotoxicity assays (Appendix A Fig. S6). TCH displayed a remarkable inhibition zone with a diameter of 0.7 cm; negligible inhibition zones were detected in 10-, 20- and 30-min reactions,
further demonstrating the lower toxicity of degraded products
compared with TCH.

2.9.

Degradation mechanism

The energy band structures of semiconductor material are
closely related to oxidation and reduction performance.
Hence, Mott-Schottky (M-S) plots were generated to fully analyze the conductivity types and electronic structures of CFO
and BWO. The negative and positive slopes correspond to the
p-type conductivity of CFO and n-type conductivity of BWO,
respectively (Fig. 12a and b). The calculated flat-band potentials of CFO and BWO were 1.10 and −0.37 V vs. Ag/AgCl (i.e.
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Fig. 10 – Possible degradation pathways of TCH with 10BWO/CFO in the photo-Fenton-like system.

1.30 and −0.17 V vs. NHE), respectively. The corresponding
valence band (EVB ) of CFO and the conduction band (ECB ) of
BWO were roughly estimated as 1.50 and −0.37 V vs. NHE,
respectively, because of the slight difference between Ef and
ECB (Yue et al., 2016). Thus, the CB of CFO and VB of BWO
were estimated to be −0.40 and 2.48 V vs. NHE, respectively,
according to the formula EVB = ECB + Eg (Jiang et al., 2019).
Work function (WF) was measured by the Kelvin probe technique, which could provide the contact potential difference
(CPD) between the sample and Au (4.8 eV). The CPD of CFO,
10BWO/CFO and BWO is shown in Appendix A Fig. S7. The
WF values of CFO, 10BWO/CFO and BWO were 5.29, 5.12 V and
4.78 V vs. AVS, respectively, as calculated by the formula WF
(eV) = 4.8 + eCPD/1000 (Eq. 2). The values for the energy band
are summarized in Appendix ATable S3.
ROS quenching experiments were conducted to investigate the dominant ROS in different systems. In the photocatalytic system (Appendix AFig. S8a), the degradation efficiency
rapidly reduced after the introduction of formic acid. How-

ever, the efficiencies increased after adding KBrO3 and p-BQ,
which might be attributed to the fact that capturing electrons
or •O2 − facilitated charge separation and the direct oxidation
of pollutants by holes. In addition, the degradation efficiency
hardly changed when n-butanol was added to the system. The
above results demonstrated that holes were the main ROS
for photocatalytic degradation. In the Fenton-like system (Appendix AFig. S8b), degradation efficiencies remained nearly
unchanged after the introduction of formic acid, KBrO3 and
n-butanol. Nevertheless, obvious inhibition of oxidation activity was observed after the introduction of p-BQ, indicating
that •O2 − was the main reactive species in the Fenton-like reaction. In the photo-Fenton-like system (Appendix AFig. S8c),
the inhibition of degradation efficiency markedly decreased
with the addition of n-butanol; thus, •OH was largely responsible for the removal process. Moreover, the degradation efficiency achieved 67.0% when KI was added into the reaction
system, which suggested that the surface-bound •OH (•OHsurf )
was the main ROS, not free •OH (•OHfree ) in the bulk solution
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Fig. 11 – Acute toxicity of (a) Fathead minnow and (b) Daphnia magna, (c) mutagenicity and (d) developmental toxicity of TCH
and its degradation products.

(Tang et al., 2019). The introduction of formic acid, p-BQ and
KBrO3 reduced the efficiency to a limited extent and revealed
that h+ , •O2 − and e− were involved in the photo-Fenton-like
oxidation. ESR measurements were conducted to further explore the ROS produced in different systems. In Fig. 12c, a weak
signal of DMPO-•O2 − adducts with a 1:1:1:1 quartet was detected after light irradiation, suggesting that a small portion
of •O2 − could be produced by the oxygen reduction process.
Nevertheless, a strong signal of DMPO-•O2 − adduct was observed in the presence of H2 O2 , which was consistent with the
fact that H2 O2 could participate in the reduction process of
Cu(II) and Fe(III) to produce •O2 − . The noticeable decrease in
the •O2 − signal in the photo-Fenton-like system might be attributed to the fact that Fe(III)/Cu(II) was rapidly converted to
Fe(II)/Cu(I) after visible light irradiation and then participated
in the Fenton-like reaction to rapidly generate •OH (Zhu et al.,
2018), leading to a reduction in the amount of •O2 − . However, the intensity of DMPO-•O2 − adduct was still higher than
that under light alone because of the partial reaction between
Fe(III) and Cu(II) and H2 O2 . The ESR signals for DMPO-•OH
adduct are shown in Fig. 12d. The fact that no signal could be
detected in the photocatalytic and Fenton-like systems was
remarkable. However, the •OH signal improved greatly in the
photo-Fenton-like system. In other words, a large amount of
•OH could be produced by the synergistic excitation of light
and H2 O2 . To better understand the roles of Fe and Cu species
in the photo-Fenton-like system, the XPS spectra of fresh and
used 10BWO/CFO catalyst are shown in Fig. 12e and f. The
peaks of Cu 2p3/2 and Fe 2p3/2 at 734.2 and 711.3 eV, respec-

