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Abstract

Iron-based molybdenum disulfide (Fe-MoS2) has emerged as a Fenton-like
catalyst for the highly efficient degradation of antibiotics, but the structure-activity
relationship remains elusive. Herein, garland-like MIL-101(Fe)/M0S2 nanosheets
(MMS) with dual metal active sites (Fe and Mo) and rich sulfur vacancies were
fabricated to directly activate peroxymonosulfate (PMS) for fast degradation of
different organic pollutants (phenols, dyes and drugs), even in real water bodies. The
MMS exhibited extremely fast catalytic rate constant of 0.289 min! in the
degradation of sulfamethoxazole (SMX), which was about 36 and 29 times that of
single M0S2 (0.008 min') and MIL-101(Fe) (0.01 min™"). Moreover, MMS with good
stability and reusability could reach 92% degradation of SMX after 5 cycles.
Quenching experiments and electron spin resonance (ESR) tests revealed that
hydroxyl radicals (‘OH) and singlet oxygen ('02) were the dominant reactive oxygen
species (ROS) for SMX degradation. The integration of experimental works,
characterization techniques and density functional theory (DFT) -calculations
unraveled that the formation of sulfur vacancies in MMS catalyst could expose more
Mo sites, improve the charge density and boost the electron transfer, which was
conducive to accelerating the Fe*'/Fe?" cycle for enhancing the activation of PMS.
Finally, the C-N, N-O, S-N, C-O and C-S bonds of SMX were easily attacked by ROS
to generate the nontoxic intermediates in the MMS/PMS/SMX system. This study
offers a new approach to designing high-performance Fe-MoS: catalysts for the

removal of organic pollutants.
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1. Introduction

With the social development, antibiotics as a member of pharmaceuticals and
personal care products (PPCPs) have been widely used to prevent bacterial infections
in daily life [1, 2]. Sulfamethoxazole (SMX) is mainly used to prevent urinary tract
infections, respiratory infections, and intestinal infections [3]. It has been reported that
only a small part of SMX can be absorbed by the human body, while most of the rest
is discharged into the water environment as original drugs or major metabolites,
which is permanent harm to human health and ecological balance [4]. Therefore, it is
urgent to develop an effective method to remove SMX.

Advanced oxidation processes (AOPs) have been widely considered as potential
technologies for removing antibiotics from wastewater by generating strong reactive
oxygen species (ROS) [5, 6]. Generally, peroxymonosulfate (PMS) as a more popular
oxidant is exploited in AOPs than H2O: and peroxydisulfate (PDS) due to its
advantages: (i) The O-O bond of PMS with asymmetrical structure is more prone to
breakage. (i) PMS as a solid oxidant is safer and easier to store than H202 [7, §].
Therefore, PMS-based AOPs (PMS-AOPs) is a promising Fenton-like technology
owing to its high efficiency, simple operation and low environmental toxicity [9, 10].
At present, it has been reported that transition metal (TM) materials can activate PMS
efficiently, which is closely related to the effective filling number of eg orbitals in 3d

electrons of TM ions [11]. Moreover, iron as an ecarth-abundance, non-toxic and



low-cost TM has been used as an excellent activator for PMS activation. Based on the
above background, the Fe*/PMS-based AOPs system has a potential application in
removing antibiotics due to the faster reaction rate (Eq. (1-3)) [12, 13]. However, the
Fe?*/PMS system still faces some problems such as poor Fe**/Fe** cycle, narrow pH
range, slow reaction rate, and low utilization of PMS. Especially, the low conversion
efficiency of Fe** and Fe** cannot only limit the removal of organic pollutants in the
Fe?*/PMS system, but also result in the secondary iron sludge pollution formed by the

high concentration of iron leaching [14-16].

Fe**+ HSOs™ — SO4~+ OH + Fe** k=3x10*M"'s! (1)
Fe’*+ H02 — ‘OH+ OH + Fe** k=76 M's! )
Fe?" + $:08*" — S04~ + S04 + Fe?* k=30 M1's! (3)

