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ARTICLE INFO ABSTRACT

Editor: Jing Zhang Atrazine (ATZ) permeates into aquatic environments due to agricultural activities, presenting potential health

risks and necessitating effective degradation strategies. In this paper, bimetallic MOF MIL-68(In/Fe) sulfurized

Keywords: heterostructured InyS3/Fes3S4 (M-ISFS) was synthesized successfully by a two-step solvothermal reaction. M-ISFS
A"az""e . demonstrated ample Fe sites, facilitating the Fenton reaction. The heterostructures facilitated electron transfer in
Isulguj;zat;on M-ISFS, resulting in a significant acceleration of the reduction of Fe>. M-ISFS demonstrated an efficient
N253/Fe354

degradation capacity ATZ (99.6 % in 60 min), under a low catalyst dosage (0.15 g-L"') and weak sunlight in-
tensity (26.79 mW-cm™2). It also retained 88.7 % degradation efficiency after undergoing 4 cycles. 105, -OH and
-0, were identified to be the main reactive species in the photo-Fenton reaction. The detailed degradation
mechanism and pathway were investigated via mass spectrometry (MS) and density functional theory (DFT).
Toxicity assessment of intermediates showed that M-ISFS-mediated photo-Fenton degradation attenuates ATZ
toxicity to aquatic organisms. This study will broaden the utilization of catalysts sulfurized from MOFs for

Photo-Fenton
Sunlight-driven

improving photo-Fenton degradation.

1. Introduction

The expansion of global agricultural production led to a rise in the
application of herbicides, which has in turn increased the aquatic
environment contamination and the potential harm to humans. Atrazine
(ATZ) is a widely used broad-spectrum herbicide with its 2019 use
exceeding 70 million pounds in the United States alone [1]. It has been
found to be potentially harmful to humans such as altering testosterone
levels, reducing sperm quality and affecting fetal development, which
has been classified as one of the endocrine disrupting chemicals [2-4].
ATZ is more persistent and bioaccumulative than many other herbicides,
with a half-live of up to 57 weeks in different matrices [5]. Alarming
levels of ATZ have been found in lake [6], drinking water [7] and fish
[81, posing a considerable risk to human health. Hence, an efficient
method for the degradation of ATZ in aquatic environments is crucial.

The Fenton process has been identified as a straightforward and
effective technique for the degradation of contaminations in aqueous
environments [9]. However, traditional Fenton process is limited by its
narrow pH operating range, excessive HyOy consumption, and the
generation of iron sludge [10]. The utilization of the heterogeneous
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photo-Fenton process offers a potential solution to the aforementioned
challenges by enabling the effective harnessing of solar energy through
the use of catalysts, leading to decreased consumption of HoOy and
minimized formation of iron sludge [11]. Moya [12] et al. explored the
conventional Fenton degradation of sulfamethazine and the results
showed that less than 20 % of the total organic carbon (TOC) was
degraded in 60 min. However, for the same concentration of sulfame-
thazine, Chen’s [13] study showed that heterogeneous photo-Fenton
process can degrade more than 50 % of TOC in 30 min. In heteroge-
neous photo-Fenton reactions, catalysts play a crucial role in promoting
carrier separation by absorbing sunlight, thereby regulating the Fe3t/
FeZ* cycle and the generation of reactive species [14]. Nevertheless, the
recombination of photogenerated carriers can pose a significant hin-
drance [15]. Therefore, developing high-performance photo-Fenton
catalysts hinges on the effective separation of carriers and the mitigation
of their recombination.

Metal-organic frameworks (MOFs), consisting of metal centers and
organic ligands, have shown significant promise in the development of
photo-Fenton catalysts [16,17]. MOFs generally exhibit semiconductor-
like characteristics, enabling them to be excited by light to generate
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photogenerated electrons and holes [18]. However, the limited photo-
activity of basic MOFs hinders the efficient utilization of these photo-
generated carriers, necessitating modification [19]. Utilizing MOFs as
templates, the derivatization process has been proven to be an effective
strategy in addressing this issue [20]. MOFs can be derivatized by
multiple routes to form various oxides [21], sulfides [22], or phosphide
[23]. These derivatives exhibit enhanced photoactivity while retaining
the fundamental properties of MOF. Additionally, the inherent flexi-
bility of MOFs enables convenient adjustment of the metal components
for the desired derivatives, which is propitious to the construction of
heterostructures. Thus, catalysts derived from bimetallic MOFs possess
ample catalytic sites, improved light absorption properties and effective
separation of photogenerated carrier [24]. Thus, the selection of the
precursor MOF metal element and the derivatization method is crucial
for the synthesis of heterostructured photo-Fenton catalysts.

