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A B S T R A C T   

Magnetic Fe3S4 was facilely derived from MIL-100(Fe) as the precursor and thioacetamide (TAA) as the sulfur 
source under hydrothermal condition. The as-prepared Fe3S4 was adopted as catalyst to promote the photo- 
Fenton process, in which sulfamethoxazole (SMX) was used as representative pollutant sample to test the 
oxidative degradation performance of Fe3S4. The results showed that Fe3S4 exhibited excellent photo-Fenton-like 
oxidation decomposition performances toward sulfamethoxazole (SMX) under both UV and visible light. A 
possible degradation mechanism over Fe3S4 in the photo-Fenton reaction is put forward based on quenching 
experiments and electron spin resonance (ESR). About 41% total organic carbon (TOC) removal efficiency of 
sulfamethoxazole (SMX) over the as-prepared Fe3S4 can be accomplished within 40 min. As well, different 
sulfonamide antibiotics (SAs) like sulfamethoxazole (SMX), sulfisoxazole (SIM) and sulfadiazine (SDZ) were 
selected to further investigate the oxidative degradation activity of Fe3S4 in this photo-Fenton-like reaction 
system, in which the possible degradation pathways of SMX, SIM and SDZ were put forward based on UHPLC-MS 
analysis. This work provided a new strategy to prepare magnetic Fe3S4 as catalyst for advanced oxidation pro
cess, which can be easily separated from the treated water samples to accomplish facile recovery and 
recyclability.   

1. Introduction 

Antibiotics are widely used in the prevention and treatment of in
fections in humans and livestock, which have attracted worldwide at
tentions in recent years due to their harmful effects on humans and 
animal organisms even at low concentrations (Chen et al., 2018; Jiang 
et al., 2020). Sulfonamide antibiotics (SAs), as the first synthetic class of 
broad-spectrum antibiotics to be used in clinical practice, are widely 
used until now (Scheme 1). Sulfamethoxazole (SMX) and sulfisoxazole 
(SIM) are commonly used as human antibiotics (Du et al., 2018b), while 
sulfadiazine (SDZ) is commonly used as veterinary antibiotics. SAs can 
be discharged into water bodies through a variety of pathways, resulting 
in SAs concentrations in wastewater typically in the range between ng/L 
and μg/L. 

Up to now, advanced oxidation processes (AOPs) based on the 
reactive oxygen species (ROS) like ⋅OH, ⋅O2

- and 1O2 rather than the 
conventional wastewater treatments, have been extensively adopted as 

an effective and economic technologies for the treatment of emerging 
and toxic organic pollutants in wastewater (Li et al., 2021). In fact, the 
photo-Fenton reaction especially the heterogeneous photo-Fenton re
action (Shi et al., 2016; Zhou et al., 2020), has attracted increasing in
terest in water treatment due to its superior efficiency, low cost and good 
reusability (Carra et al., 2014; Villegas- Guzman et al., 2017). Various 
Fe-based catalysts like α-Fe2O3@g-C3N4 (Guo et al., 2018), TiO2/Fe2

TiO5/Fe2O3 (Deng et al., 2017), Fe3O4@MIL-100(Fe) (He et al., 2021) 
and MIL-53(Fe) (Ai et al., 2014) have been used to activate the 
photo-Fenton process for degrading different toxic organic pollutants. 
However, the difficulty of separating and recycling the photo-Fenton 
catalysts from the reaction system for recycle and reuse is becoming a 
serious drawback, which hinders their further practical applications. 

Greigite (Fe3S4) is a sulfur spinel of iron with similar crystal structure 
to that of magnetite (Fe2+Fe3+

2S4) (Clarizia et al., 2017). It is usually an 
authigenic ferromagnetic mineral that forms sub-stable precursors to 
pyrite during the reduction of early diagenetic sedimentary sulfates in 
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anoxic depositional environments. It also plays an integral role in the 
global elemental cycle (Roberts et al., 1996; Shi et al., 2020). Due to its 
ferromagnetic and reducing properties, Fe3S4 has been widely used in 
ion batteries (Li et al., 2017), CO2 catalytic reduction (Roldan and 
Leeuw, 2015), heavy metal removal (Liu et al., 2019; Yang et al., 2020), 
organic arsenic reduction (Liu et al., 2017), N2 fixation (Zhao et al., 
2018), electromagnetic wave absorption (Wu et al., 2020), and 
biomedical applications (Liu et al., 2020). At the same time, the abun
dant reduction sites on the surface of Fe3S4 can activate H2O2 to produce 
active species for the organic pollutants degradation (Shi et al., 2020). 
Fe3S4 is an outstanding narrow band gap ferromagnetic semiconductor 
that can be excited by the solar spectrum from the ultraviolet to the 
infrared (Yang et al., 2017). Electrons in the valence band (VB) of Fe3S4 
are excited in the conduction band (CB) by light irradiation and then 
transferred to the surface, in which the photogenerated electrons can 
reduce the surface Fe(III) to the active Fe(II) in the conduction band. 
Also, activated H2O2 can inhibit the over-oxidation of surface Fe(II) and 
sulfur. From these points, the advanced oxidation processes achieved 
over Fe3S4 as catalyst might be vast potential for future development. 