Recently, to accelerate the Fe**/Fe?" cycle, many attempts have been devoted to
introducing co-catalysts into the Fe*’/PMS system. Although reducing agents such as
homogeneous hydroxylamine [17, 18], citrate [19], cysteine [20] and epigallocatechin
gallate [21] are used as co-catalysts to reduce Fe*" to Fe?' for enhancing the
degradation efficiency of antibiotics, these reducing agents are easy to cause
secondary pollution of water body due to their inherent defects such as toxicity,
non-recyclability and high content of total organic carbon. Compared with the
homogeneous reductants, the synthetic heterogeneous metal sulfide co-catalysts such
as WS, CoS2, ZnS and MoS> have drawn greater attention in the PMS-AOPs system,
which is attributed to that they can not only be easily recycled after reaction, but also

expose more active sites to accelerate the Fe**/Fe** cycle [22, 23]. Among these



co-catalysts, MoS: as a typical inorganic metal sulfide co-catalyst, has been widely
used in the Fe?"/PMS system due to its abundant active sites of surface-exposed Mo*"
and electron transfer capability [24, 25]. For example, Wang et al. [26] reported that
the enhanced degradation efficiency of organic pollutants in the MoS2/Fe*'/PMS
system was due to MoS: accelerating the transformation of Fe** to Fe?*. Similarly, Xie
et al. [27] found the addition of MoS:2 was beneficial to the transformation of Fe*" to
Fe?* for efficient SMX degradation. Unfortunately, iron ion including Fe?* and Fe** as
a homogeneous phase in the MoS2/PMS system will still face the risk of secondary
pollution of iron sludge in the solution.

Inspired by these facts, designing Fe-MoS: catalysts with high performance for
the direct activation of PMS is a promising strategy due to the following strengths: (i)
Providing more active sites for PMS activation (Fe**, Fe*", Mo*", Mo®" and sulfur
vacancies). (i) In-situ promoting the Fe**/Fe** cycle to reduce metal leaching, achieve
higher ion utilization, and form a large amount of ROS. (iii) Separating Fe-MoS:
heterogeneous catalysts from solution conveniently. Recently, Huang et al. [28]
reported single Fe atoms doped MoS: (FexMo1xS2) as high reactive heterogeneous
catalysts for propranolol degradation via sulfite activation due to the synergistic effect
of Mo and Fe double catalytic sites of FexMo1-xS2. Li et al. [29] constructed a novel
goethite-MoS: hybrid catalyst with dual active sites to activate PMS for the removal
of tetracycline (TC). In addition, to further improve the recovery capacity of Fe-MoS2,
Zhou [30] et al. integrated magnetic Fe3O4 nanoparticles with MoS:2 to form a series

of magnetic FesOs@MoS: catalysts, which could remove 100% of sulfonamides



within 15 min by PMS activation. Although the Fe-MoS2/PMS system greatly
promotes the degradation of antibiotics, it still faces the following challenges: (i)
Limited active sites. (ii) The elusive relationship between Fe-MoS: structure and its
catalytic performance. (iii) Lack of antibiotics toxicity evaluation.

In this study, we constructed garland-like MIL-101(Fe)/MoS: nanosheets (MMS)
with dual metal active sites (Fe*"/Fe*" and Mo®"/Mo*") and rich sulfur vacancies via a
facile two-step hydrothermal method to directly boost PMS activation for highly
efficient degradation of SMX. The unique garland-like structure was composed of
MIL-101(Fe) and MoS: array, which could expose more reaction active sites, improve
mass transfer efficiency mass and boost electron transfer. In addition, the introduced
sulfur vacancies and Mo sites can accelerate the Fe*'/Fe?* cycle for PMS
decomposition to produce the dominant ROS (‘OH and 'O:2). More specifically, the
influence of different MIL-101(Fe) loadings amounts, various factors (e.g., catalyst
dosage, PMS dosage, solution pH, and SMX concentration), coexisting anions (e.g.,
Cl-, NOs3~, SO4%, HCO3™ and H2PO4"), and organic matters (HA) concentration on
SMX degradation kinetics was investigated and optimized. Based on the
electrochemical analysis and DFT calculations, the main active sites of MMS for
PMS activation were proved, and the underlying role of sulfur vacancies was
explained. Finally, the possible degradation pathways of SMX were inferred and the
toxicities of intermediates were studied.

2. Experimental section

2.1. Synthesis of catalysts



2.1.1. Synthesis of MIL-101(Fe)

All the chemicals were listed in Text S1. The MIL-100(Fe) was synthesized
using a previously reported procedure with modifications [31]. In a typical synthesis,
0.675 g of FeCl3-6H20 was dissolved in 30 mL N,N-dimethylformamide (DMF) to
form a homogeneous solution. Next, 0.206 g of terephthalic acid was added to the
above solution under stirring for 10 min and sonicating for 10 min. The obtained
mixture was transferred into a Teflon liner and kept at 110 °C for 20 h, and cooled
naturally. Finally, the yellow product was collected through centrifugation at 10000
rpm and washing three times with DMF and ethanol. The washed material was dried
at 60 °C in a vacuum to obtain the MIL-100(Fe) for further use.