Metallic sulfides are commonly utilized in the design of hetero-
structures owing to its superior photosensitivity, appropriate energy
band structure, and exceptional charge mobility characteristics [25].
These heterostructured sulfide-based materials demonstrate exceptional
performance in energy [26], environmental [27] and sensing [28] ap-
plications. Among the numerous metal sulfides, InySs is utilized in the
degradation of contaminants due to its relatively low toxicity compared
to most sulfides [29]. Yan [30] et al. synthesized heterostructured InyS3/
BisWOg, which enhanced the separation and transfer of photogenerated
carriers, 2-3-times enhancing the degradation rate. Thus, In,S3-con-
taining heterostructures by sulfuring MOF have potential in enhancing
photo-Fenton degradation.

Herein, bimetallic MOF MIL-68(In/Fe) sulfurized heterostructured
InyS3/FesSs (M-ISFS) was synthesized successfully by a two-step sol-
vothermal reaction for the degradation of the herbicide ATZ under a
weak sunlight-driven photo-Fenton reaction. The morphology,
elemental and chemical structure of M-ISFS was characterized via
scanning electron microscopy (SEM), X-ray diffractometer (XRD) and X-
ray photoelectron spectroscopy (XPS). Optical and electronic properties
of M-ISFS were analyzed through electrochemical workstation. A
comprehensive investigation was conducted into the degradation
properties, influencing factors and practical applications of M-ISFS. The
degradation mechanism of the system, the degradation pathway of ATZ
and the toxicity of intermediates were also analyzed.

2. Experimental sections
2.1. Chemicals and reagents

The detailed information of chemicals and regents was provided in
Text S1.

2.2. Synthesis of MIL-68(In/Fe)

MIL-68(In/Fe) was synthesized according to the method reported in
the literature [31] with some modifications. Typically, 270 mg of
FeCls-6H30, 902 mg of In(NO3)3-xH20 and 664 mg of p-phthalic acid
(PTA) were added into 20 mL of N,N-dimethylformamide (DMF). The
mixed solution was stirred and ultrasonicated until clear, then trans-
ferred to a 50 mL stainless steel autoclave for solvothermal reaction at
398 K for 6 h. After cooling the autoclave to room temperature, the
solids were collected by centrifugation (8000 rpm) and washed several
times with DMF and ethanol (EtOH). Afterwards, the product was dried
in vacuum at 333 K for 12 h to obtain a pale pink MIL-68(In/Fe).

2.3. Synthesis of MIL-68(In/Fe) sulfurized InySs3/Fe3S4 (M-ISFS)

First of all, 100 mg of prepared MIL-68(In/Fe) and 400 mg of thio-
acetamide (TAA) were dispersed in 10 mL ethanol and labelled A and B
respectively. Two of them were stirred for 10 min. Following the ul-
trasonic dispersion of A for 30 min, it was mixed with completely
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dissolved B. Then the mixture was transferred to a 50 mL stainless steel
autoclave for solvothermal reaction at 393 K for 8 h. After cooling the
autoclave to room temperature, the solids were collected by centrifu-
gation (8000 rpm) and washed several times with ultrapure water and
EtOH. Afterwards, the product was dried in vacuum at 333 K for 12 h to
obtain a brown M-ISFS.

2.4. Synthesis of other catalysts

MIL-68(In) sulfurized In,S3 (M-IS), MIL-68(Fe) sulfurized Fe3S4 (M-
FS) and one-pot synthesized Fe3S4/InySs were synthesized for simulta-
neously investigation. Detailed information of synthesis can be found in
Text S2.

2.5. Characterization of catalysts

Detailed information on the characterizations applied was presented
in Text S3.

2.6. ATZ photo-Fenton degradation process

Before the experiments, the digital optical power and energy meter
were used to measure the actual intensity received at different reaction
sites (Fig. S1). The average intensity value is 26.79 mW-cm ™2, which is
close to the intensity in a cloudy day [32]. The degradation perfor-
mances of the as-prepared catalysts were evaluated in a multi-position
photochemical reactor (HF-GHX-VII, Shanghai Hefan Co., China) using
a simulated sunlight by a 300 W xenon lamp equipped with circulating
water to guarantee the room temperature. For a typical degradation
process, catalyst (0.15 g~L’1) was dispersed in 50 mL of ATZ solution
(15 mg-L™Y) and transferred into a quartz test tube with magnetic stir-
ring in darkness for 30 min to counterpoise the adsorption-desorption.
Then, Hy05 (4 mM) was added at the same time to open the xenon
lamp. During the degradation process, 1.0 mL of solution was collected
with a syringe at 10 min intervals and filtered via a 0.22 pm nylon
membrane to get rid of the catalyst. For reusability experiments, M-ISFS
was separated by centrifugation after experiment, washed with ethanol
and dried for next using. For real water sample, the initial pH was
adjusted from the original 7.8-8.0 to 5.3-5.7 after simple filtration.

