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a b s t r a c t

The excessive use of pesticides has exacerbated environmental pollution due to herbicide residues, while

their persistent toxicity poses serious challenges to global ecological security. A magnetically recyclable

CoFe2O4/BiOBr S-scheme heterojunctions was prepared by microwave-assisted co-precipitation method

for photocatalytic degradation of Diuron (DUR) in water. The formation of S-scheme heterojunction en-

hances electron transfer and charge separation, which was demonstrated by free radical trapping, elec-

trochemical experiments, and DFT calculations. The magnetic CoFe2O4/BiOBr catalysts can achieve 99.9 %

removal of diuron in 50min under visible light irradiation. Furthermore, the system maintains stable per-

formance across a broad pH range (3–9), enabling adaptation to diverse water environments, effective

elimination of multiple pollutants, and strong resistance to ionic interference. Using magnetic recovery,

CoFe2O4/BiOBr exhibits a high removal rate of 99% and a markedly low ion leaching rate (<20μg/L) af-

ter six cycles photocatalytic process, confirming its excellent stability and durability. According to HPLC-

QTOF-MS and DFT calculation, the main ways of DUR degradation include dechlorinated hydroxylation,

dealkylation and hydroxylation of aromatic ring and side chain. Toxicity analysis showed that the toxicity

of the intermediates generated during degradation was generally lower than that of DUR. The magnetic

CoFe2O4/BiOBr S-scheme heterojunction developed in this study exhibits excellent photocatalytic perfor-

mance, high applicability, good stability, and durability, providing an effective magnetic for the removal

of refractory pollutants.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Agriculture and human activities have exacerbated environmen-

tal pollution, with the global annual pesticide use reaching about

3.7 million tons, of which herbicides account for about 50% [1]. Di-

uron (DUR), a phenylurea herbicide with low solubility, high stabil-

ity and strong permeability, is widely used in agricultural produc-

tion [2]. It is mainly employed for the control of annual or peren-

nial weeds in fields of grains, cotton and sugar cane, and other

crops [3,4]. Once applied, diuron will penetrate into the soil and

water environment through air circulation and irrigation runoff. It

is bio-toxic and difficult to be biodegraded [5], and therefore has a

long-lasting impact on the environment. And diuron poses a poten-

tial threat to human health, as it may cause endocrine disruption,
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reproductive toxicity, and even symptoms such as cancer and birth

defects [6]. At present, diuron and its metabolites have been de-

tected in rivers, lakes, groundwater and coastal waters in Japan [7],

China [8], Brazil [9], Australia [10], United States [11], France [12]

and other countries. To address the serious environmental chal-

lenges posed by monuron to the environment, photocatalytic ox-

idation technology has received considerable attention due to its

green and environmentally friendly characteristics, as well as its

unique advantage of not requiring additional oxidising agents [13–

16]. This technology has demonstrated significant advantages and

excellent results in the treatment of recalcitrant toxic pollutants in

aquatic environments. However, practical applications still need to

overcome key issues such as low solar energy utilization and dif-

ficult catalyst recovery. In order to develop efficient photocatalysts

that can be driven by visible light, researchers have conducted in-

depth studies of various photocatalytic materials [17–20].

https://doi.org/10.1016/j.cclet.2025.111207
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Among numerous photocatalysts, bismuth-based materials are

known for their exceptional properties and are widely used in

various catalytic reactions as efficient solar-driven photocatalysts

[20,21]. Bismuth oxyhalides (BiOX, X=Cl, Br, I), as a typical

bismuth-based photocatalyst, are considered as promising candi-

dates in photocatalysis. Among them, BiOBr has a unique layered

structure, consisting of alternately stacked [Bi2O2]
2+ layers and Br-

layers [22]. The stacking between atomic layers mainly depends on

the interaction of van der Waals force, which facilitates the forma-

tion of a built-in electric field inside BiOBr. This electric field plays

a pivotal role in the separation and transfer of photogenerated car-

riers [23,24]. Therefore, BiOBr has an excellent visible light absorp-

tion capacity, but still cannot avoid the limitation of the recombi-

nation rate of photogenerated carriers to its original photocatalytic

performance. To this end, various modification strategies have been

explored to enhance their photocatalytic efficiency, such as doping

modification to regulate the band structure [25–27], using semi-

conductor composite modification to promote charge carrier sep-

aration and transmission [28], and introducing defect engineering

(such as oxygen vacancies, metal vacancies) to capture photogen-

erated electrons and regulate surface activity [27,29]. Despite the

progress made so far, a key challenge remains to be addressed: the

powdered form of the photocatalyst makes it difficult to recover

and prone to causing secondary pollution in practical applications.

The efficiency of conventional loading methods is significantly re-

duced due to limited contact area and slow mass transfer rate. In

contrast, the magnetic recovery method shows high efficiency and

reliability. The combination of photocatalyst and magnetic material

can not only improve the catalytic efficiency, but also prevent sec-

ondary pollution, which is beneficial for practical applications.

In recent years, there has been a growing interest in the use of

magnetic materials as modified materials for photocatalysis [30–

32]. It is worth mentioning that spinel ferrite (XFe2O4) with a

narrow band gap (about 1–2 eV) [33,34] is widely regarded as a

promising magnetic multifunctional semiconductor material due to

its structural stability, high catalytic activity and excellent magnetic

separation properties [35–37]. It can be quickly and efficiently sep-

arated and recovered by an external magnetic field. As a spinel-

type compound, CoFe2O4 can act as a light absorber under sun-

light irradiation, generating a local high temperature (photother-

mal effect) and accelerating the reaction rate [38]. It is worth not-

ing that CoFe2O4 also has magnetic properties, which makes the

recovery process of photocatalysts efficient and convenient [14].

In addition, it has semiconductor-like properties and can be com-

bined with other photocatalysts to form heterojunctions, which

significantly enhances the photocatalytic activity. For example, He

et al. synthesized p-n CoFe2O4/g-C3N4 heterojunctions with differ-

ent morphologies to enhance electron transfer and charge sepa-

ration efficiency [33]. In addition, Feng et al. successfully synthe-

sized a double Z-type GCNQDs-CoTiO3/CoFe2O4 photocatalytic ma-

terial and applied it to the degradation process of oxytetracycline

[39]. This innovative initiative has significantly improved the pho-

tocatalytic performance, and the material itself has also demon-

strated excellent stability and recyclability. However, the composite

research of BiOBr and magnetic CoFe2O4, especially for the degra-

dation of diuron, is extremely scarce, and the synergistic mecha-

nism of the two has not been clarified.

Herein, a magnetically recyclable CoFe2O4/BiOBr S-scheme het-

erojunction was successfully constructed by microwave-assisted

coprecipitation for photocatalytic degradation of pesticide DUR.