2.1.2. Synthesis of MIL-101(Fe)/MoS; catalyst

MIL-101(Fe)/MoS2 (MMS) with diverse loading of MIL-101(Fe) were prepared
using a modified two-step hydrothermal method. In brief, a certain amount of
MIL-101(Fe) was added into 70 mL ultrapure water and sonicated for 30 min to
exfoliate the MIL-101(Fe) nanoparticles for preparing a homogeneous solution.
Subsequently, 1.24 g of ammonium molybdate tetrahydrate and 1.06 g of thiourea
were added to the above solution under stirring for 30 min. The obtained
homogeneous solution was transferred into a Teflon liner and heated at 180 <C for 12
h. After the steel reactor was allowed to cool naturally, the black precipitate was
collected through centrifugation and washed several times using deionized water and
ethanol. Finally, the washed black solid material was dried in a vacuum oven at 80 <C

for 12 h to prepare the MMS-x (where, x represents the mass of MIL-101(Fe) in the



composite, X = 0.05, 0.1 and 0.2 g). Pure MoS2 was synthesized via the same method
except for the introduction of MIL-101(Fe). Characterization methods of catalysts and
experimental procedures were supplied in Text S2 and Text S3, respectively.
2.2. Analytical methods

The SMX concentration was measured using a HPLC (Shimadzu LC-16, Japan)
(Fig. S1) with a UV detector and a CTO-16L column (4.6 mm > 150 mm %5 pm).
The mobile phase was a mixture of acetonitrile and 0.1% formic acid (40:60, V/V)
with a flow rate of 1.0 mL/min, and a 10 pL volume of the sample was injected. The
detection wavelength and temperature were 272 nm and 30 <C, respectively. The
analytical methods of other pollutants were provided in Table S1. The intermediates
of SMX degradation were investigated by Triple Quad LC/MS (Agilent Technologies,
1290-6460). The residual concentration of PMS in the solution was analyzed using a
low-concentration iodide method (Text S4). Total organic carbon (TOC) was
determined by a TOC analyzer (Vario TN/TOC, elementary, Germany). The relevant
electrochemical properties were provided in Text S5. The electron spin resonance
(ESR, A300-10/12, Bruker) spectroscopy was investigated with DMPO and TEMP as
spin-trapping agents to determine ROS (Text S6).
3. Results and discussion
3.1. Catalyst characterizations

The preparation procedures of MIL-101(Fe)/MoS: catalysts were depicted in Fig.
la. After this, scanning electron microscopy (SEM) was first used to study the

morphologies of the synthesized catalysts. MIL-101(Fe) clearly showed an octahedral



crystal morphology with a smooth surface. Meanwhile, the mean diameter and
standard deviation (SD) of MIL-101(Fe) were 1.55 and 0.33 um by analyzing SEM
images with Image J software (Fig. S2a). In addition, MoS: presented a flower-like
structure with a diameter of approximately 1.41 pum, which was formed by stacking
and layering thin nanosheets (thickness: 50 nm) (Fig. S2b). For the case of MMS-0.1,
it was formed through the construction of garland-like nanosheets by arraying
MIL-101(Fe) and MoSz. As illustrated in Fig. S2¢, the synthesized MMS-0.1 roughly
retained the MoS: flower-like structure composed of nanosheet arrays with a rough
surface. Moreover, the diameter of the MMS-0.1 became larger compared to
MIL-101(Fe) and MoS:z, which was attributed to the high dispersion of MIL-101(Fe)
in MoS:z. Transmission electron microscopy (TEM) was carried out to further study
the feature of MMS-0.1. As displayed in Fig. 1b-d, the thin square-like structure of
MIL-101(Fe) was embedded in the petal-like MoS2, suggesting that two individual
components were well combined rather than being independent. Therefore, the unique
garland-like structure of MMS-0.1 composed of MIL-101(Fe) and MoS: array was
seen in Fig. 1c. The high-resolution TEM (HR-TEM) of MMS-0.1 was shown in Fig.
le. The darker wrinkle morphology with a lattice spacing of 0.62 nm is corresponding
to the (002) plane of MoSz. In addition, the lattice spacing with 0.27 nm was ascribed
to the (100) face of MoS2 [29, 32]. The selected area electron diffraction (SAED)
image of MMS-0.1 was shown in Fig. 1f. Two diffraction rings of (002) and (100)
could be attributed to MoS: crystals, which was perfectly consistent with the