Metal-organic frameworks (MOFs) constructed from metal nodes and 
organic ligands are widely investigated in CO2 reduction (Li et al., 
2018), water splitting (Luo et al., 2019), organic pollutants degradation 
(Zhang et al., 2021), adsorption (Jiang et al., 2019), catalysis (Li et al., 
2021) and sensing (Campbell and Dincă, 2017) due to their ultrahigh 
surface area, structural diversity and tailorability and abundant active 
sites (Jiao et al., 2018; Wang et al., 2022). Up to now, MOFs were often 
used as precursors to prepare different functional derivatives like metal 
sulfides, metal oxides and porous carbon due to that the 
MOF-derivatives can retain the merits of their MOFs precursors (Fang 
et al., 2020; Li et al., 2021a, 2021b; Wang et al., 2022; Zhang et al., 
2021). 

Within this paper, Fe3S4 derived from MIL-100(Fe) was applied to 
accomplish the photo-Fenton degradation toward three sulfonamide 
antibiotics SMX, SIM and SDZ. The degradation mechanism was 
confirmed by multiple types of characterization techniques such as 
radical quenching experiments, electrochemical analysis and ESR tests. 
The degradation pathways of SMX, SIM and SDZ were identified based 
on UHPLC-MS analysis. It was expected that this work will provide a 
new strategy to recovery catalysts in practical wastewater treatment. 

2. Experimental 

The chemicals, the characterization instruments were described in 
the Supplementary Information (SI). 

2.1. Synthesis of MIL-100(Fe) precursor 

MIL-100(Fe) was produced following to the previous literature with 
slight modification (Xu et al., 2017). Detailly, FeCl3⋅6H2O (54.04 mg) 
and 1,3,5-Benzenetricarboxylic acid (28.16 mg) were dissolved in eth
ylone glycol (5.0 mL) and dimethylformamide (DMF, 5.0 mL), respec
tively. The above-mentioned solutions were transferred into the 
Teflon-lined autoclave to be heated at 393 K for 1 d. The as-obtained 
MIL-100(Fe) crystals were collected, which were washed in turn with 
deionized water and ethanol for 3 times. 

2.2. Synthesis of magnetic Fe3S4 

0.1 g as-prepared MIL-100(Fe) and 0.4 g thioacetamide (TAA) were 
suspended in 15.0 mL absolute ethanol. After ultrasound treatment for 
20.0 min, the suspension was sealed in the Teflon-lined autoclave to 
conduct solvothermal reaction at 120 ◦C for 12 h. After cooling down to 
room temperature, the black precipitates were collected by centrifuga
tion with 8000 r/min for 3 min and washed with ultra-pure water and 
ethanol for three times, respectively. The Fe3S4 was obtained by drying 
at 60 ◦C overnight. 

2.3. Photo-Fenton experiment 

15.0 mg Fe3S4 was dispersed in 50.0 mL SMX, SIM or SDZ aqueous 
solution with the initial concentration of 5 mg/L (pH = 5.0) under the 
ultrasonication. The temperature of reaction solution during the photo- 
Fenton experiment was maintained at 25 ± 0.3 ◦C. The pH values of the 
solutions were adjusted by H2SO4 or NaOH solutions with suitable 
concentrations. After being stirred in dark for 30 min to achieve 
adsorption-desorption equilibrium, 10 μL 30% H2O2 solution (the 
H2O2/SMX molar ratio being 100) was added to the suspension under 
visible light irradiation (350 mW low power LED light, PCX50C, Beijing 
Perfectlight Technology Co., Ltd.). At a set interval, 1.0 mL solution was 
taken out and filtrated with a 0.22 µm nylon filter to determine the re
sidual SMX concentration, in which 0.01 mL of isopropanol was added 
to quench the reaction. In UV Fenton system, the UV light source 
(λ = 369 nm) was supplied by a 10 W LED ultraviolet lamp (PCX50B, 
Beijing Perfectlight Technology Co., Ltd.), while the experiment is 
identical to the photo-Fenton process. 

3. Results and discussions 

3.1. Characterizations 

The characteristic powder X-ray diffraction (PXRD) patterns of the 
as-prepared precursor MIL-100(Fe) matched well with those reported in 
the previous reference (Xu et al., 2017) and the patterns simulated from 
the single crystal data (cif file of CCDC 640536) (Fig. 1a). As well, the 
scanning electron microscopy (SEM) observations (Fig. 2a) revealed that 
the as-synthesized MIL-100(Fe) displayed as highly uniform spheres 
with the particle size ranging from 200 to 400 nm (Wang et al., 2021). 
The above characterizations confirmed the successful preparation of the 
MIL-100(Fe). 