This work aims to address the aforementioned gaps by (1) de-

signing a magnetic photocatalyst tailored for diuron degradation,

(2) elucidating the S-scheme charge transfer mechanism between

CoFe2O4 and BiOBr, and (3) providing a comprehensive analysis of

degradation pathways and intermediate toxicity. Firstly, the physic-

ochemical properties of the CoFe2O4/BiOBr composite photocata-

Fig. 1. Preparation flow chart of CoFe2O4 and CoFe2O4/BiOBr.

lysts were characterized, followed by a focused evaluation of the

photocatalytic degradation performance and the anti-interference.

Secondly, the recyclability, stability and applicability of the mate-

rial were investigated in detail. Thirdly, the main active substances

of the photocatalytic reaction process and the degradation mech-

anism of DUR were determined by capture experiments and elec-

tron paramagnetic resonance (EPR) detection. Additionally, the pos-

sible degradation pathways of DUR were explained based on den-

sity functional theory (DFT) and the identification of intermediates,

and the toxicity of intermediates was evaluated using quantitative

structure-activity relationship (QSAR).

All chemical reagents and solvents used were of analytical

grade and deionized water was used throughout the experiments

(details in Text S1 in Supporting information).

CoFe2O4 was prepared using a conventional hydrothermal

method. Firstly, 2mmol of Co(NO3)2·6H2O and 4mmol of

Fe(NO3)3·9H2O were dissolved in 20mL of 2mol/L nitric acid so-

lution. The solution was then stirred for 30min, during which

time a homogeneous mixture was formed. Following this, 40mL of

2mol/L NaOH was added dropwise, and the mixture was stirred for

a further 30min. Finally, the solution was transferred to a Teflon-

lined autoclave and reacted at 160 °C for 12h. After the reaction

was complete and the mixture was cooled to room temperature,

it was washed three times with anhydrous ethanol and deionized

water. CoFe2O4 was obtained after drying in a vacuum oven at

60 °C.
CoFe2O4/BiOBr was prepared using a microwave-assisted co-

precipitation method (Fig. 1). 3mmol of Bi(NO3)3·5H2O were dis-

solved in 45mL of ethylene glycol, while 3mmol of KBr were dis-

solved in 15mL of ethylene glycol. A certain amount of CoFe2O4

was added to the Bi(NO3)3·5H2O solution and sonicated for 30min,

followed by mechanical stirring for 30min. The KBr solution was

then added dropwise to the mixture, and stirred for another

30min. Finally, the pH of the solution was adjusted to 5 using

1mol/L NaOH, the mixture was stirred for 1h and then reacted

under microwave assistance at room temperature and atmospheric

pressure (Fig. S1 in Supporting information). The mixture was re-

acted at 80 °C for 40min, then washed with anhydrous ethanol and

deionized water for three times, followed by drying in a vacuum

oven at 60 °C.
The catalyst was characterized by X-ray diffraction (XRD), scan-

ning electron microscopy (SEM), Fourier-transform infrared spec-

troscopy (FTIR), Brunauer-Emmett-Teller (BET), X-ray photoelectron

spectroscopy (XPS) and vibrating sample magnetometry (VSM),

and its crystal structure, morphology, microstructure, elemen-

tal composition and chemical state, specific surface area, surface

functional groups and magnetic properties were analyzed. The

test of photoelectric chemical properties mainly relies on elec-

trochemical workstations and ultraviolet-visible spectrometer (UV–

vis) equipment. In addition, EPR test technology was used to de-

tect the main active substances, and high-performance liquid chro-

matography (HPLC) and high-performance liquid chromatography-

quadrupole time-of-flight mass spectrometry (HPLC-QTOF-MS)
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technology were employed to detect the DUR concentration and its

intermediate products in the degradation process (details in Text

S2 in Supporting information).

The photocatalytic degradation experiment was performed us-

ing a 300W xenon lamp as a simulated visible light source, with

a wavelength range of 400nm ≤ λ ≤ 780nm, and an intensity

of 196mW/cm2 (Fig. S2 in Supporting information). 100mL of

10mg/L DUR was placed in the reaction dish. Following this, 0.1 g

of the photocatalytic material was added and placed in the pho-

tocatalytic reaction chamber for 30min of dark reaction. After ad-

sorption equilibrium was reached at the end of the dark reaction,

the light source was switched on and samples were taken at inter-

vals. The samples were filtered through a 0.22 μm filter and stored

in 2mL sample vials for subsequent detection of the remaining

concentration of DUR by HPLC. In addition, the apparent quantum

yield (AQY) of photocatalytic degradation reaction was determined

and calculated at a fixed wavelength (420nm), with details in Text

S3 (Supporting information).

The capture experiments followed the same steps as the photo-

catalytic degradation experiments. TBA, p-BQ, FFA, and EDTA-2Na

were used as scavengers for •OH, •O2
–, 1O2 and h+ in amounts of

the scavengers were 0.5, 1, 5 and 10mmol respectively. The cyclic

experiments used the same photocatalyst and were repeated six

times, following the same steps as the photocatalytic degradation

experiments. All experiments were conducted in triplicate to en-

sure the reliability of the data.

The Fukui index and electrostatic potential distribution were

calculated by DFT to analyze the degradation path of diuron

molecules. Firstly, the DUR molecular model was established, and

the CASTEP module was used to optimize the model structure. The

DMol3 module was used to calculate the electrostatic potential dis-

tribution and Fukui index of DUR molecules. The electrostatic po-

tential distribution and Fukui index were used to predict the sites

where DUR molecules were vulnerable to reactive oxygen species

(ROS) attack, so as to analyze the degradation path of DUR. To fur-

ther analyze the degradation mechanism, the work functions of

CoFe2O4 and BiOBr were analyzed by DFT calculations. The surface

model was constructed by selecting the crystal plane, and the gen-

eralized gradient approximation functional (GGA-PBE) was selected

for structural optimization and static calculations to determine the

Fermi level and vacuum level, and calculate the work function.

As shown in Fig. 2a, CoFe2O4 exhibits agglomerated spheri-

cal structures with diameters within several tens of nanometers.

Pure BiOBr displays a typical layered structure (Fig. 2b). After load-

ing CoFe2O4 onto BiOBr, it can be observed that BiOBr trans-

forms from a layered structure to a compact, irregular flower-

like structure [40]. Additionally, it was observed that the spheri-

cal CoFe2O4 was tightly adhered to the surface of BiOBr (Fig. 2c).

Fig. 2d shows the individual atomic percentages. The energy dis-

persive X-ray spectroscopy (EDS) elemental distribution maps (Figs.