2.7. Analytical methodology

The concentration (C) of ATZ was analyzed using a HPLC (Waters,
USA) with 2998 photo-diode array (PDA) ultraviolet detector and a
ZORBAX SB C18 (4.6x250 mm, 5 pm) column. The degradation effi-
ciency (1) was calculated according to Eq. (1), while the kinetic rates of
ATZ degradation were calculated according to Eq. (2) via the pseudo-
first-order model. Cy and C are the initial concentrations and concen-
trations at the sampling time t (min) of ATZ (mg-L™!) respectively, and k
is the kinetic rate constant (min ).

(Co—C)
Co

In (%) =kt 2

Acetonitrile and water (65:35, v/v) was used as the mobile phase
with a flow rate of 1.0 mL-min~'. Inductively Coupled Plasma Mass
Spectrometry (ICP-MS, Thermo Fisher iCAP TQ, USA) was used for
analyzing the concentration of metal ions in the degradation. The con-
centration of ATZ was determined at 222 nm. Electron spin resonance
(ESR, Bruker EMX plus, Germany) spectra were recorded for analysis of
the radical produced during the photo-Fenton degradation. MS (Agilent
6400 Series Quadrupole, USA) was applied to analyze the intermediates
and degradation path of ATZ. The toxicities of ATZ and its intermediates
were estimated using ecological structure activity relationship

n (%) = x 100% (€D)]
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prediction software (ECOSAR 2.2).
3. Results and discussion

3.1. Characterization

The morphological changes between MIL-68(In/Fe) and M-ISFS were
investigated by SEM characterization. MIL-68(In/Fe) showed well-
crystallized pencil-like structures with an average length of approxi-
mately 3 pm (Fig. 1a), which is differed significantly from the irregular
rod structures of MIL-68(Fe) and hexagonal micro-rods structures of
MIL-68(In) [33,34]. After sulfurization, the obtained M-ISFS (Fig. 1b)
exhibited an amorphous shape consisting of an accumulation of larger
smooth square pieces and small pieces. Considering the piece-like
structure that may be formed during the synthesis of InySs [35] and
the possibility of MOF collapse due to long-time sulfurization [24], it can
be postulated that the small fragments may have originated directly
from MIL-68(In/Fe) that fragmentated during the sulfurization process,
while the larger square-shaped pieces are formed through the further
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growth of InyS3 in the sulfide. The EDS elemental mappings of M-ISFS
were illustrated in Fig. 1c-f, showing uniform distribution of the ele-
ments In, Fe, and S. The TEM images of M-ISFS were shown in Fig. S2. It
can be observed the clear contact interface between In,S3 and FesSy,
providing a channel for the transport of photogenerated carriers. Map-
ping images exhibited that Fe was mainly distributed on small pieces,
whereas In was more prevalent on the smooth large square pieces. The
presence of Fe, In, and S in M-ISFS was further confirmed through the
energy dispersive spectroscopy (EDS) (Fig. S3). Additionally, the EDS
analysis (Table S1) revealed that the relative atomic content of elements
S, Fe, and In were 50.62 %, 35.42 %, and 13.96 % respectively, aligning
closely with the expected values based on the synthesis process.

The XRD patterns of MIL-68(In/Fe), M-FS, M-IS and M-ISFS were
shown in Fig. 1g. MIL-68(In/Fe) exhibited distinct diffraction peaks at
20 = 8.3, 9.6°, 14.3°, 16.5° and 19.1°, confirming that MIL-68(In/Fe)
exhibited a crystalline structure. Three diffraction peaks of M-FS situ-
ated at 20 = 15.5°, 25.4° and 30.0° were in alignment with the (111),
(220) and (311) crystal planes of Fe3S4 (JCPDS 16-0713). The broad
diffraction peaks of M-IS revealed at 20 = 27.6°, 32.7° and 48.2°,
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Fig. 1. SEM images of (a) MIL-68(In/Fe) and (b) M-ISFS; (c-f) EDS elemental mapping images of M-ISFS; (g) XRD patterns of MIL-68(In/Fe), M-FS, M-IS and M-ISFS;

(h) FT-IR patterns of M-ISFS and MIL-68(In/Fe).
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corresponding to the (311), (400) and (440) crystal planes, which is
consistent with the reported $-InySs [36]. Additionally, diffraction peaks
of M-ISFS were found at 20 = 15.5°, 25.4°, 27.6°, 30.0° and 48.2°,
indicating the presence of M-FS and M-IS in M-ISFS. It was noteworthy
that despite a relatively low Fe content in M-ISFS, the pattern of M-ISFS
still exhibited distinct diffraction peaks corresponding to M-FS. In
addition, the peaks of M-ISFS were not completely consistent with the
expected angles of FelnyS4 shown in the JCPDS 35-1065, indicating that
M-ISFS was not a bimetallic sulfide but a composite of two monometallic
sulfides.