HR-TEM results. Scanning TEM (STEM) image and the energy dispersive



spectroscopy (EDS) mapping of MMS-0.1 were depicted in Fig. 1g-1. It showed a
uniform distribution of C, Fe, Mo, S, and O in MMS-0.1, further proving the

formation of MMS-0.1 nanosheets consisting of MIL-101(Fe) and MoSoz.
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Fig. 1. (a) Schematic of preparation of MIL-101(Fe)/MoSz nanosheets; TEM (b-d),

HR-TEM (e), SAED (f), STEM (g) images and corresponding EDS elemental

mapping images (h-1) of MMS-0.1.
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The physical photographs of MIL-101(Fe) (yellow power with fine particles),
MoS: (black powder with rough particles) and MMS-0.1 (black powder with fine
particles) were displayed in Fig S3. To explore the crystalline structure of these
as-obtained materials, the XRD spectra were revealed in Fig. 2a. As for the MoS,
four weak diffraction peaks about at 26 = 14.4< 32.7< 39.5and 58.3 “were attributed
to the (002), (100), (103) and (110) crystalline planes (PDF#37-1492), respectively.
The diffraction peaks of MIL-101(Fe) were in tune with the simulation MIL-101
pattern with a CCDC number of 605510 [33]. Fortunately, the characteristic
diffraction peaks of MoS. and MIL-101(Fe) were both found in MMS-0.1. However,
the peak intensity of MoS2 and MIL-101(Fe) in MMS-0.1 was weak. This might be
due to the high dispersion of MIL-101(Fe), which was in agreement with the results
of TEM.

To investigate the surface bond structure of the as-obtained catalysts, the Raman
spectra of the MIL-101(Fe), MoS2 and MMS-0.1 were performed in Fig. 2b. Two
peaks were observed at 378 and 408 cm™! for the pure MoSz, which belonged to the
out-of-plane mode (Ag') and in-plane vibration (Ez¢'), respectively, indicating the
existence of 2H MoS>. Additionally, 153.2 cm™ (J1) and 283.6 cm™ (J2) appeared at
MoS: and MMS-0.1, suggesting that 1T MoS2 might be also formed in the MMS-0.1
[34, 35]. To further identify the functional groups and the chemical bonds of
as-prepared samples, the fourier transform infrared spectra (FT-IR) were carried out
(Fig. 2c). The peak at 3380 cm™' was corresponding to the stretching vibrations of the

O-H group of the adsorbed H2O molecules. The adsorption bands at 483, 903, 940,

11



and 1620 cm™ were associated with the stretching vibration of Mo-S, S-S bond,
Mo=0 band and Mo-O for the MoS: sample, respectively [36, 37]. The bands of 1599
and 1393 cm™ could be attributed to the asymmetrical and symmetrical stretching of
0-C-O in MIL-101(Fe). The peaks at 590 and 790 cm™' were assigned to the vibration
of Fe-O and bending vibrations of C-H, respectively, which were the typical
characteristic peaks of MIL-101(Fe) [31]. Meanwhile, the characteristic peaks of
MoS: and MIL-101(Fe) were displayed in the MMS-0.1 catalyst, which confirmed the
successful synthesis of MIL-101(Fe)/MoS2 nanosheets. In addition, Fig. S4 showed
the FT-IR spectra of MMS-0.05 and MMS-0.2. TGA test at 50-800 <C under the N2
atmosphere (Fig. S5) revealed that MMS-0.1 exhibited better thermal stability than
MIL-101(Fe) and MoS2, which was due to the synergistic effect of MIL-101(Fe) and
MoS2 in MMS-0.1. Furthermore, Fig. S6a displayed the N2 adsorption-desorption
isotherm of MIL-101(Fe), MoS2 and MMS-0.1. The specific surface area (SSA) and
pore volume (PV) of MMS-0.1 was 7.7 m*g and 0.028 cm?/g, which exhibited a
weaker SSA and PV than those of MIL-101(Fe) (31.88 m?/g and 0.045 cm?/g) and
MoS: (16.96 m?/g and 0.042 cm?/g). This phenomenon might be attributed to that
anchoring MIL-101(Fe) into MoS: occupied the porous structure of MMS-0.1. Fig.
S6b and Table S2 showed that the pore size of the as-obtained samples appeared at
the range of 2-50 nm, suggesting the presence of some mesoporous structures, which

was favorable for mass transfer [38].
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Fig. 2. The XRD patterns (a), Raman spectra (b), FT-IR spectra (c), and XPS survey
spectra (d) of MoSz, MIL-101(Fe) and MMS-0.1.