2e-k) reveal the presence of elements such as Bi, O, Br, Co, and

Fe in the sample, which are evenly distributed on the surface

of the CoFe2O4/BiOBr composite photocatalyst. This further con-

firms the successful synthesis of the CoFe2O4/BiOBr composite cat-

alyst. The (012) and (110) crystal planes of BiOBr (PDF #73–2061)

can be observed in the high-resolution transmission electron mi-

croscopy (HRTEM) diagram of the catalyst (Figs. 2l and m), and

the d spacing is about 0.282 and 0.276nm, respectively. At the

same time, the (220) crystal plane of CoFe2O4 is also observed,

and the crystal plane spacing is about 0.293nm. The crystal plane

spacing measurement is shown in Fig. S3 (Supporting informa-

tion). The (011), (012), (112), (020) and (212) planes of BiOBr can

also be clearly observed from the selected area electron diffraction

(SAED) diagram (Fig 2n), which is consistent with the XRD crystal

plane, further verifying the successful synthesis of the composite

material.

The crystal structures of BiOBr, CoFe2O4 and CoFe2O4/BiOBr

were characterized using XRD. From the Fig. 3a, the characteristic

peaks of CoFe2O4 at 18.3°, 30.1°, 35.4°, 43.1°, 53.4°, 57.0°, and 62.6°
correspond to the crystal planes (111), (220), (311), (400), (422),

(511), and (440) of the CoFe2O4 standard PDF card (PDF #22–

1086). The characteristic peaks of pure BiOBr and CoFe2O4/BiOBr at

10.9°, 25.3°, 31.8°, 32.3°, 39.4°, 46.3°, 53.5°, 57.3°, 67.6°, and 77.0°
correspond to the crystal planes (001), (011), (012), (110), (112),

(020), (211), (212), (220), and (130) of the BiOBr standard PDF

card (PDF #73–2061). However, in CoFe2O4/BiOBr, only two very

weak characteristic peaks of CoFe2O4 are observed, corresponding

to (220) and (311). This is attributed to the low addition amount

of CoFe2O4 (mass ratio of CoFe2O4 to BiOBr is 0.10), resulting in

the insignificance of its characteristic peaks. The FTIR characteri-

zation results of CoFe2O4, BiOBr and CoFe2O4/BiOBr are shown in

Fig. 3b. The absorption peaks of BiOBr at 3529 cm-1 and 1611 cm-1

can be classified as O–H stretching vibration and deformation vi-

bration [41]. The absorption peak of CoFe2O4 near the peak at

3416 cm-1 is also related to the O–H stretching vibration of wa-

ter molecules on the sample surface. The characteristic absorption

peak observed at 500–600 cm-1 is attributed to the stretching vi-

bration of M-O (where M stands for metal Bi, Fe, or Co) [42,43].

The characteristic peaks of both CoFe2O4 and BiOBr are retained

in the CoFe2O4/BiOBr composite, which confirms the successful

preparation of CoFe2O4/BiOBr composite. N2 adsorption-desorption

experiments were conducted to analyze the pore size and sur-

face characteristics of the catalysts. As shown in Fig. 3c, CoFe2O4,

BiOBr, and CoFe2O4/BiOBr all exhibit type IV isothermal adsorp-

tion curves with H3-type hysteresis loops (classified according to

IUPAC), which is one of the characteristics of mesoporous mate-

rials [44]. The pore sizes of CoFe2O4, BiOBr and CoFe2O4/BiOBr

are 11.89, 11.35, and 11.79nm, respectively, with most pores clus-

tered between 2–20nm. This further confirms that the catalysts

are mesoporous materials (as illustrated). Using the BET model, the

specific surface areas of CoFe2O4, BiOBr, and CoFe2O4/BiOBr were

calculated to be 78.09, 26.58, and 52.33 m²/g, respectively (Table S1

in Supporting information). The composite of CoFe2O4 and BiOBr

nearly doubles the specific surface area of the catalyst compared

to BiOBr alone. This enhancement resulted in a notable rise in the

number of active sites on the catalyst surface, thereby markedly

improving the catalytic performance of the material. The magnetic

properties of the composite facilitate the effective recovery of the

catalyst from the solution after reactions. To evaluate the mag-

netic characteristics, the CoFe2O4/BiOBr was tested using a vibrat-

ing sample magnetometer (VSM) at room temperature. Based on

the M-H hysteresis loop, the catalyst exhibited soft magnetic prop-

erties, with a saturation magnetization value of 4.09 emu/g (Fig.

3d). Due to the low content of CoFe2O4 in the composite material,

its saturation magnetization intensity is relatively low. Neverthe-

less, the applied magnetic field is still sufficient to effectively sep-

arate the material from the reaction solution (as illustrated in the

inset of Fig. 3d).

The surface crystal structure of each chemical component in the

catalyst was analyzed by XPS characterization technique (Fig. 4). In

the XPS full spectrum of CoFe2O4/BiOBr, the presence of Bi, O, Br,

Fe and Co elements can be clearly observed (Fig. 4a), which con-

firms the successful synthesis of the composite catalyst. As shown

in Fig. 4b, two prominent characteristic peaks of Bi 4f appear at

164.83 and 159.53 eV, which are attributed to the orbital electronic

transitions of Bi 4f5/2 and Bi 4f7/2, respectively [45]. In Fig. 4c,

the binding energy peaks located at 69.72 and 68.68 eV can be

observed, which are caused by the spin-orbit splitting of the Br

3d orbital, corresponding to the energy levels of Br 3d3/2 and Br

3d5/2, respectively [46]. In addition, the binding energy peaks of O

1s spectrum at 531.77 and 530.24 eV in Fig. 4d indicate the pres-

ence of surface adsorbed oxygen and the formation of Bi-O bonds
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Fig. 2. SEM images of (a) CoFe2O4, (b) BiOBr, (c) CoFe2O4/BiOBr. (d) EDS and (e-k) mapping, (l) TEM, (m) HRTEM and (n) SAED diagram of CoFe2O4/BiOBr.

in BiOBr, and the surface adsorbed oxygen may be related to water

molecules or hydroxyl groups on the surface of BiOBr [45,47]. After

the introduction of CoFe2O4, it can be observed that the peaks of

Bi 4f, O 1s and Br 3d in BiOBr are all shifted to the high binding

energy position, which indicates the existence of electron transfer

and close interaction between BiOBr and CoFe2O4 [39]. Fig. 4e dis-

plays the XPS spectrum of Fe 2p, in which the peaks of Fe 2p1/2

appear at 725.61 and 723.68 eV, while the peaks of Fe 2p3/2 are lo-

cated at 712.40 and 710.29 eV. The peaks at 725.61 and 712.40 eV

are attributed to Fe3+ (ferric iron), while the peaks at 723.68 and

710.29 eV are attributed to Fe2+ (ferrous iron). In addition, the

satellite peaks corresponding to Fe3+ and Fe2+ are observed at

732.90, 719.89, 728.23, and 715.68 eV, respectively [48]. Fig. 4f dis-

plays the XPS spectrum of Co 2p The peaks of Co 2p1/2 are ob-

served at 796.94 and 795.33 eV, while the peaks of Co 2p3/2 are

located at 781.51 and 779.74 eV. Moreover, two satellite peaks are

also observed at 806.56 and 786.38 eV. The binding energy peaks

at 796.94 and 781.51 eV confirm the presence of Co2+, while the

peaks at 795.33 and 779.74 eV confirm the existence of Co3+ [49].