The formation of M-ISFS was further confirmed by the Fourier
transform infrared spectrum (FT-IR) (Fig. 1h). Absorbances at 1560
crn’l, 1388 cm™! and 746 cm™! of MIL-68(In/Fe) were attributed to
stretching vibrations of C—=0, C—O and C—H bonds, respectively [37].
Peaks at 579 cm ™! and 786 cm™! may correspond to the Fe—O and
In—O bonds [38,39]. However, the absorption peaks of organic bonds in
M-ISFS were largely absent, suggesting that MIL-68 was almost trans-
formed into M-ISFS upon treatment with TAA. In addition, the chemical
bonding of MIL-68(In/Fe) showed distinct characteristic peaks in Raman
spectra (Fig. S4). After TAA treatment, the intensity of these charac-
teristic peaks is markedly reduced, demonstrating a transformation from
MIL-68(In/Fe) to M-ISFS.

The elemental compositions and surface electronic states of as pre-
pared catalysts were characterized via XPS. The survey elemental
mapping (Fig. 2a) indicated that M-ISFS was mainly composed of In, Fe
and S, which was consistent with the results of EDS mapping (Fig. 1c-f).
The characteristic peaks of M-ISFS at 444.7 eV and 452.4 eV in Fig. 2b
corresponded to the orbitals In 3ds,, and In 3ds,,. With respect to the M-
IS, the binding energies of these orbitals were negatively shifted by 0.2
eV and 0.2 eV, respectively. The peaks of M-ISFS at 711.7 eV and 725.3
eV in Fig. 2c corresponded to the orbitals Fe 2ps,» and Fe 2p; /2. With
respect to the M-FS, the binding energies of these orbitals were posi-
tively shifted by 0.5 eV and 0.6 eV, respectively. The peaks of M-ISFS in
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Fig. 2d located at 161.5 eV and 162.6 eV, which were attributed to the
orbitals S 2p3/5 and S 2p; 2. The binding energies of these orbitals were
also found to be positively shifted with respect to the M-FS, but nega-
tively shifted with respect to the M-IS. The loss of electrons from the
elements in a substance can result in a positive shift of the corresponding
characteristic peaks, and vice versa [40]. Consequently, the presence of
significant interactions and electron transfer activity within M-ISFS may
likely due to the formation of heterostructures.

The surface area and pore distribution of MIL-68(In/Fe) and M-ISFS
were explored via nitrogen adsorption-desorption isotherms experi-
ments (Fig. S5). The surface areas of MIL-68(In/Fe) and M-ISFS were
41.881 m%g~! and 70.913 m?g~}, respectively. M-ISFS obtained by
sulfurization exhibited a greater specific surface area than the precursor
MOF. The total pore volume of M-ISFS were 0.352 cm>g~!, which was
markedly increased compared to MIL-68(In/Fe) (0.134 cmg-g’l). An
increased surface area and pore volume facilitate interactions between
catalysts and ATZ, which may positively influence catalytic performance
[41,42].

3.2. Optical and electronic analysis

The optical response properties of M-FS, M-IS and M-ISFS were
investigated by ultraviolet-visible diffused reflectance spectroscopy
(UV-vis DRS) (Fig. 3a). The absorption band of M-IS was mainly in the
wavelength range of 200-500 nm, while M-FS exhibited significant
absorption of both the ultraviolet and visible light (200-800 nm). The
absorption edge of M-ISFS was red-shifted relative to M-IS, indicating
that it can be excited by sunlight. The band gaps of M-FS, M-IS and M-
ISFS were calculated via Kubelka-Munk function:

ahw = A(hw — Eg)"? 3

where h, o, v, A, and Eg is the Planck constant, absorption coefficient,
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Fig. 2. XPS spectra of M-ISFS, M-IS and M-FS: (a) survey, (b) In 3d, (c) Fe 2p and (d) S 2p.
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Fig. 3. (a) UV-vis diffuse reflectance spectra and (b) Tauc plots of as prepared catalysts; Mott-Schottky curves of (¢) M-IS and (d) M-FS; (e) EIS and (f) PL curves of M-

IS, M-FS and M-ISFS.

light frequency, a constant, and the band gap energy, respectively. The
Eg of M-FS, M-IS and M-ISFS were 1.26 eV, 2.39 eV and 2.13 eV
respectively (Fig. 3b). It was apparent that the E; of M-ISFS was
diminished as a consequence of the combination of M-FS and M-IS.