The chemical composition and element valence of MIL-101(Fe), MoS2 and
MMS-0.1 were studied using X-ray photoelectron spectra (XPS). Fig. 2d revealed the
existence of five elements including C, O, S, Mo and Fe in MMS-0.1, suggesting the
successful recombination of MIL-101(Fe) with MoS2. Moreover, Fig. 3a displayed
the atomic ratio of, S, Mo and Fe of all catalysts. Table S3 showed that the atomic
ratio of C, O, S, Mo and Fe in MMS-0.1 was 53.29, 25.77, 10.28, 8.44 and 2.22 at%,
respectively. To further explore the chemical state, the Fe 2p, S 2p and Mo 3d spectra
of catalysts were analyzed. Fig. 3b showed the high-resolution Fe 2p spectrum. The

peaks at 710.57 and 724.17 eV were corresponding to the 2p3. and 2pi2 of Fe**, and
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the peaks at 712.96 and 726.85 eV were attributed to the 2p32 and 2pi2 of Fe**,
suggesting the presence of Fe?'/Fe*" in MMS-0.1 [29]. In addition, the satellite peaks
were found at 720.05 and 733.01 eV. For the S 2p spectrum in Fig. 3¢, the binding
energy of S 2p32 (161.59 eV) and S 2p12 (162.7 eV) could be assigned to the orbitals
of S%, suggesting the sulfur species and Fe-S bonds were probably present at the
surface of MMS-0.1 [30]. Besides, the peaks located at 168.83 and 163.36 ¢V could
be identified as sulfate species (-SOn-) and unsaturated edge S, respectively [36]. The
high-resolution Mo 3d spectra of MMS-0.1 could be deconvoluted into four peaks at
226.06, 229.00, 232.47, and 236.00 eV, respectively [39]. The main peaks at 229.00
and 232.47 eV corresponded to Mo 3ds2 and Mo 3ds2, suggesting the presence of
Mo*" in MMS-0.1 (Fig. 3d). The small peak at 225.71 eV was attributed to S 2s
because of the Mo-S bonding. The other peak at 336 eV could be assigned to the Mo®*
oxide species formed during the in-situ synthesis of MMS-0.1. Fig. S7 revealed that
the high-resolution of O 1s XPS spectrum at 531.57, 532.39 and 533.13 eV belonged
to Mo-O, Fe-O and -COOH, respectively, indicating the preservation of MoS2 and
MIL-101(Fe) in MMS-0.1 [32]. The C 1s spectrum was shown in Fig. S8, and the
binding energy of 284.67 eV was attributed to the carboxyl group (O=C-O)
originating from the carboxyl species of the terephthalic acid ligand. Based on the
abovementioned results, multiple active sites such as Fe**/Fe**, Mo®"/Mo*" and sulfur

species coexisted in MMS-0.1.
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Fig. 3. The surface elemental contents of catalysts (a), high-resolution Fe 2p spectra

(b), S 2p spectra (c), Mo 3d spectra (d).

3.2. Catalytic performance of MMS

Before evaluating the catalytic degradation of SMX using the as-obtained

catalysts, the adsorption capacity was first investigated. As illustrated in Fig. S9, the

limited adsorption efficiency of SMX was found at the range of 6.3%-9.6% within 30

min by all catalysts, suggesting that the adsorption effect of catalysts was negligible in

the process of SMX removal. Furthermore, Fig. 4a evaluated the catalytic

performance of these as-prepared catalysts by activating PMS for SMX degradation.

It could be observed that about 20% of SMX was eliminated in the presence of PMS

due to its limited self-activation, indicating that PMS was difficult to be activated