These results further confirm the successful synthesis of the com-

posite photocatalyst.

To investigate the photocatalytic performance of the

CoFe2O4/BiOBr composite, the removal of DUR in different systems

was compared, as shown in Fig. 5a. The term "Vis" indicates the

presence of visible light irradiation. The CoFe2O4 and BiOBr cata-

lysts were physically mixed in a specific mass ratio and labeled as

"CoFe2O4 +BiOBr". Under visible light irradiation, the catalyst-free

system showed the lowest DUR removal rate of only 2.94% after

50min, which indicates that DUR was stable and not prone to

photodegradation under light irradiation. In the CoFe2O4/BiOBr

system, the DUR removal rate after 50min was only 7.82%, in-

dicating that adsorption capacity of CoFe2O4/BiOBr was weak

and that it had little effect on the removal of DUR. The DUR

removal rates for the BiOBr, BiOBr/CoFe2O4, and "BiOBr+CoFe2O4
′′

systems under visible light irradiation for 50min were 99.9%,

99.9 %, and 98.44%, respectively. The rate constants (k) for these

systems were 7.39×10–2, 8.11×10–2 and 6.71×10–2 min-1, re-

spectively (Fig. 5b). The results demonstrate that BiOBr plays

a primary role in the system, while the physical mixing of

"BiOBr+CoFe2O4" reduces the degradation reaction rate of DUR. It

is of significant importance to note that the CoFe2O4 endows the

CoFe2O4/BiOBr composite photocatalyst with magnetic properties

4
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Fig. 3. (a) XRD patterns of BiOBr, CoFe2O4 and CoFe2O4/BiOBr samples. (b) FTIR spectra. (c) N2 adsorption-desorption curve, pore size distribution curve (illustration). (d)

Magnetic hysteresis loop.

Fig. 4. (a) XPS surveys, (b) Bi 4f, (c) Br 3d, (d) O 1s, (e) Fe 2p and (f) Co 2p peaks of BiOBr, CoFe2O4 and CoFe2O4/BiOBr.

while simultaneously enhancing the photocatalytic performance of

BiOBr.

Synthesis conditions are crucial for the structure and perfor-

mance of the catalyst. The impact of different synthesis condi-

tions on the photocatalytic performance of the catalyst were in-

vestigated under visible light irradiation. Since the adsorption of

CoFe2O4/BiOBr on DUR under dark within 60min was very small

(Fig. S4 in Supporting information), it was almost negligible. There-

fore, the subsequent photocatalytic experiments were performed

for only 10min under dark. Firstly, the effect of synthesis tem-

perature (Fig. 5c) on DUR removal efficiency was studied. As the

synthesis temperature increased from 50 °C to 80 °C, the degrada-

tion reaction rate constant of DUR improved from 6.57×10–2 min-1

to 14.16×10–2 min-1 (Fig. S5a in Supporting information). How-

ever, it is worth noting that when the temperature was further in-

creased to 90 °C, the reaction rate constant showed a decreasing

trend. This is because excessive synthesis temperature can lead to

catalyst agglomeration [50], while appropriate microwave reaction

time is helpful for the optimized synthesis of the catalyst. When

the synthesis time was 40min (Fig. 5d), the photocatalytic reaction

rate for DUR removal reached its maximum at 13.03×10–2 min-1

(Fig. S5b in Supporting information). Both shorter and longer syn-
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Fig. 5. Under visible light irradiation, the effects of (a) different reaction systems on DUR removal rate and (b) pseudo-first-order kinetics were discussed. The effects of (c)

synthesis temperature, (d) synthesis time, (e) CoFe2O4 addition amount and (f) synthesis pH on DUR removal rate were investigated. Operating conditions: DUR=10mg/L,

catalyst=1g/L, room temperature.

thesis times hinder crystal growth of the catalyst, resulting in a

decreased reaction rate [51]. Additionally, the effect of CoFe2O4

loading ratio (Fig. 5e) was investigated. As the loading ratio of

CoFe2O4 increased, the removal rate of DUR by CoFe2O4/BiOBr ini-

tially increased and then decreased. The highest removal efficiency

for DUR was achieved at a mass ratio of 0.10, with a removal rate

reaching 99.9% within 40min, and the reaction rate constant (k)

is 13.18×10–2 min-1 (Fig. S5c in Supporting information). It is ev-

ident that the excessive addition of CoFe2O4 significantly reduced

the photocatalytic degradation performance of CoFe2O4/BiOBr. The

impact of different pH synthesis conditions on the photocatalytic

degradation of DUR by CoFe2O4/BiOBr was investigated (Fig. 5f).

The optimal photocatalytic performance was observed at a pH of

5, and the rate constant (k) is 10.52×10–2 min-1 (Fig. S5d in Sup-

porting information). With the increase of pH value, the catalyst

performance shows a trend of increasing first and then decreasing,

because the increase of pH value will lead to the decrease of the

crystallinity of the catalyst [52], which will have an adverse effect

on the material performance. Consequently, the optimal conditions

for preparing the catalyst were identified as a synthesis tempera-

ture of 80 °C, a synthesis time of 40min, a mass ratio of magnetic

material at 0.10, and a solution pH of 5.