After solvothermal treatment with thioacetamide (TAA), the as- 
obtained precipitates were affirmed as cubic greigite Fe3S4 via PXRD, 
SEM, TEM and HRTEM. It can be found from PXRD patterns that all the 
diffraction peaks were fully consistent with Fe3S4 (JCPDS 16-0713), in 
which the broad and the sharp PXRD diffraction peaks at 2θ = 15.5◦, 
25.4◦, 30.0◦, 36.3◦, 44.9◦, 47.8◦ and 52.4◦ can be ascribed to the (1 1 1), 
(2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) facets of Fe3S4 (Yang 
et al., 2020). The SEM and TEM observations revealed that the 
as-prepared Fe3S4 displayed as uniform nanospheres (Fig. 2b–d), which 
displayed smaller size (300–500 nm) than that obtained via the 
template-free method from Luo et al., 2019. The HRTEM micrographs of 
Fe3S4 (Fig. 2e) showed that the fringe spacings of 0.247 nm could be 
assigned to the (4 0 0) crystalline facet of Fe3S4 (JCPDS 16–0713). As 
exhibited in SAED pattern (Fig. 2f), the diffraction rings of (4 0 0) and (5 
1 1) can conveniently be indexed to Fe3S4 crystal (Zheng et al., 2014). 
Additionally, the EDS-mapping was applied to detect the elements dis
tribution of the Fe3S4, in which the targeted elements (Fe, S and O) were 
uniformly distributed over Fe3S4 (Fig. S2). 

The magnetic hysteresis curve of as-prepared Fe3S4 shown in Fig. 1b 
demonstrated that its saturation magnetization value is 36.3 emu/g (Liu 
et al., 2017; Yang et al., 2020), indicating that the obtained Fe3S4 could 
be readily collected by the magnetic force. As shown in the inset picture 
of Fig. 1b, the as-prepared Fe3S4 sample could be collected from the 

Scheme 1. The structure illustration of sulfonamide antibiotics.  
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suspension within 60 s with an external magnet. 
The UV–vis diffuse reflectance spectra (UV–vis DRS) of the as- 

prepared Fe3S4 (Fig. S1) illustrated that it exhibits strong absorption 
in both UV–visible and even near-infrared regions, implying Fe3S4 can 
be excited by large range of light (Yang et al., 2017). 

3.2. Photo-Fenton activity of Fe3S4 derived from MIL-100(Fe) 

3.2.1. Heterogeneous Fenton-like reaction performance of Fe3S4 
The sulfamethoxazole (SMX), as one of the common PPCPs, was 

selected as organic model to test the photo-Fenton-like degradation 
performance of Fe3S4 as heterogeneous catalyst (Fig. 3a). With the 
presence of H2O2 and low power LED visible light, 100% SMX with 
initial concentration being 5 mg/L could be degraded over the as- 
prepared Fe3S4 as catalyst within 10 min (pH being 5.0). The Fe3S4 
had the best SMX degradation activity under UV light irradiation, in 

which the degradation efficiency was 100% within 5 min. Only 79.1% 
SMX was decomposed with the presence of Fe3S4 and H2O2 (heteroge
neous Fenton-like process). Also, the series control experiments results 
revealed that 9.1%, 10.4% and 11.5% SMX could be removed in the 
Fe3S4 system (adsorption process), LED visible light/H2O2 system (photo 
activated H2O2 process), and Fe3S4/LED visible light (photocatalysis 
process). It was observed that under the identical conditions, MIL-100 
(Fe) demonstrated inferior photo-Fenton SMX degradation perfor
mance (17.3%), possibly due to the rapid recombination of the photo
generated carriers (Ahmad et al., 2019). All the above-mentioned results 
implied that the effective SMX degradation can be contributed to the 
heterogeneous photo (visible light or UV light)-Fenton-like advanced 
oxidation process over Fe3S4 catalyst. 

3.2.2. Influence of initial pH value 
It is well known that the solution pH plays a controlling role on the 

Fig. 1. (a) XRD patterns of as-synthesized materials. (b) Magnetization hysteresis curve of as-prepared Fe3S4.  

Fig. 2. SEM images of (a) MIL-100(Fe), (b) Fe3S4. TEM images of (c) Fe3S4. (d–e) HRTEM micrographs and (f) SAED image of Fe3S4.  
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performance of the Fenton-like process in the pollutants removal (Wu 
et al., 2020) due to its influences the catalytic activity, the existing forms 
of organic pollutants, the dominant iron species, and the stability of 
H2O2 (Xu and Wang, 2011). The influence of solution pH values on the 
SMX degradation in the Fe3S4/H2O2 oxidation process was evaluated at 
different pH values of 3.0, 5.0, 7.0, 9.0 and 11.0. The results (Fig. 3b) 
displayed that 100% SMX decomposition can be achieved within 
3.0 min at pH being 3.0, implying the acidic conditions can facilitate the 
formation of the hydroxyl radicals for attacking the SMX pollutants 
(Daud and Hameed, 2010; Kallel et al., 2009; Xu and Wang, 2011). It 
was found that 100% SMX can be degraded within 10.0 min at pH being 
5.0. In our work, pH being 5.0 was selected for subsequent experiments 
considering the stability of Fe3S4 (Shi et al., 2020) and the real waste
water condition (Clarizia et al., 2017). 