tively, shifted to lower binding energy, which could be attributed to the partial conversion of Cu(II) to Cu(I) and Fe(III)
to Fe(II) on the surface of BWO/CFO (Qin et al., 2018). This result further indicated that Cu(II) and Fe(III) participated in a
heterogeneous catalytic reaction.
The proposed degradation mechanisms under dark and
visible-light conditions are shown in Fig. 13. In darkness, Fe
(III) and Cu (II) in BWO/CFO reacted with H2 O2 to generate
abundant •O2 − Eqs. (1) and ((2)). Next, reduced Fe(II) and Cu(I)
promoted the conversion of H2 O2 into a small amount of
•OH Eqs. (3) and ((4)). After visible-light irradiation, the photogenerated charges were generated, and the internal electric field with the direction from BWO to CFO induced holes
of BWO to CFO and photogenerated electrons of CFO to BWO
Eq. (5)) (Qi et al., 2019; Lei et al., 2021). The photogenerated
holes could not react with H2 O to generate •OH because the
VB of CFO (1.50 V vs. NHE) was higher than the potential of
OH− /•OH (1.99 V vs. NHE) (He et al., 2018), resulting in the
direct oxidation of pollutants by holes. Nevertheless, electrons
on BWO could reduce adsorbed O2 to •O2 − because of the
slightly higher CB position of BWO (−0.37 V vs. NHE) compared
with O2 /•O2 − (−0.33 V vs. NHE) (Eq. (6)) (Wang et al., 2020). In
addition, Fe(III) and Cu(II) were converted into Fe(II) and Cu
(I) because of the higher CB position of BWO compared with
Fe(III)/Fe(II) (0.77 V vs. NHE) and Cu(II)/Cu(I) (0.17 V vs. NHE)
(Zhang et al., 2018) (Eqs. (7) and ((8)). Notably, the steps associated with the conversion from Fe(III)/Cu(II) to Fe(II)/Cu(I)
were decisive for the Fenton-like reactions. These efficient reduction reactions can accelerate the utilization efficiency of
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Fig. 12 – Mott-Schottky plots of (a) pristine CFO and (b) BWO; ESR spectra under different conditions (c) •O2 − -DMPO in
methanol and (d) •OH-DMPO in water. (e) Cu 2p and (f) Fe 2p XPS spectra of fresh and used 10BWO/CFO.

H2 O2 for abundant •OH generation Eqs. (9) and ((10)), thereby
limiting the generation of •O2 − Eqs. (11) and ((12)). Based on
our precise design, abundant ROS mineralized TCH into other
small molecular compounds (Eq. (13)). The detailed reaction
processes in the dark- and photo-Fenton-like systems for TCH
degradation are as follows:
Darkness:

e− + O2 → •O2 −

(6)

Fe (III) + e− → Fe (II) (decisive)

(7)

Cu (II) + e− → Cu (I) (decisive)

(8)

Fe (III) + H2 O2 → Fe (II) + •O2 − + 2H+ (major)

(1)

Fe (II) + H2 O2 → Fe (III) + •OH + OH− (major)

(9)

Cu (II) + H2 O2 → Cu (I) + •O2 − + 2H+ (major)

(2)

Cu (I) + H2 O2 → Cu (II) + •OH + OH− (major)

(10)

Fe (II) + H2 O2 → Fe (III) + •OH + OH− (minor)

(3)

Fe (III) + H2 O2 → Fe (II) + •O2 − + 2H+ (minor)

(11)

Cu (I) + H2 O2 → Cu (II) + •OH+ OH− (minor)

(4)
Cu (II) + H2 O2 → Cu (I) + •O2 − + 2H+ (minor)

(12)

•OH/•O2 − /h+

(13)

Visible-light irradiation:
BWO/CFO + hν → e− + h+

(5)

+TCH → degraded products
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Fig. 13 – Possible heterogeneous dark-and photo-Fenton-like degradation mechanisms with magnetic p-n 10BWO/CFO
catalyst, respectively.

3.

Conclusions

A simple two-step method was used to synthesize magnetic p-n Bi2 WO6 /CuFe2 O4 heterostructure for the efficient
degradation of TCH. Degradation performances of 51.2% and
92.1% were achieved in •O2 − /•OH-dominated dark-and photoFenton-like reactions over 10BWO/CFO catalyst, respectively.
The mineralization efficiencies of TCH and EfOM could reach
50.7% and 35.1% in the photo-Fenton-like system, respectively.
The toxicity of degradation products was drastically reduced
compared with initial TCH, and the low toxicity of the catalyst was also confirmed. This work provides an efficient and
environmentally friendly catalyst for wastewater treatment.
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