Fig. 6a examines the effect of CoFe2O4/BiOBr dosage on DUR

removal efficiency. As the catalyst dosage increased from 0.4 g/L to

1.2 g/L, the removal rate and the reaction rate of DUR gradually im-

proved. This is because the increased catalyst dosage enhances the

number of reactive sites, which in turn increased the concentra-

tion of active species in the reaction system, thus promoting the

removal of DUR [53]. However, this does not imply that a higher

catalyst dosage is necessarily superior. When the catalyst dosage

was increased to 1.2 g/L, the DUR removal rate and the reaction

rate did not increase (Fig. 6b). This was due to the fact that an

excess of catalyst particles in the system would result in a tur-

bid solution, which would in turn affect the light transmittance

and reduce the light utilization rate [54]. Secondly, excessive addi-

tion of catalyst tends to agglomerate and reduce the exposed sur-

face area, leading to the reduction of reactive sites [53]. Therefore,

1.0 g/L was selected as the optimal dosage. Figs. 6c and d exam-

ines the effect of the initial concentration of DUR on its removal

efficiency and reaction rate. Given that the solubility of DUR in

water at 25 °C is 42mg/L [55], five different concentrations within

the range of 0–40mg/L were selected for the experiments. The ex-

perimental results indicate that the removal rate of CoFe2O4/BiOBr

composite photocatalysts for different concentrations of DUR was

almost 99.9 %, indicating that the CoFe2O4/BiOBr composite photo-

catalysts have excellent photocatalytic performance. Changes in pH

can affect the surface charge state of the photocatalyst as well as

the ionic state of DUR. The influence of the initial pH value on DUR

removal efficiency was investigated (Figs. 6e and f). When the ini-

tial pH value ranged from 3 to 9, there was no significant effect

on the removal rate of DUR, indicating the catalyst had a wide pH

applicability. The reaction rate of the catalyst in a strong acidic en-

vironment was faster (Fig. S6 in Supporting information). However,

the degradation of DUR was minimal at an initial pH of 11, indi-

cating that its removal was suppressed in alkaline conditions. The

zeta potential test results indicated the catalyst carried a negative

charge within the pH range of 3–11 (Fig. S7 in Supporting infor-

mation). DUR molecules exist in a cationic form at pH < 6 and in

a predominantly neutral form at pH > 6 [56]. At pH values below

6, the electrostatic attraction between the catalyst and DUR facili-

tates the removal of DUR. As the pH increases, the surface of DUR

molecules gradually becomes neutral, weakening the electrostatic

attraction. This explains why the degradation rate of DUR is faster

under acidic conditions. Additionally, the system itself has a cer-

tain buffering capacity; when the initial pH is <9, the final pH of

the system can be maintained below 5. However, under strongly

alkaline conditions (pH 11), the buffering capacity of the system is

exceeded, resulting in suboptimal catalytic performance.

Fig. 7a shows the effect of different concentrations of CO3
2–

ions on the removal rate of DUR by CoFe2O4/BiOBr. The experi-

mental results indicate that CO3
2– ions have a certain inhibitory

effect on DUR removal. When the CO3
2– concentration reached

0.5mmol with a solution pH of 10.29, the removal rate of DUR was

only 49.7% after 50min. When the CO3
2– concentration reached 1–

10.0mmol, there was almost no degradation of DUR. This is mainly

attributable to the hydrolysis of CO3
2– leading to an increase in so-
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Fig. 6. Effects of (a, b) CoFe2O4/BiOBr dosage and (c, d) DUR initial concentration on DUR removal and pseudo-first-order kinetics under visible light. (e) The removal of DUR

by the initial pH of the solution and (f) the monitoring of pH during the reaction. Operating conditions: DUR=10mg/L, catalyst=1g/L, room temperature.

Fig. 7. Effects of different concentrations of (a) CO3
2-, (b) H2PO4

-, (c) SO4
2-, (d) Cl-, (e) NO3

- and (f) HA on the degradation of DUR under visible light. Operating conditions:

DUR=10 g/L, catalyst=1g/L, room temperature.

lution pH and a consequent decrease in photocatalytic efficiency.

Additionally, CO3
2– and HCO3

– are regarded as h+ scavengers, and

the presence of CO3
2– and HCO3

– will consume h+, resulting in

poor photocatalytic activity [57]. The monitoring of pH value in

the reaction process also verified the significant influence of CO3
2–

concentration on pH value (Fig. S8a in Supporting information).

The increase of CO3
2– concentration will destroy the buffering ca-

pacity of the system, leading to the change of active substance and

its concentration during reaction.

CO3
2− + H2O → OH− + HCO3

− (1)

HCO3
− + •OH → CO3

•− + H2O (2)

HCO3
− + h+ → CO3

•− + H+ (3)

Fig. 7b shows the effect of different concentrations of H2PO4
–

ions on the DUR removal rate. The experimental results indicate

that H2PO4
– ions exert an inhibitory effect on the photocatalytic

degradation of DUR by CoFe2O4/BiOBr, the pH value increases

slightly (Fig. S8b in Supporting information), and the inhibitory ef-

fect was gradually enhanced with the increase of H2PO4
–. This is

due to the high reactivity of H2PO4
–, which can react with h+ and

•OH [58], leading to the scavenging of active species in the system.

H2PO4
− + h+ → HPO4

•− + H+ (4)

7
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H2PO4
− + •OH → HPO4

•− + H2O (5)

Fig. 7c shows the effect of different concentrations of SO4
2–

ions on the DUR removal rate. The experimental results indicate

that SO4
2– ions have a certain inhibitory effect on the photocat-

alytic degradation of DUR by CoFe2O4/BiOBr, although the sup-

pression is not significant. At SO4
2– concentrations of 5mmol or

lower, there was no significant difference in the final removal rate

of DUR. However, at a concentration of 10mmol, the removal rate

dropped to 82.7%. This is because SO4
2– can react with hydroxyl

radicals(•OH) and holes (h+) in the system to generate sulfate rad-

icals [59,60]. Under conditions where sulfate radicals are present,

they may inhibit the degradation of pollutants. As the concentra-

tion of SO4
2– increases, the pH of the system also rises (Fig. S8c in

Supporting information), which can affect the removal rate of DUR

to some extent.

SO4
2− + •OH → SO4

•− + OH− (6)

SO4
2− + h+ → SO4

•− (7)

Fig. 7d shows the effect of different concentrations of Cl– ions

on the DUR removal rate. As shown in Fig. 7d, Cl– ions have a

slight inhibitory effect on the removal of DUR. When the Cl– con-

centration was 0.1–1mmol, the inhibitory effect on DUR was more

obvious. However, when the Cl– concentration was greater than

0.1mmol, the degradation rate increased with the increase of con-

centration instead. The inhibition degree of chloride ion decreased

with the increase of its concentration, and similar phenomenon

was also observed in other literatures [61]. Cl– can react with •OH

to form ClOH•-, which then rapidly decomposes into •OH and Cl–.

At this point, the reaction rates of both species are comparable,

resulting in a minimal impact on pollutant degradation [62]. How-

ever, under acidic conditions, ClOH•– can further react with hydro-

gen ions to produce Cl•, and the presence of chloride ions can have

a certain inhibitory effect on pollutant degradation [63]. Monitor-

ing the changes in pH in the system revealed that the low con-

centration Cl– system exhibits a more acidic pH (Fig. S8d in Sup-

porting information). This results in a greater inhibitory effect of

low concentration Cl– compared to high concentration Cl– on the

system.