Mott-Schottky (MS) tests of M-FS and M-IS were conducted for
further investigation of conduction band potential (Ecp) and valence
band potential (Eyg) (Fig. 3c-d). The MS curves for M-FS and M-IS both
exhibited positive slopes, indicating n-type semiconductor characteristic
[43]. According to the curve intercepts, the flat band potentials of M-FS
and M-IS were approximately 0.10 eV vs. SCE and —0.62 eV vs. SCE
respectively. Typically, the Ecp of n-type semiconductors is approxi-
mately 0.2 eV higher than the flat band potential [44]. Following the
conversion and adjustment of the aforementioned results, the Ecp of M-
FS and M-IS should be 0.14 eV vs. NHE and —0.58 eV vs. NHE,
respectively. On the basis of the formula Eq. (4), the Eyp of M-FS and M-
IS are 1.40 eV vs. NHE and 1.81 eV vs. NHE respectively.

Eys = Ecg + Eg @

Due to the Ecp of M-IS is more negative than that of M-FS, there is a
possibility of electron transfer from M-IS to M-FS. Besides, the transient
photocurrent response test (Fig. S6) showed the response of M-ISFS was
notably stronger than that of M-FS and M-IS, implying more efficient
photo-generated electron transfer and higher photo-generated electron-
hole separation efficiency. The smaller the semicircular radius of the
catalyst in the EIS test, the less its charge transfer resistance of the
corresponding catalyst. As shown in Fig. 3e, M-ISFS had the smallest
radius compared to M-IS and M-FS, indicating that M-ISFS had the best
charge transfer capability and photogenerated electrons could be
quickly transferred to the solid iron center to facilitate Fe3*/Fe?*
cycling. The PL intensities of catalysts represent the recombination
extent of photo-generated carriers. As displayed in Fig. 3f, the intensity
of M-ISFS is the weakest than the M-IS and M-FS, confirming the lowest
recombination of photogenerated carriers.
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3.3. Photo-Fenton activity of M-ISFS

The photo-Fenton performance of M-IS, M-FS, MIL-68(In/Fe), and
FesS4/InySs were presented in Fig. 4a. The degradation rates of ATZ by
M-IS and MIL-68(In/Fe) were only 9.9 % and 22.5 %, respectively. In
contrast, M-FS exhibited a degradation rate of 86.5 %, potentially
attributed to the Fenton reaction and the exposure of catalytic sites [45].
M-ISFS demonstrated superior photo-Fenton performance by degrading
99.6 % of the ATZ, which may be attributed to the formation of heter-
ostructures. In addition, M-ISFS also exhibited a higher degradation
capacity compared to one-pot synthesized Fe3S4/InsS3 (85.9 %).
Compared with M-FS (k = 0.0333 rnin’l), M-ISFS with lower Fe content
also exhibited a higher kinetic rate constant (k = 0.0905 min’l), which
is approximately 2.72 times that of M-FS (Fig. 4b).

The degradation efficiency of ATZ in different systems was compared
in Fig. 4c. The adsorption capacity of M-ISFS was evaluated without
irradiation. The consistent adsorption removal rate of ATZ was about
0.9 %, indicating the influence of adsorption can be ignored. HyO5 alone
was ineffective in degrading ATZ, but exposure to simulated sunlight
resulted in a degradation rate of 33.9 %. This may be due to the gen-
eration of -OH by H20; in the presence of light [46]. Without adding
H20, only 4.9 % of ATZ was degraded by M-ISFS under irradiation. The
M-ISFS + H»0, system exhibited enhanced degradation efficacy in
comparison to previously examined systems, achieving degradation
rates of up to 61.2 %. However, the incorporation of simulated sunlight
in the M-ISFS + HyO4 system significantly increased the degradation
efficiency, reaching 99.6 %, surpassing the degradation rates observed
in other systems. The kinetic rate constant of the M-ISFS + Hy0; + light
system (k = 0.0905 min~!) was notably higher than that of any other
system, and even 6.16 times that of the dark Fenton reaction (k =
0.0147 min™1) (Fig. 4d). It is apparent that the sum of M-ISFS, HoO5, and
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light act separately in the system cannot reach this rate, and therefore
synergistic effects exist. Determination of HoO5 consumption was con-
ducted for both the photo and dark Fenton process (Fig. S7). Concen-
tration of HpO3 was 2.6 mM in the light Fenton system by the end of
degradation, which was less than 3.2 mM in the dark Fenton system,
suggesting that the photo-Fenton system was more efficient in utilizing
hydrogen Hy0,. Due to the shielding effect of KSCN on Fe sites in the
Fenton reaction [47], we analyzed the contribution of Fe sites to photo-
Fenton degradation by KSCN masking experiments (Fig. S8). The Fe sites
were almost completely masked when the dose of KSCN reached 1.0
g-L L. Simultaneously, the degradation rate sharply decreased from the
original 99.6 % to 14.6 %, which indicated that the Fe sites played a
dominant role in the photo-Fenton reaction.