3.2.3. The influence of the catalyst dosage and H2O2 concentration 
When the Fe3S4 dosage increased from 0.1 g/L to 0.5 g/L (Fig. 3c), 

the oxidative degradation toward SMX was gradually enhanced, which 
was attributed to the increase in the active sites of Fe3S4 for H2O2 
decomposition to produce more ROSs like ⋅OH radicals (Ramirez et al., 
2007; Xu and Wang, 2011). Furthermore, the SMX degradation effi
ciency almost reached 100% within 10 min when the Fe3S4 catalyst 
dosage ranged from 0.3 to 0.5 g/L. From this point, the Fe3S4 dosage was 
selected as 0.3 g/L in the follow-up experiments. 

The SMX degradation efficiency increased with the increasing H2O2/ 
SMX molar ratio from 50:1 to 150:1 (Fig. 3d), due to that the increasing 
H2O2 could yield more ⋅OH radicals and further inhibit the quick 
electron-hole recombination over the Fe3S4 during SMX degradation 

process (Ai et al., 2014). Some counterpart photo-Fenton systems were 
selected to calculate the H2O2/SMX molar ratios (Table S1), in which the 
as-prepared Fe3S4 as catalyst displayed good performance in the view of 
H2O2/organics molar ratio. 

3.2.4. Reusability of catalyst 
The recyclability of Fe3S4 was investigated by successive reusability 

tests (Fig. 4a). The Fe3S4 catalyst was regenerated with the aid of the 
rubidium magnet without any further treatment. After ten cycles of 
reuse, the SMX degradation efficiencies were maintained at 95.1% in the 
Fe3S4 activated photo-Fenton-like reaction system. It was clearly 
demonstrated that the Fe3S4 exhibited a relatively high recyclability. 
The leached iron ions concentration was remained between 0.45 mg/L 
and 0.84 mg/L after each cycle (Fig. 4b), which satisfied the integrated 
discharge standard of water pollutants (2 mg/L) set by the Beijing local 
standard (DB11/307-2013). To investigate the role of the homogeneous 
Fenton resulted from the leaching Fe from Fe3S4, FeCl2 and FeCl3 were 
used as the sources of iron ions to initiate the homogeneous Fenton re
action, in which it was possible to test the dissolved iron ions in the Fe3S4 
photo-Fenton systems could induce H2O2 conversion to ⋅OH for the SMX 
degradation. As shown in Fig. S3, SMX could be degraded slightly under 
the homogeneous Fenton reaction, which excluded the major contri
bution of homogeneous Fenton reaction to the SMX degradation in the 
Fe3S4 Fenton systems. By comparing the PXRD patterns of Fe3S4 before 
and after photo-Fenton reaction (Fig. 4c), it was revealed that minor S0 

and FeOOH appeared on the used Fe3S4 (Shi et al., 2020) and the 
chemical constitution of the Fe3S4 still kept unchanged even after ten 
cycles. 

Fig. 3. (a) Photo-Fenton SMX degradation efficiencies in different system. Effect of (b) initial pH, (c) catalyst dosage, and (d) H2O2 concentration on the SMX 
removal efficiencies under visible light irradiation. Reaction conditions: Fe3S4 dosage = 0.3 g/L (for a, b, and d), SMX concentration = 5 mg/L, initial pH = 5 
(unadjusted, for a, c, and d), H2O2 concentration = 200 μL/L (for a–c). 
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The photo-Fenton degradation process of SMX, SIM and SDZ in their 
mixed solution using the Fe3S4 Fenton system was explored. It was 
observed that the degradation efficiency toward the three mixed sul
fonamide solutions reached 100% within 20 min. The observed degra
dation reaction rates of the three sulfonamides followed a decreasing 
order of SDZ > SMX > SIM (Fig. S4). Furthermore, the TOC removal 
efficiencies toward SMX, SIM and SDZ over Fe3S4 in the photo-Fenton 
system was 45.9%,43.6% and 38.1% within 40.0 min under the visible 
light. The results indicate that Fe3S4 can serve as promising materials for 
the real wastewater treatment. It was well known that Fe3S4 can be 
prepared via different approaches (Table S2), in which Zhang and 
coworker adopted the Fe3S4 as photo-Fenton catalyst to accomplish 
complete atrazine (15 mg/L) degradation within 35 min under the 
visible light (Shi et al., 2020). The identical experiment described by 
Zhang and coworker was conducted, in which the as-prepared Fe3S4 
from MIL-100(Fe) in our work was used as catalyst. The result revealed 
that complete atrazine (15 mg/L) degradation can be achieved within 
10 min under the visible light (Table S3 and Fig. S5), indicating that the 
Fe3S4 derived from MIL-100(Fe) in our work displayed superior 
photo-Fenton activity to toward organics degradation. 