Cl− + •OH → ClOH•− (8)

ClOH•− → Cl− + •OH (9)

ClOH•− + H+ → Cl• + H2O (10)

Fig. 7e shows the effect of different concentrations of NO3
– ions

on the DUR removal rate. The experimental results indicate that

NO3
– ions have no negative impact on DUR removal. In addition,

by monitoring the pH value of DUR solution at different concen-

trations, it was found that with the increase of NO3
– concentra-

tion, the pH value changed slightly and remained basically stable

(Fig. S8e in Supporting information). In fact, as the NO3
– concen-

tration increases, the degradation efficiency of DUR is enhanced.

This is because nitrates possess a certain level of photosensitivity,

which, under light irradiation, leads to the activation of hydroxyl

radicals and nitrogen-containing radicals [64,65]. This increases the

concentration of free radicals in the system, thereby accelerating

the removal of DUR.

NO3
− + H2O + hv → NO2

• +O•− (11)

O•− + H2O + hv → OH− + •OH (12)

Fig. 7f displays the effect of humic acid (HA) concentration vari-

ation on DUR removal efficiency. As shown in Fig. 7f, when the

humic acid concentration is in the range of 0–10.0mg/L, the pH

value does not change significantly (Fig. S8f in Supporting infor-

mation). With the increase of HA concentration, the degradation

rate of DUR shows a certain enhancement trend, and this promot-

ing effect becomes more and more significant with the increase of

HA concentration. This is because humic substances are considered

to be photosensitizers, which can enhance the photodegradation of

pollutants at the level of mg/L [66]. Therefore, in this study, humic

acid can promote the photodegradation process of DUR as a pho-

tosensitizer.

The above research shows that different anions and HA have

different effects on the performance of CoFe2O4/BiOBr photocat-

alytic degradation of DUR. Among them, the order of inhibition

intensity is CO3
2– > H2PO4

– > SO4
2– > Cl–, while NO3

− and HA

significantly improve the degradation efficiency through photosen-

sitization effect. It is worth noting that under the condition of

low concentration coexisting substances, the photocatalytic per-

formance of CoFe2O4/BiOBr was not significantly disturbed, and

the degradation rate was still maintained above 80%. This phe-

nomenon confirms that the composite photocatalyst has excellent

anti-interference ability and system stability.

In practical applications, the stability and reusability of com-

posite photocatalysts are two crucial factors that must be taken

into account. Consequently, a series of cycling experiments were

conducted to test the CoFe2O4/BiOBr composite photocatalyst, and

the results are shown in Fig. 8. After six consecutive uses, the

CoFe2O4/BiOBr composite photocatalyst still maintains excellent

photocatalytic performance, with a degradation efficiency of DUR

exceeding 99% (Fig. 8a). K. Das et al. successfully synthesized

In2S3/Bi2Fe4O9 composite photocatalyst, after 120min of reaction,

the removal efficiency of DUR reached 75% [67]. D. Akgün et

al. synthesized Ag/AgCl@MIL-88A/g-C3N4 composite photocatalytic

material, under the optimal synthesis conditions, after 60min of

reaction, the removal rate of DUR was as high as 99%. After 3

cycles of use, the removal rate of DUR remained at 96.25% after

120min of reaction [68]. In contrast, the CoFe2O4/BiOBr compos-

ite photocatalyst synthesized in this work can remove >99% of

DUR in 50min. More notably, after 6 cycles of use, the removal

rate of DUR was still able to maintain at 99% after 50min of re-

action. Compared with other studies [67–71], the CoFe2O4/BiOBr

catalysts in this study shows excellent photocatalytic performance,

especially in terms of stability, which further highlights the supe-

riority of CoFe2O4/BiOBr (Table S2 in Supporting information). As

shown in Fig. 8b, the leaching amounts of Co, Fe, and Bi ions are

all below 20μg/L, which is far lower than the emission limits spec-

ified in the standards (GB3838–2002 and GB25467–2010, China).

This indicates that the CoFe2O4/BiOBr photocatalyst exhibits good

environmental safety in practical applications. In addition, we an-

alyzed the changes of crystal structure and functional groups of

the catalyst before and after use by XRD and FTIR (Figs. 8c and

d). The results demonstrated that the characteristic peaks of the

catalyst remained unchanged before and after use, proving that

the CoFe2O4/BiOBr catalysts exhibits excellent stability. In sum-

mary, the CoFe2O4/BiOBr composite photocatalysts can still main-

tain high photocatalytic activity and good stability after multiple

recycling, thereby indicating their potential for practical applica-

tion in environmental remediation.

The photocatalytic degradation performance of the catalyst in

different water bodies was investigated. When the reaction time

was 80min, the removal rates of DUR in lake water, tap water and

deionized water were 90.6%, 84.1% and 99.9%, respectively (Fig.

8e). In the actual water environment, the significant decline in pol-

lutant removal efficiency may be due to the quenching effect of

various anions on active free radicals, which suppresses the degra-
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Fig. 8. During the recycling process (a) the removal rate of DUR, (b) ion leaching, (c) XRD before and after use, and (d) FTIR before and after use. (e) Removal of DUR in

different water bodies and (f) removal of different pollutants.

dation process of pollutants [72]. And the anion concentration in

tap water and lake water is much higher than that in deionized

water, as indicated by different water quality parameters (Table

S3 in Supporting information). In addition, antibiotics, dyes, and

phenolic pollutants were selected to evaluate universality of the

CoFe2O4/BiOBr photocatalytic system (Fig. 8f). The removal rates

of sulfamethazine (SMR), norfloxacin (NOR), methylene blue (MB),

rhodamine B (RhB), bisphenol A (BPA) and p-nitrophenol (PNP)

by the CoFe2O4/BiOBr photocatalysts were 92.41%, 99.99%, 99.99%,

99.99%, 90.43%, and 15.92%, respectively. The low removal rate of

PNP may be due to its inherent photo stability, in which the ni-

tro group, as a strong electron-withdrawing group, hinders the ef-

fective attack of electrophilic active species on the benzene ring,

leading to the obstruction of photocatalytic degradation [73]. The

photocatalyst can adapt to most pollutants, thereby exhibiting the

capacity to treat a wide range of environmental pollutants.