The influence of different ATZ concentrations from 5 to 25 mg-L ™' on
photo-Fenton process was shown in Fig. 5a. M-ISFS showed significant
degradation at all five concentrations of ATZ. Among them, it was able
to degrade 90.0 % of ATZ even at 25 mg-L~". The influence of different
initial HyO2 concentrations from 2 to 10 mM was presented in Fig. 5b.
An initial concentration of 4 mM H30, was found to be optimal for M-
ISFS in degrading 15 mg-L ™! of ATZ. However, an increase in the initial
concentration of HyO3 to 10 mM led to a significant decrease in degra-
dation efficiency. This may be attributed to the excessive HyO5 may
react with -OH to produce the less oxidizing -HO5 [48]. The influence of
different M-ISFS dosages from 0.05 to 0.25 g-L~! was illustrated in
Fig. 5c. It was observed that the degradation rate of ATZ gradually
enhanced with increasing initial dosage, peaking at 0.15 g-L L. A slight
decrease was be observed upon increasing the initial dosage to 0.25
g-L™L, possibly due to the over-dosing catalyst which increased turbidity
and impeded light energy utilization.

The effects of different pH values from 3 to 8 on degradation were
shown in Fig. 5d. The efficiency of ATZ degradation gradually increased
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Fig. 4. ATZ degradation efficiencies (a) and plots of In(Co/C) versus time (b) over different catalysts; ATZ degradation efficiencies (c) and plots of In(Cy/C) versus
time (d) in different systems. Reaction conditions: M-ISFS dosage = 0.15 g-L ™!, ATZ concentration = 15 mg-L~?, initial H,O, concentration = 4 mM, initial pH =

5.3-5.7 (unadjusted). The error bars derived from three replicate experiments.
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with the decrease of pH, and it was completely degraded within 10 and
30 min at pH 3 and 4, respectively. At pH 5 or 6, the degradation of ATZ
remained consistently above 99 %. However, with increasing pH, the
catalytic efficiency of M-ISFS gradually decreased, resulting in degra-
dation rates of 76.7 % and 44.9 % at pH 7 and 8, respectively. It was
possible that the elevated pH levels may result in the ineffective
decomposition of H20,, consequently diminishing the production of
reactive species [49]. Following the systematic consideration of the
degradation efficiency and associated consumption of catalyst, the
conditions (M-ISFS dosage = 0.15 g-L™!, ATZ concentration = 15
mg~L’1, initial HyO2 concentration = 4 mM, initial pH unadjusted) were
selected for subsequent experiments.

The interference of eight common ions on the photo-Fenton degra-
dation process was illustrated in Fig. 6a-b. In the presence of HCO3, the
photo-Fenton process was significantly impeded, with only 4.9 % of ATZ
being degraded. This may be attributed to the consumption of -OH in the
conversion of HCO; to CO?~ and the shielding effect of CO2~ on Fe?"
sites [50]. However, it was reassuring that four cations and three other
anions did not inhibit the degradation. For universality investigation,
several typical contaminants were selected, including the antibiotic
ciprofloxacin (CIP), the fungicide carbendazim (CBZ), and the insecti-
cide imidacloprid (IMI) (Fig. 6e). The M-ISFS demonstrated to degrade
all three contaminants with 100 % efficiency within a brief period. In
particular, CIP was degraded completely in less than 20 min. The reus-
ability of M-ISFS was depicted in Fig. 6f. The degradation rates were
99.6 %, 98.8 %, 96.5 % and 88.7 % from the first to the fourth use. In the
first three uses, M-ISFS exhibited a high degradation rate and the
degradation efficiency remained almost unchanged (99.6 %, 98.8 %,
96.5 %). On the fourth use, the degradation efficiency slightly decreased
to 88.7 %, which may be due to oxidation of the catalyst surface [51].