without external assistance. Moreover, 27%, 35%, 95%, 100% and 100% of SMX
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were degraded within 30 min in the MoS2/PMS, MIL-101(Fe)/PMS, MMS-0.05/PMS
MMS-0.1/PMS and MMS-0.2/PMS, respectively. The results displayed that MMS-0.1
as a heterogeneous catalyst exhibited high performance for the degradation of SMX,
which was superior to previously reported metal-based composites (Table S4).
Meanwhile, the pseudo-first-order kinetics of different systems were fitted in Fig.
S10a. The corresponding SMX degradation rate constants were shown in Fig. 4b. The
MMS-0.1/PMS obtained the rate constant of 0.289 min !, which was 36.1 and 28.9
times higher than those of MoS2/PMS and MIL-101(Fe)/PMS, respectively. In
addition, the PMS consumption rate in different systems was measured in Fig. 4c.
Over 90% of PMS was decomposed in MMS-0.1/PMS and MMS-0.2/PMS systems,
further proving the excellent catalytic activity of MMS-0.1 and MMS-0.2. Although
the £ of MMS-0.2 was similar to that of MMS-0.1, less MIL-101(Fe) was consumed
during the preparation of MMS-0.1. Therefore, considering the concept of green
chemistry, MMS-0.1 was selected as the typical catalyst to continue the following
experiments.

To gain insights into the mineralizing performance of MMS-0.1, the TOC
removal rate was studied in the MMS-0.1/PMS/SMX system as the reaction time
increased (Fig. 4d). The TOC removal rate of 46.2% was obtained at 30 min,
suggesting that the higher mineralizing rate might be dependent on the radical
pathway rather than the non-radical pathway. Meanwhile, about 142 mg/L of SO4*
was detected after reaction via an ion chromatography, which was lower than the

limited standard of SO4> concentration ( < 250 mg/L) in potable water of China [40].
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Subsequently, the leaching concentration of metal ions increased as the reaction time
increased (Fig. 4e). The leaching concentration of Fe and Mo ions was 1.02 and 2.62
mg/L in 30 min, respectively, accounting for 1.02% and 2.62% of the MMS-0.1
dosage (0.1 g/L), which was lower than that of previous reports [26, 39]. Fig. 4f
showed that 99%, 91% and 79% of SMX were degraded by PMS, PS and H202
activation within 30 min, respectively. The k values followed the order of PMS (k =
0.289 min'') > PS (k = 0.111 min") > H202 (k = 0.056 min ') (Fig. S10b). This result
determined the optimum peroxide for PMS in the MMS-0.1/SMX system because the
O-O bond of PMS was easily broken due to its asymmetric structure [41].
Furthermore, Fig. 4g and Fig. S10c investigated that tetracycline hydrochloride (TC),
bisphenol A (BPA), rhodamine B (RhB) and sulfadiazine (SDZ) were also quickly
degraded in the MMS-0.1/PMS system, exhibiting the universal applicability of
MMS-0.1. Table S5 summarized the corresponding properties of various organic
pollutants. After five successive cycles, the degradation rate of SMX still reached 92 %
in 30 min without extra regeneration treatment, and there was no significant change in
the XRD spectra of MMS-0.1, suggesting the good stability and reusability of
MMS-0.1 (Fig. 4h and Fig. S11). The corresponding & values of 1st, 2nd, 3rd, 4th
and 5th were 0.29, 0.19, 0.148, 0.128 and 0.08 min!, respectively (Fig. S10d). This
reduced k£ value might be due to the coverage of active sites by the intermediates of
SMX under the degradation processes, hindering the Fe3*/Fe?* cycle [42]. Meanwhile,
the Fe and Mo ions concentration of each cycle after the reaction was also detected in

Fig. S12. The leached Fe ion concentration of every cycle was lower than the
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European Union standard of 2 mg/L [43]. For Mo ion, the leached concentration of

every cycle was low than 2.8% of the MMS-0.1 dosage (0.1 g/L). This result further

suggested the stable chemical structure of the MMS-0.1 catalyst. Finally, in

comparison to SMX degradation catalyzed by previously reported metal-based

catalysts, it was found that MMS-0.1 had a better potential application in practical

wastewater treatment (Fig. 4i).
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reusability of MMS-0.1; (i) Comparison with previous reported metal-based
composites. Reaction conditions: [catalyst] = 0.1 g/L, [PMS] = 1.0 mM, initial pH =
6.18, [SMX] =10 mg/L, T=25+2 °C.
3.3. Effects of various factors on SMX degradation