To qualitatively analyze the main active species during the pho-

tocatalytic reaction of CoFe2O4/BiOBr catalyst, TBA, EDTA-2Na, p-

BQ and FFA were used as scavengers for •OH, h+, •O2
–, and 1O2,

respectively. As shown in Fig. 9a, the removal rate of DUR gradu-

ally decreased from 99.99% to 6.03% when varying concentrations

of EDTA-2Na was added, suggesting that h+ played a dominant role

in the degradation process of DUR. Secondly, the presence of p-BQ

significantly influenced the removal rate of DUR. As the concen-

tration of p-BQ increased, the removal rate of DUR decreased from

99.99% to 39.7%, suggesting that •O2
– plays a crucial role in the

degradation process of DUR. Although TBA and FFA have little ef-

fect on the final removal rate of DUR, the degradation rate of DUR

gradually decreases with the increase of the concentration of these

two scavengers (Fig. 9b). In summary, all scavengers demonstrated

inhibitory effect on the degradation of DUR, with h+ and •O2
–

identified as the most critical active substances in the system. The

active species in the system were further validated through EPR

testing. The generation of h+ and •O2
– in the system was detected

using TEMPO and DMPO as probes under dark conditions or after

5 and 10min of light exposure (Figs. 9c and d). Under visible light

irradiation, distinct characteristic peaks of the DMPO-•O2
– adduct

were detected, with the signal intensity increasing over time, in-

dicating the presence of •O2
–. The TEMPO-h+ signal was stronger

in the dark, but weakened with prolonged light exposure [58], as

h+ was gradually produced and reacted with the capture agent.

This confirms that h+ was generated in the light-exposed system.

The results of EPR test are consistent with the capture experiment.

Therefore, the main active species in this photocatalytic system are

h+ and •O2
–.

The UV–vis DRS spectra of CoFe2O4, BiOBr and CoFe2O4/BiOBr

were measured to compare their light absorption range (Fig. 10a).

The absorption edge of BiOBr is located at about 430nm, while

CoFe2O4 has high light absorption in the range of 200–700nm.

The addition of CoFe2O4 resulted in a notable increase in the light

absorption intensity of CoFe2O4/BiOBr in the 400-800nm. This

was attributed to the presence of free electrons inside the metal,

which can capture light of various frequencies [74]. The addition

of CoFe2O4 enhanced the visible light response of BiOBr, thereby

improving the photocatalytic activity of the catalyst. The band gap

(Eg) of semiconductor materials is calculated by using the formula

αhν =A (hν - Eg)
n/2, where α is the absorption coefficient, h is the

Planck constant, ν is the optical frequency, and A is a constant [75].

The band gaps of CoFe2O4 and BiOBr are calculated to be about

1.29 and 2.70 eV, respectively (Fig. 10b).

To evaluate the separation efficiency of photogenerated carri-

ers, the catalyst was tested by photoluminescence spectrum (PL)

and electrochemical impedance spectrum (EIS). As shown in Fig.

10c, BiOBr exhibits the strongest fluorescence intensity, while the

CoFe2O4/BiOBr composite shows the weakest fluorescence inten-

sity. In general, the fluorescence emission intensity is inversely

proportional to the density of recombination centers, that is, the

weaker the fluorescence intensity, the higher the separation ef-

ficiency of electron-hole pairs [76]. The significant decrease in

the PL intensity of the CoFe2O4/BiOBr composite indicates that

the addition of CoFe2O4 effectively promotes the separation of

photogenerated carriers, thus enabling more carriers to actively
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Fig. 9. (a) Removal efficiency, (b) corresponding pseudo-first-order rate constant, (c) h+ and (d) •O2
- EPR spectra in the dark, 5 and 10min under different scavengers upon

visible light irradiation.

Fig. 10. (a) UV–vis diffuse reflectance spectra, (b) Tauc plots, (c) photoluminescence spectra, and (d) Nyquist plots of CoFe2O4, BiOBr, and CoFe2O4/BiOBr. (e) Mott-Schottky

plots of CoFe2O4 and (f) BiOBr.

participate in the photocatalytic reaction process. In general, the

smaller the arc radius in the Nyquist plot, the lower the resis-

tance to charge transfer, which is more conducive to the elec-

tron transfer process [77,78]. As shown in Fig. 10d, the arc ra-

dius of the CoFe2O4/BiOBr composite material is smaller than that

of the single CoFe2O4 and BiOBr materials, which indicates that

CoFe2O4/BiOBr performs better in terms of charge transfer ability.

In summary, the CoFe2O4/BiOBr composite endows with excellent

photocatalytic performance due to its efficient carrier separation

efficiency and excellent carrier charge transfer ability.

In addition, the semiconductor type and the flat band poten-

tial of the catalyst were determined by Mott-Schottky measure-

ments. As shown in Figs. 10e and f, the slope of the M-S curve

is positive, indicating that CoFe2O4 and BiOBr are n-type semi-

conductors. The flat band potentials (EFB) of CoFe2O4 and BiOBr

are −0.56 and −0.39V (vs. Ag/AgCl electrode), respectively, which

are about −0.36 and −0.19 eV compared with the normal hydrogen

electrode (NHE). The conversion formula is E(NHE) = E(Ag/AgCl) +0.197

[79]. When the material is n-type semiconductor, the EFB is close

to the conduction band potential (ECB), which is located about 0.1–

0.3 eV below the conduction band [80]. Therefore, ECB,CoFe2O4 and

ECB,BiOBr can be estimated to be about −0.46 and −0.29 eV, respec-

tively. According to the formula ECB = EVB - Eg, it can be seen that

EVB,CoFe2O4 and EVB,BiOBr are about 0.83 and 2.41 eV, respectively.
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Fig. 11. The work functions of (a) CoFe2O4 and (b) BiOBr. (c-e) The possible photodegradation mechanism of DUR with CoFe2O4/BiOBr as photocatalyst under visible light.

To determine the work function and Fermi level of CoFe2O4 and

BiOBr, we obtained the results shown in Figs. 11a and b through

DFT calculations. The calculated work function of CoFe2O4 is about

4.74 eV, while that of BiOBr is about 5.26 eV. However, the calcu-

lated vacuum level does not always lie at the same position when

calculating the work function of materials. In order to compare the

Fermi level of CoFe2O4 and BiOBr, the vacuum level of both mate-

rials is 0 eV, and the Fermi level of the two materials is calculated

by the formula Ф= Evac - Ef. When Evac =0 eV, the Ef of CoFe2O4

and BiOBr are −4.74 and −5.26 eV, respectively, which means that

the Fermi level of CoFe2O4 is higher than that of BiOBr. Based on

the experimental results, the CB of CoFe2O4 and BiOBr are −0.46

and −0.29 eV, respectively, and the corresponding VB are 0.83 and

2.41 eV, respectively (Fig. 11c). The CB potential of BiOBr is higher

than that of O2/
•O2

– (−0.33 eV), so it is difficult to reduce O2 to
•O2

–; while the VB potential of CoFe2O4 is lower than that of -

OH/•OH (2.30 eV), so it is difficult to oxidize -OH to •OH [81,82]. At

this time, the mechanism explanation of traditional heterojunction

is no longer applicable.