3.2.5. The possible degradation mechanisms 
To understand the mechanism of the synergistic effect in the Fe3S4/ 

H2O2/vis system, the current response density and electron transfer 
ability of Fe3S4 and the precursor MIL-100(Fe) in visible light were 
investigated. The results revealed that Fe3S4 can be excited to produce 
light-induced electron by the light with wide spectrum. It can be seen 
that the charge transfer resistance of Fe3S4 in Fig. S6 was smaller under 
visible light, indicated the greatly facilitated separation and transfer of 

photo-generated electrons (Cao et al., 2020; Zhang et al., 2020). 
Series ROS capture experiments were performed to identify the 

reactive radical species involved in the process and to investigate the 
heterogeneous photo-Fenton mechanism over Fe3S4 as catalyst. The 
tertiary butyl alcohol (t-BuOH) and L-histidine were selected as ROSs 
scavengers to quench the radicals of ⋅OH and 1O2 (Zhou et al., 2020). 
Also, ascorbic acid was selected to capture ⋅O2

- and bubbling N2 elimi
nated O2 involvement in the photo-Fenton reaction (Fig. 4d). As to the 
Fe3S4 Fenton system, the introduction of tertiary butyl alcohol signifi
cantly could reduce the SMX degradation efficiency, indicating that the 
main ROS corresponding to the SMX degradation is ⋅OH radicals. As 
well, another major ROS contributed to the SMX degradation is 
non-radical 1O2, due to that the appearance of L-histidine significantly 
reduces the degradation efficiency of SMX. In contrast, little decrease in 
the degradation efficiency was observed in the presence of the ⋅O2

- 

scavengers ascorbic acid and bubbling N2 gas, suggesting that ⋅O2
- did 

not play a primary role in this photo-Fenton system (He et al., 2021). 
To further elucidate the possible mechanism, ESR measurements 

were carried out to determine the formation of reactive species on Fe3S4 
during the photo-Fenton process (Fig. 5a–c). Under visible light illumi
nation, characteristic ESR signals of ⋅OH, ⋅O2

- and 1O2 are observed over 
Fe3S4, where the peak intensities of ⋅OH, ⋅O2

- and 1O2 at 10 min lighting 
are stronger than those at 5 min, demonstrating that ⋅OH, ⋅O2

- and 1O2 
were consistently formed in the presence of suitable light, H2O2 and 
Fe3S4 catalyst. 

The presence of ⋅OH radicals has been studied by a fluorescence 
method (Sharma and Feng, 2019). The ⋅OH can be selectively trapped by 
terephthalic acid to produce the fluorescent product 2-hydroxy tereph
thalic acid, which can be excited at 315 nm and fluoresces at 425 nm. 

Fig. 4. (a) Cycle use of Fe3S4 as photo-Fenton catalysts in the SMX degradation under visible light irradiation. (b) The concentrations of the leached Fe ions during 
the reusability tests. (c) XRD patterns of the Fe3S4 before and after the cyclic experiments. (d) Active species capture results of photo-Fenton SMX degradation over 
Fe3S4 under visible light irradiation. Reaction conditions: Fe3S4 dosage = 0.3 g/L, SMX concentration = 5 mg/L, initial pH = 5 (unadjusted), H2O2 concen
tration = 200 μL/L. 
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Also, the concentration of ⋅OH radicals is proportional to the intensity of 
the peak at 426 nm (Fu et al., 2020; Sharma and Feng, 2019). The 
fluorescent probe experiment results were similar to the photo-Fenton 
procedure, except that a solution of 2 mM NaOH and 0.5 mM tereph
thalic acid was used instead of the original solution containing SMX. As 
shown in Fig. 5d, no obvious fluorescence intensity was observed within 
individual Fe3S4 and visible light, respectively, suggesting that few ⋅OH 
radicals were yielded. In the Fe3S4/H2O2 system, the fluorescence in
tensity gradually increased at 425 nm can be detected, demonstrating 
that the simultaneous presence of H2O2 and Fe3S4 can lead to significant 
yield of ⋅OH radicals via Eqs. (1) and (2). The strongest fluorescence 
intensity in the H2O2/Fe3S4/visible light system demonstrated that more 
⋅OH radicals can be generated, in which the intensity of the fluorescence 
increased linearly with the reaction time (Fig. 5e). This confirms that the 
production of ⋅OH during the photo-Fenton process is the key active 
species for oxidative SMX degradation. As expected, the removal of SMX 
was highly reliant on the generation of ⋅OH radicals. It was calculated 
that 537 μmol/L of ⋅OH radicals can be yielded in the H2O2/Fe3S4/vi
sible light system within 40.0 min (Fig. 5f).  