To further evaluate the catalytic performance of, the various influential factors
including catalyst dosage, PMS dosage, initial pH values, and SMX concentration
were systematically studied. As shown in Fig. S13a, when the MMS-0.1 dosage
increased from 0.05 to 0.2 g/L, the degradation efficiency of SMX was gradually
improved from 49% to 100% within 10 min, and the corresponding k increased from
0.067 to 0.516 min™! (Fig. 5a and Fig. S14a). Besides, when the MMS-0.1 dosage
increased from 0.1 to 0.2 g/L, there was no obvious improvement in the degradation
efficiency of SMX in 30 min. However, the corresponding k values significantly
increased from 0.116 to 0.516 min™!, implying that a high MMS-0.1 dosage could
provide sufficient active sites for accelerating the degradation of SMX. Fig. S13b
demonstrated the effects of PMS dosage on SMX degradation. Only 82% of SMX
was degraded when the dosage of PMS was 0.25 mM due to PMS depletion.
Moreover, when the dosage of PMS increased from 0.5 to 1 mM, the degradation
efficiency of SMX increased from 84% to 99% within 15 min and the corresponding k
value improved from 0.116 to 0.29 min', respectively. However, when the
concentration of PMS further reached 2 mM, the degradation efficiency of SMX and
the k value both slightly decreased, which could be attributed to the self-scavenging of

excessive radical or ineffective PMS decomposition (Fig. 5a and Fig. S14b).
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Therefore, 0.5 mM PMS and 0.1g/L MMS-0.1 were selected as the optimal conditions
to evaluate the following experiments.

Generally, pH played an essential role in the degradation of SMX in SR-AOPs.
As seen in Fig. S13¢, 100% of SMX was degraded at pH=3.06 in 10 min, and the

corresponding k value was 0.376 min!

, which was higher than that of the control
experiments. Moreover, when the pH value increased from 5.39 to 9.10, the
degradation efficiency of SMX and the corresponding k& hardly changed (Fig. 5a and
Fig. S14c¢). However, alkaline conditions (pH = 11.45) significantly inhibited SMX
degradation due to the rapid self-decomposition rate of PMS [44]. Fig. S13d showed
the influence of initial SMX concentration, the SMX degradation efficiency was 99%,
84%, 64% and 56% at initial SMX concentration of 5, 10, 15 and 20 mg/L in 15 min,
respectively. The corresponding k values were 0.178, 0.166, 0.06, and 0.045 min’!
(Fig. 5a and Fig. S14d). It could be seen that the degradation efficiency of SMX was
negatively correlated with the initial SMX concentration because the excessive SMX
concentration needed to consume a larger ROS.
3.4. The anti-interference ability of the MMS-0.1/PMS system

To explore the potential practical applications of MMS-0.1 in wastewater
treatment, the effects of typical anions (CI~, NOs~, SO4%, HCOs™ and H2PO4") and HA
on SMX degradation were studied. As shown in Fig. S15a and Fig. 5b, when the
concentration of CI™ increased from 0 to 5 mM, the degradation efficiency of SMX

increased from 85% to 100% in 15 min. Compared with the control experiment (k =

0.116 min™), the k values of CI~ (2 mM) (k = 0.199 min) had a positive effect on
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SMX degradation (Fig. S16a). This result might be attributed to the fact that CI™
could react with PMS to form other oxidizing species (EqQs. 4-6) [45]. However, 10
mM of Cl” showed a similar degradation efficiency (84%) and k (1.21min™") in 15 min
to control experiment, because excess Cl™ could consume SO4~ and -OH to produce
chloride radicals (‘Cl/*Cl /*CIOH") with lower oxidation potential followed the (Eq.
7-10) [46]. According to Fig. S15(b-c) and Fig. 5b, the addition of NOs~ and SO4*"
(2-10 mM) had little effect on the degradation of SMX (Fig. S16b-¢). However, 2-10
MM of HCOs™ had a severe inhibitory effect on the degradation efficiency of SMX.
Only about 25% SMX could be degraded and the corresponding k value decreased to
0.005 min’! (Fig. S16d). The significant inhibitory effect of HCO3™ could be attributed
to that: (1) HCO3™ could increase the pH value of the reaction system, which was
consistent with the results of Fig. S13c. (2) It was reported that HCOs™ could be used
as a scavenger of ROS, so HCO3;™ might react with the SO4™ and ‘OH to produce the
lower oxidation potential of ‘CO3™ in the system (Eq. 11-12) [47]. According to Fig.
S15e and Fig. 5b, the presence of 2 mM H2POs inhibited the degradation to 48%,
and the corresponding k value decreased to 0.018 min'. As the concentration of
H2PO4™ increased from 2 to 10 mM, the degradation date was further reduced to 24%.
Meanwhile, the k value was 0.007 min™! at 20 mM of H2PO4™ (Fig. S16e). This might
be due to that H2PO4™ could occupy the active sites on the catalyst to prevent contact
between PMS and the catalyst, reducing the SMX degradation significantly [48].
Generally, HA as a type of natural organic matter (NOMs) was widely present in