Based on the above analysis, it is proposed that the pho-

tocatalytic degradation of DUR by CoFe2O4/BiOBr follows the S-

scheme heterojunction transfer mechanism (Figs. 11d and e). When

CoFe2O4 and BiOBr come into contact, due to the higher Fermi

level, electrons in CoFe2O4 will transfer to BiOBr with a lower

Fermi level, resulting in CoFe2O4 losing electrons and becom-

ing positively charged. On the contrary, BiOBr becomes negatively

charged due to accepting electrons. In addition, the energy band

will be upward or downward bent at the interface of CoFe2O4

and BiOBr, thus forming a built-in electric field pointing from

CoFe2O4 to BiOBr. Under light irradiation, the built-in electric field

drives the photogenerated electrons to migrate from the conduc-

tion band (CB, −0.29 eV) of BiOBr to the valence band (VB, 0.83 eV)

of CoFe2O4, which not only enhances the redox ability of the pho-

tocatalytic reaction, but also promotes the generation of active sub-

stances required for the reaction. The electrons (e–) in CoFe2O4 re-

act with O2 to form superoxide radicals (•O2
–), which react with

DUR in the system. At the same time, the photogenerated holes

(h+) in BiOBr directly participate in the oxidation process of DUR

due to their strong oxidizing power. Finally, these active substances

degrade DUR into small molecule intermediates or inorganic sub-

stances such as H2O and CO2.

CoFe2O4 + hv → eCB
−(CoFe2O4) +hVB

+
(CoFe2O4) (13)

BiOBr + hv → eCB
−(BiOBr) +hVB

+
(BiOBr) (14)

eCB
−(BiOBr) + hVB

+
(CoFe2O4) → Recombination (15)

eCB
−(CoFe2O4) + O2 → •O2

−(CoFe2O4) (16)

(h+, •O2
−(CoFe2O4)) + DUR → Photodegradation product

(17)

To reveal the specific pathways of DUR degradation in the pho-

tocatalytic reaction of CoFe2O4/BiOBr, HPLC-QTOF-MS and density

functional theory (DFT) were used to predict and analyze the pos-

sible intermediates in the reaction process (Fig. 12). As shown

in Fig. S9 (Supporting information), a total of 12 possible DUR

degradation intermediates were identified by HPLC-QTOF-MS, and

their molecular formulas, m/z values, and molecular structure in-

formation are listed in Table S4 (Supporting information). Based

on the intermediates and density functional theory (DFT) calcula-

tions (Figs. 12a and b), the degradation pathways of DUR mainly

involve the following three mechanisms: (1) Substitution of chlo-

rine atoms, (2) dealkylation reaction, (3) hydroxylation of aromatic

ring and side chain. Specifically, the chlorine (Cl) atom in the DUR

molecule has a higher Fukui function index (f –, f+, f0), making it

more susceptible to electrophilic attack and radical attack. In this

case, after the chlorine atom is attacked, a dechlorination hydrox-

ylation reaction occurs to generate the intermediate P1. The active

substance continues to attack, causing the reaction path to pro-

ceed in the order of P1→P4→P8→P12. In addition, the N(2)-

C(9) bond has a longer bond length (1.46 Å) and a lower popula-

tion (0.61), indicating that it is weak and thus more susceptible
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Fig. 12. (a) The bond population, Fukui indices and electrostatic potential distribution of DUR. (b) Possible degradation pathway of DUR in CoFe2O4/BiOBr process.

Fig. 13. Toxicity prediction of DUR and its intermediates by ECOSAR.

to breaking. In this case, the degradation of DUR can be achieved

by attacking the alkyl side chain, demethylation, and hydroxylation

to generate P2→P5→P9→P10→P11. The f0 values of C6 and C3

atoms are second only to those of chlorine atoms, indicating that

they are also vulnerable to free radical attacks. At this time, the

hydroxylation reaction occurs on the aromatic ring to produce P3,

while the alkyl side chain is attacked, and the reaction proceeds

in the order of P3→P6→P7. In actual degradation reactions, the

degradation process is often complex, and intermediates between

different pathways can also be converted to each other. The gener-

ated electrostatic potential distribution map also shows that the

charge density is mainly concentrated on nitrogen (N), chlorine

(Cl), and oxygen (O) atoms. Under the attack of electrophilic groups

and free radicals, the obtained intermediates continue to be oxi-

dized and ring opened, and finally inorganic small molecules are

generated.

The environmental impacts of DUR and its intermediates were

assessed by the quantitative structure-activity relationship (QSAR)

method through ECOSAR software (Fig. 13). The predicted toxicity

indicators include the median lethal concentration (LC50) of fish

and Daphnid, the median effective concentration (EC50) of green

algae, and the corresponding chronic toxicity values (ChV) of these

indicators. The acute and chronic toxicity of most intermediates to

fish, daphnid and green algae were lower than that of DUR. Com-

pared with DUR, the toxicity of intermediates showed a gradually

weakening trend (Fig. S10 in Supporting information). These re-

sults confirmed that the environmental impact of intermediates is

smaller than that of DUR, indicating that their degradation process

can effectively alleviate the negative effects of DUR on the ecologi-

cal environment. It should be noted that the predictions of ECOSAR

are based on idealized assumptions and may deviate from the in-

fluence of complex matrices or biological metabolic processes in
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the real environment. Nevertheless, the simulation results can pro-

vide a preliminary reference for the potential environmental risks

of degradation pathways.

In this work, magnetic CoFe2O4/BiOBr S-scheme heterojunc-

tion photocatalysts were successfully prepared by microwave as-

sisted coprecipitation method, which was verified by XRD, SEM,

XPS and FTIR. The removal efficiency of diuron by CoFe2O4/BiOBr

reached 99.9% in only 50min under visible light irradiation. Fur-

thermore, the photocatalytic system demonstrated stability across

a wide pH range (3–9), making it suitable for different water qual-

ity environments and effective in removing various pollutants. Af-

ter 6 uses, the CoFe2O4/BiOBr still maintains a high removal rate

(>99%) with minimal leaching of Fe and Co ions, confirming the

excellent stability and durability of the photocatalysts. The photo-

electrochemical test results also revealed that the formation of the

CoFe2O4/BiOBr S-scheme heterojunction promotes electron trans-

fer and charge separation, significantly improving the photocat-

alytic efficiency. The DUR degradation under the photocatalytic re-

action was mainly h+ and •O2
–. The DUR degradation pathways in-

clude dechlorinated hydroxylation, dealkylation and hydroxylation

of aromatic ring and side chain, which was identified by HPLC-

QTOF-MS and DFT calculations. The toxicity analysis showed that

the toxicity of the intermediates generated during the degrada-

tion process was generally lower than that of DUR. The addition

of CoFe2O4 not only endowed the CoFe2O4/BiOBr composites with

magnetism and achieved rapid material recovery, but also formed

S-scheme heterojunction and enhanced the photocatalytic perfor-

mance with good adaptability, exhibiting excellent stability and

durability. Given these characteristics, this study is expected to be

widely used in industries for the removal of refractory pollutants

from water.
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