In order to assess the degradation performance of M-ISFS in a real
setting, experiments were conducted using water samples from Taihu
Lake near the farmland aggregation area. The precise location was

illustrated in Fig. 6¢. The degradation rate of spiked ATZ reached 64.2 %
after 60 min of light exposure (Fig. 6d). Based on the results of the anion
interference experiment, the most likely culprit for the decrease in
degradation is HCO; in water. In addition, humic acids (HA) that may
be present in the water can shield the catalytic sites [52], resulting in
low yields of reactive species. Therefore, the effect of humic acid on
degradation was also explored and exhibited in Fig. S9. Following the
addition of HA, the degradation rate of ATZ was decreased to 47 %,
indicating the inhibitory effect of HA on photo-Fenton degradation.
Metal ion concentrations were measured in the photo-Fenton process
and the results were provided in Fig. S10. Apparently, the concentra-
tions of both In and Fe ions increased after the photo-Fenton process.

M-ISFS was compared with the currently reported photo-Fenton
catalysts regarding the degradation of ATZ (Table S2). M-ISFS exhibits
superior degradation capabilities (99.6 % in 60 min) compared to most
catalysts in the photo-Fenton system. It is noteworthy that the initial
dosage requirement of M-ISFS for ATZ is the lowest and that M-ISFS also
exhibits a relatively low initial HyO2 concentration requirement.
Comparing to other MOF-derived -catalysts for photo-Fenton-
degradation, M-ISFS also possessed better performance.

3.4. Photo-Fenton degradation mechanism

To ascertain the influence of diverse reactive species in the photo-
Fenton degradation of ATZ by M-ISFS, a series of trapping experi-
ments was undertaken by introduction of different scavengers. Isopropyl
alcohol (IPA), 1,4-benzoquinone (p-BQ), ethylenediaminetetraacetic
acid disodium salt (EDTA-2Na), furfuryl alcohol (FFA) and Ny were
applied for trapping -OH, -O;, h¥, 10, and 0O, [53,54], respectively. In
Fig. 7a, the presence of scavengers leaded to a decrease in the catalytic
performance of M-ISFS, indicating that all these reactive species
contributed to the degradation process. Among them, degradation was
most significantly inhibited when 'O, and -OH were captured. In
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addition, the degradation rate of ATZ was significantly decreased under
Ny atmosphere, indicating the contribution of O in photo-Fenton
process.

To further identify the types of active species involved in degrada-
tion, the ESR spin-trap technology was adopted to investigate the
presence of reactive species in the reaction system. In Fig. 7b, the
characteristic quadruple peak of -OH was significantly observed under
both irradiation and dark, which confirmed the important role of -OH.
However, the increase after irradiation in response intensity was not
significant, suggesting that -OH was not the main reason for the signif-
icant increase in degradation efficiency under irradiation. As demon-
strated in Fig. 7c, the response of 10, was weak in dark, but significantly
promoted under irradiation. Simultaneously, the increase in the
response of 10, under light was the highest of the three response species
measured, indicating that light may facilitate the multichannel pro-
duction of 102 [55,56]. In Fig. 7d, the response intensity of -O, was the
lowest that of the three reactive species, which was consistent with the
results of previous experiments. However, the response intensity of -O5

also increased significantly under irradiation. Although -OH, -O; and
10, are the main reactive species involved in the photo-Fenton reaction,
the promotion of the degradation efficiency under irradiation is pri-
marily attributed to the high production of 105 and -05.

The proposed photo-Fenton reaction mechanism of M-ISFS was
presented in Fig. 8. Firstly, the reaction between Hy0, and Fe>* on the
surface of M-ISFS resulted in the generation of -OH, with Fe?' subse-
quently being oxidized to Fe>*(Eq. (5)). Upon irradiation, carrier sepa-
ration occurred on M-ISFS, leading to the generation of e~ and h™(Eq.
(6)). The heterogeneous structure of M-ISFS allowed for the transfer of
e~ from the conduction band of M-IS to the conduction band of M-FS
(Eq. (7)). Subsequent reduction by e (Eq. (8)) enabled Fe2* to continue
participating in the decomposition of HyO5. Furthermore, HyO5 might
also be converted into -OH via acquiring e (Eq. (9)). Then, the gener-
ated -OH and O could be converted to -O; (Eq. (10—12) [57]. However,
the conduction band potential of M-FS did not reach the redox potential
of 0%/-05 (—0.33 eV) [58], the reaction (Eq. (12)) would only occur on
the M-IS. Additionally, -O; and -OH can be converted to 10, through
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multiple pathways (Eq. (13-16) [59]. Notably, the consumption of e~
resulted in the efficient separation of h', leading to the accelerated
generation of '0,. Eventually, ATZ was degraded under the attack of
various reactive species.