Fe3+ + H2O2 → Fe2+ + ⋅HOO + H+ (1)  

Fe2+ + H2O2 → Fe3+ + ⋅OH + OH− (2) 

The XPS spectra of Fe 2p, S 2p and O 1s before and after SMX 
degradation were also analyzed. The peak at 706.9 eV in the HR-XPS 
spectrum of fresh Fe3S4 could be ascribed to the presence of Fe(II)-S 
species (Fig. S7b). All the peaks at 708.1, 710.0, 711.1 and 712.1 eV 
could be contributed to the formation of Fe(III)-S species (Liu et al., 
2019; Shi et al., 2020). Peak splits of O 1s (Fig. S7d) at 529.9, 531.5 and 
532.3 eV were ascribed to O2

–, OH– and H2O, respectively. The peak at 
713.4 eV is attributed to the Fe(III)-O species, which is the result of the 
oxidation of Fe3S4 surface, which was further confirmed by the HR-XPS 
spectra of O1s. The decrease in Fe(II)-S species and the increase in Fe 
(III)-O species on the recycled Fe3S4 surface demonstrated the high 
oxidation capacity of Fe(II) to SMX removal and the conversion of 

ferrous species to Fe(III)-O species on the Fe3S4 surface. After 10 cycles, 
the Sbulk

2- (162.4 eV) and Ssurface
2- (161.2 eV) species of Fe3S4 decreased, 

which was inferred to be oxidized into S0 (164.9 eV). These trends 
pointed that the Fe3S4 surface would produce FeOOH and S0 in- situ, 
inhibiting the internal Fe(II)-S species reaction with H2O2 and ultimately 
resulting in lower ⋅OH yields. Nevertheless, visible light illumination 
could promote the conversion of more H2O2 to ⋅OH, completing the 
removal of SMX. In addition, comparing with the fresh Fe3S4, the 
binding energies of Fe(III)-S and Fe(II)-S species in the reacted Fe3S4 
were clearly transformed to higher or lower values. These variations 
were induced by chemical interaction between SMX and Fe3S4 (Yang 
et al., 2020). 

Based on the previous analysis, a probable Fe(II)/Fe(III) cycle 
mechanism for the Fe3S4 photo-Fenton system in the degradation of SAs 
was proposed (Scheme 2). The Fe2+ could be released from Fe3S4, which 
could then react with H2O2 to generate ⋅OH, accompanying with the 
production of Fe3+ (Eq. (2)). These ⋅OH may directly oxidize SAs while 
the generated Fe3+ could produce FeOOH complexes over the surface of 
Fe3S4, which disfavored the further photo-Fenton reaction (Wang et al., 
2020). Fortunately, the surficial Fe2+ on the Fe3S4 could activate the 
molecular oxygen (O2) to produce non-radical ⋅O2

− via the 
single-electron transfer pathway (Eq. (3)), which might reduce the 
surficial Fe3+ into Fe2+ (Eq. (4)). These abundant ⋅O2

− were further 
transformed into ⋅OH and 1O2 (Eqs. (5) and (6)). The abundance of both 
photo-produced electrons and ⋅O2

− over the visible light responsive 
Fe3S4 ensures the effective regeneration and recyclability of iron species 
in Fe3S4. The effectual Fe(II)/Fe(III) cycle in the Fe3S4/H2O2/light sys
tem could offer surficial Fe2+ for the process to produce more ⋅OH and 
1O2 for enhancing the SAs degradation efficiencies (Eq. (7)).  

Fe2+ + O2 → Fe3+ + ⋅O2
− (3)  

Fe3+ + ⋅O2
− → Fe2+ + O2                                                               (4)  

2⋅O2
− + 2H+ → 1O2 + H2O2                                                            (5)  

Fig. 5. ESR spectra detected in Fenton systems for (a) DMPO-⋅OH, (b) DMPO-⋅O2
− and (c) DMPO-1O2. Fluorescence emission spectra of ⋅OH radicals generated: (d) 

Different systems and (e) times. (f) Accumulative ⋅OH production in the Fe3S4 Fenton systems. Reaction conditions: Fe3S4 dosage = 0.3 g/L, SMX concen
tration = 5 mg/L, initial pH = 5 (unadjusted), H2O2 concentration = 200 μL/L, light source: visible light. 
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2⋅O2
− + 2H+ → 2⋅OH + O2                                                             (6)  

⋅OH/1O2 + pollutants → degraded products                                         (7)  

3.2.6. The influence of co-existing inorganic anions on SMX degradation 
The co-existing inorganic anions in the real water environment can 

significantly influence the catalytic AOPs degradation activity toward 
organic pollutants (Yi et al., 2021). To further clarify the potential of the 
photo-Fenton system for practical applications, the effect of co-existing 
inorganic anions like Cl− , NO3

− , SO4
2− , HCO3

− and H2PO4
− in surface 

water on the catalytic degradation toward SMX were investigated. The 

parameters of water quality are shown in the Table S4, which were 
simulated from the water quality standard of surface water in Beijing. As 
shown in Fig. 6a, the Cl− , NO3

− and SO4
2− anions exerted negligible 

effect on SMX degradation activity. However, the degradation effi
ciencies maintained well after the introduction of H2PO4

− anions to the 
degradation system, due to that the H2PO4

− anion concentration in the 
real surface water is low. With the increasing concentration of HCO3

− up 
to 272.0 mg/L, the SMX degradation ability of Fe3S4 was significantly 
inhibited. The HCO3

− anions not only act as buffer mediate (Jiang et al., 
2020), but also as ⋅OH scavenger, which can transform the highly active 
⋅OH radicals to weakly oxidative species (Zhao et al., 2021). When 

Scheme 2. Mechanistic scheme of photo-Fenton reaction over Fe3S4 for SMX degradation.  