Fe** + H,0,—Fe®* + -OH + OH~ &)
M — ISFS + hv—h{; + eg, (6)
egy (M —IS)—eg, (M — FS) %)
Fe*' +eg, (M — FS)—>Fe®" 8

H,0, + e, —-OH ©)
-OH + H,0,--0, + H,0 + H* 10)
2H,0,—2H,0 + O, an
0, + ez (M —1S)>-0; 12
-0; + -OH-'0, + OH~ 13)
2:0, +2H"-'0, + H,0, a4
-0, +h{;='0, 15)
4.0H-'0, + 2H,0 (16)

3.5. Degradation products and toxicity assessment

To elucidate the degradation pathways of ATZ during the photo-
Fenton reaction and the formation of intermediates, density functional
theory (DFT) calculations were performed on ATZ molecule. Fig. 9a
illustrated the electrostatic potential spectra (ESP) of ATZ, with red and
blue indicating the negative electrostatic and positive electrostatic re-
gions, respectively. These two regions are prone to reduction and
oxidation reactions, respectively. The lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital (HOMO) of ATZ
molecule were shown in Fig. 9b-c, which clearly indicated the electron-
poor and electron-rich sites. The Fukui function was calculated for
specifying the nucleophilic (f), electrophilic (f7) and free radical (f°)
active sites in molecules, with higher values indicating greater possi-
bility to suffer corresponding attack [60]. Additionally, condensed dual
descriptors (CDD) can be used for determining the specific reaction
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Fig. 9. (a) ESP mapping, (b) HOMO orbital, (c) LUMO orbital and (d) the Fukai index of ATZ molecule.
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orientation of atoms when the electrophilicity and nucleophilicity are
equivalent [61]. According to the results in Fig. 9d, the Cl1, N2, N3, N5
and N6 are identified as the most vulnerable sites for attack. Among
them, Cl1 is vulnerable to be substituted by OH group due to its rela-
tively high f° and f* value, while N2, N3, N5 and N6 are vulnerable to be
attacked by 05 due to their relatively high f~ value. However, due to
the high steric hindrance and saturated bonds, these atoms are difficult
to be attacked by 10, [62,63]. Thus, based on the distribution of HOMO
on the lateral chain in Fig. 9b, C8, C11 and Cl1 are most possible to be
attack.

Combining the analysis above and the degradation intermediates
obtained from MS (Fig. S11), the degradation pathways were proposed
in Fig. 10. For pathway A, the ethylamine group on the ATZ molecule
was attacked by 0, resulting in the formation of compound P1. Sub-
sequently P1 was deamidated to form P4. P4 transformed to P5 after
olefination of the isopropylamine group, while P5 was converted to P6
after dealkylation, dechlorination and hydroxylation. For pathway B,
ATZ was attacked by -OH, leading to dechlorination and hydroxylation,
ultimately yielding P2. Subsequent oxidation of P2 resulted in the for-
mation of P3, which was further transformed into P6 via dealkylation
and hydroxylation. In addition, P1 may also suffer a -OH attack to
transform into P3. Finally, P6 underwent a ring-off reaction to form
products with simpler structures.

ECOSAR was adopted in predictive assessments of acute and chronic
toxicity towards aquatic organisms by contaminations. Based on the
analyzed intermediates, the predictions regarding both acute and
chronic toxicity on fish, daphnid and green algae were classified in
Table S3-4 and exhibited in Fig. S12. The toxicities of intermediates P4
and P5 are relatively high for all three aquatic organisms, particularly
for daphnid. However, the overall toxicities of P6 are found to be
significantly diminished. Apparently, the environmental risk of ATZ can
be significantly reduced after undergoing a M-ISFS-mediated photo-
Fenton degradation.

4. Conclusion

In this paper, heterostructured M-ISFS sulfurized from MIL-68(In/Fe)
was synthesized and successfully employed in the weak sunlight photo-
Fenton degradation of ATZ. The M-ISFS possessed ample Fe sites,
excellent light absorption capacities, and preferable carrier separation
properties. It achieved a 99.6 % degradation of ATZ within 60 min using
a low initial catalyst dosage and weak sunlight intensity and the
degradation rate constant of which was approximately 2.72 times that of
M-FS. It also exhibited satisfactory recyclability and universality. The
main reactive species analyzed in the degradation process were '0,, -OH
and -0, . DFT indicated that C8, C11 and Cl1 in the ATZ molecule may be
the initial targets of attack, in accordance with the results obtained by
MS. The investigation of the degradation pathway and toxicities
revealed that the toxicities of ATZ can be markedly diminished following
M-ISFS-mediated sunlight photo-Fenton degradation. The prepared
heterostructured M-ISFS sulfurized from bimetallic MOF are promising
for the high efficiency photo-Fenton degradation.
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