Fig. 6. (a) Effect of inorganic anions on the SMX degradation under visible light irradiation. (b) Photodegradation of SMX under different light sources. (c) Effect of 
SMX degradation under lights with different wavelengths. (d) The k values of SMX degradation under lights with different wavelengths. Reaction conditions: Fe3S4 
dosage = 0.3 g/L, SMX concentration = 5 mg/L, initial pH = 5 (unadjusted), H2O2 concentration = 200 μL/L. 
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HCO3
− was added into the SMX solution, the pH of the solution changed 

from 5.0 to 7.7. From these points, the significant reduction of the SMX 
degradation efficiencies of Fe3S4/H2O2/visible light system could be 
contributed to that HCO3

− might markedly increase the solution pH and 
markedly consume the formed ⋅OH radicals. 

3.2.7. Effect of different light sources 
Field experiments of SMX degradation of over different systems were 

carried out under real solar illumination conditions using Fe3S4 as a 
catalyst. The real solar spectra are shown in Fig. S8. In Fig. 6b, SMX 
could be hardly degraded in the absence of either catalyst or H2O2. In 
contract, the system of Fe3S4/real sunlight/H2O2 achieved 100% SMX 
degradation efficiency within 25 min under the real sunlight (25 mW), 
which was slightly lower than the oxidation efficiency under the visible 
light illumination (320 mW) in lab. Considering the abundant avail
ability of sunlight, the SMX degradation in the Fe3S4/real sunlight/H2O2 
system demonstrated potentially practical application. 

To investigate the effect of different light source on the SMX 

degradation efficiency over Fe3S4 with the presence of H2O2, a series of 
experiments were carried out under the monochromatic light with the 
wavelength of 365 nm, 385 nm, 420 nm, 450 nm, 485 nm, 520 nm, 
595 nm and white light. The PCX50B Discover multichannel photo
chemical reaction system (Beijing Perfectlight Technology Co., Ltm) 
with was adopted to supply all different lights with the optical power 
being 162.5 mW (UV365),188.0 mW (UV385), 175.8 mW (purple), 
156.7 mW (blue), 104.9 mW (cyan), 103.5 mW (green), 36.5 mW (or
ange) and 198.1 mW (white), respectively. It was interesting to find that 
within 40 min, SMX can be completely degraded via photo-Fenton-like 
reaction in different light source with the aid the Fe3S4 and H2O2 
(Fig. 6c). The kinetic plots of SMX decomposition in above-mentioned 
systems were fitted well with the pseudo-first-order model (Fig. 6d). 
The SMX photo-Fenton degradation reactions were strongly dependent 
on the irradiation wavelength of the light source, which can be attrib
uted to the energy of the photon depends on the wavelength (Chen et al., 
2019). It was observed that better photo-Fenton performance was found 
under UV light than under visible light, which also corroborates with the 

Fig. 7. Proposed SMX degradation pathway over Fe3S4/H2O2/Vis system.  
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results in Fig. 3a. There was little difference in the photo-Fenton 
degradation rate of SMX under different wavelengths of light irradia
tion, which is consistent with the UV–Vis/DRS results (Fig. S1). These 
results demonstrates that Fe3S4 has great potential for practical appli
cations under different light sources. 

3.2.8. The SAs degradation pathway in the photo-Fenton system over Fe3S4 
The Fukui function based on the DFT calculation by Liu’s group was 

adopted to further explore the relationship between radicals attacking 
and the intermediates of SMX molecules (Peng et al., 2021). Liu’s group 
reported that the C2 (f − = 0.1617), C4 (f − = 0.1934), C6 (f − = 0.1470) 
and N11 (f − = 0.2942) in the SMX molecule are the active sites with 
higher electrophilic attack Fukui values, which are proved to be 
attacked by both ⋅OH radicals and 1O2 non-radicals. The SMX degra
dation pathway was proposed via the determination of the intermediate 
products formed in the process of SMX degradation obtained UPLC-MS. 

In pathway I (Fig. 7), both the electrophilic addition and electro
philic substitution of ⋅OH to the C––C bond of the isoxazole ring resulted 
into the formation of A1 as dihydroxylated SMX (Du et al., 2018a). In 
pathway II, N11 of SMX with the highest f − value can also be oxidized to 
form A3, which is the classical oxidative product of SMX. Pathway III 
was regarded as the major decomposition pathway of SMX attacked by 
⋅OH radicals, in which the electrophilic substitution of ⋅OH occurring on 
the aromatic ring led to the formation of the ortho-hydroxylated SMX 
(A4). Also, the ⋅OH radicals participated into attacking the S–N bond of 
A4 to produce A5 and A9. The ongoing electrophilic substitution of ⋅OH 
might form A8. The generation of A11 was the shared pathway through 
coupling of the N-centered radical derived from –NH2 group of A9 and 
A10. Pathway Ⅳ was the sulfonamide bond cleavage, the products 
included A12 and A9. A9 was oxidized to A13, A14 and A15, whereas 
products were transformed into single-chain compounds through a se
ries of oxidation reactions, until final degradation occurred (Li et al., 
2021). 

As to SIM, in pathway I (Fig. S9), the reaction of ⋅OH radicals to 
attack SIM was the generation of hydroxylated products (Ge et al., 
2019). This is followed by a substitution reaction to produce B2. In 
pathway II, the oxidative ring opening of the isoxazole ring formed B3 
(Wang et al., 2016). The third degradation pathway was via the iso
xazole ring substitution reaction of SIM to produce the intermediate at 
B4. Later, the isoxazole ring could be oxidized to form B7 via opening 
the isoxazole ring. In pathway Ⅳ, the S-N bond in the sulfadiazine 
molecule was attacked by ⋅OH radicals to produce the B8 and B13 as 
intermediates, which could further be transformed to B9 after a series of 
oxidation and substitution reactions (Wang et al., 2021). At the same 
time, the S-C bond in B9 is attacked by ⋅OH and cleaved into B10 and 
B11. 

Also, Deng’s group (Duan et al., 2020) showed that N1, N4, C5, C6, 
O2 and O3 atoms in SDZ holding larger f 0 are more vulnerable to the 
radicals attack. Based on the detected intermediates and Fukui index, 
the degradation pathway of SDZ is schematically proposed in Fig. S10. 
Firstly, the C–N bond in the pyrimidine ring could be attacked by ⋅OH 
radicals to form intermediate D1 with the evidence of the oxidation of 
–NH2 into –NO2 (Yang et al., 2018). In pathway II, the sulfadiazine 
readily loses electrons at the N position, resulting into the break of the 
H-N bond to produce the sulfadiazine radicals. The above-mentioned 
reactive radicals underwent the coupling reactions to form D3. The 
S-N bond of the D3 could be attacked by ⋅OH to yield intermediate D4. 
Pathway III was formed via the break of S–N bond by ⋅OH radical, and 
D6 and D8 were generated. By the continuous attacking of ⋅OH to D6, D7 
was produced. Meanwhile, D12 was formed by the oxidation of D8 by 
⋅OH while the formation of D9 between D6 and D8 was also a common 
reaction in SDZ degradation by ⋅OH (Yang and Che, 2017). In pathway 
Ⅳ, sulfadiazine could also hydroxylate to produce D13 (Chen et al., 
2021). The intermediate D15 was produced by the C-N bond cleavage in 
the pyrimidine ring. The D15 was attacked by ⋅OH cleaving the potential 
site of S-N bond and also hydroxylation, forming D16. There were two 

possible products (D17 and D18) emerging from D16. Further, D19 was 
also generated by the extrusion of SO2 from D17. D19 was possible in
termediates generating from D18 (Yadav et al., 2018). 

4. Conclusion 

In summary, we facilely derived Fe3S4 using classical MIL-100(Fe) as 
a precursor, which exhibited better performance than the directly syn
thesized Fe3S4 for the photo-Fenton degradation of SAs under both UV 
and visible light. The effects of different systems, initial pH, catalyst 
dosage, H2O2 concentration, real water, foreign ions, real sunlight and 
different monochrome lights on the photocatalytic performance were 
elucidated. Furthermore, cycling experiments for SMX degradation 
showed that the derived Fe3S4 was stable and favorable for recovery by 
magnetism. In addition, the degradation pathways assessments of SMX, 
SIM, SDZ during the photo-Fenton process were also presented and 
tested. The efficient degradation of SAs by the Fe3S4 Fenton system was 
attributed to the acceleration of Fe(II)/Fe(III) cycling on the Fe3S4 sur
face by photogenerated electrons and ⋅O2

-, which favored the decom
position of H2O2 to produce more. The present work shows that some 
metal sulfides with special morphologies and enhanced photocatalytic 
properties can be prepared by tunable MOFs. These interesting findings 
could provide some new insights into the heterogeneous photo-Fenton 
of derivative biodegradation of organic pollutants in the environment. 
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Campbell, M.G., Dincă, M., 2017. Metal–organic frameworks as active materials in 
electronic sensor devices. Sensors 17, 1108. 

Cao, P., Quan, X., Zhao, K., Chen, S., Yu, H., Niu, J., 2020. Selective electrochemical 
H2O2 generation and activation on a bifunctional catalyst for heterogeneous electro- 
Fenton catalysis. J. Hazard. Mater. 382, 121102. 
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