natural water. It was well-known that HA could consume the ROS and easily adsorb
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on the active sites of the catalyst surface, hindering the degradation performance of
the catalyst [49, 50]. However, Fig. S15f and Fig. S16f showed that HA exhibited a
negligible effect on SMX degradation in the MMS-0.1/PMS/SMX system due to the
weak reactivity of HA with the non-radical pathway species 'Oz at short reaction
times [51]. Furthermore, to explore the potential application of the MMS-0.1 in real
water bodies, lake water (LW) (taken from the central lake of Guangzhou University
City), river water (RW) (taken from the east campus of Sun Yat-sen University), tap
water (TW) (taken from our laboratory), and ultrapure water (UP) were used as
diverse the medium of SMX (Table S6). As shown in Fig. S17, the degradation
efficiency of SMX in TP was very close to that of UP, suggesting a negligible
negative effect. The degradation efficiency of SMX in RW and LW slightly decreased
due to the presence of more organic matter and background ions compared with
others. Importantly, over 81% of SMX was degraded in the above water medium,
indicating that the MMS-0.1/PMS system was a promising technology for actual

antibiotic remediation in the water.

Cl”+ HSOs~ — HCIO + SO+ 4)
Cl+ HSOs + H" — Cl + SO + H:0 (5)
ClI” + SOs~ — -Cl + SOs* (6)
Cl +-OH — -Cl + OH™ (7)
Cl + Cl — Cly” (8)
2-Clh— 2 ClI + Ch (9)
Cl + OH —CIOH" (10)
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HCOs3™ +-OH + — -COs™ + H20 (11)

HCOs3 + S04~ — -CO3~ + SO+ + H* (12)
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Fig. 5. The corresponding rate constants of the effect of impacting factors (a) and
anions and HA (b) on SMX degradation. Reaction conditions: [MMS-0.1] = 0.1 g/L,
[PMS] = 0.5 mM, initial pH = 6.18, [SMX] =10 mg/L, T =25+ 2 °C.
3.5. Reaction mechanism
3.5.1. Identification of reactive oxidative species

To explore the ROS in the MMS-0.1/PMS/SMX system, a series of quenching
experiments were carried out. In general, methanol (MeOH) and tert-butyl alcohol
(TBA) were chosen as scavengers to confirm the existence of ‘OH and SOs~. MeOH
was often used to quench both -OH (k =1.2-2.8x10® M s7!) and SOs4~ (k
=1.6-7.8x107 M!' s7!) simultaneously. While TBA could be used as a specific
scavenger for ‘OH (k = 3.8-7.6x10%® M s7!) rather than SO4~ (k=4-9.1 x 10°M ' s1)
[52, 53]. As shown in Fig. S18, with the increase of MeOH concentration, the
degradation efficiency of SMX was significantly inhibited. When 500 mM MeOH

was added to the MMS-0.1/PMS/SMX system, only 32% of SMX was removed in 30
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min, and the & decreased from 0.116 to 0.037 min™!. Moreover, the high concentration
of TBA (500 mM) had a certain inhibitory effect on SMX degradation Fig. S19. This
result proved that both ‘OH and SO4~ were produced in the system actually, but “-OH
made a greater contribution to SMX degradation than SO4". Besides, the detection of
fluorescence spectra further proved the generation of a large number of ‘OH in the
system (the detailed discussion in Text S7 and Fig. S20). Benzoic acid (BA) was
chosen as a probe molecule to obtain the quantification of cumulative ‘OH
concentration in the system (Text S8). Fig. S21 displayed that as the reaction time
increased, the concentration of “OH generated in the MMS-0.1/PMS system tended to
stabilize at 125.8 uM. After that, p-BQ (k = 9.6 x 10® M ! s!) was chosen as
scavengers for O2~ [25]. As shown in Fig. 6a and Fig. S22, 91% of SMX could be
degraded with the addition of p-BQ (10 mM), implying a rather limited contribution
of Oz~ for SMX degradation. Subsequently, furfuryl alcohol (FFA) could react with
102 (k =1.2x10% M™! ') [54]. It was found that the presence of 10 mM FFA could
strongly inhibit the degradation of SMX. The degradation efficiency of SMX was
only 12% and the k decreased to 0.0037 min"! (Fig. 6b). To further confirm the
generation of 'Oz in the MMS-0.1/PMS/SMX system, B-carotene with higher
reactivity with '02 (k =2-3x10'" M! s!) was chosen as a quencher for 'Oz [55, 56]. As
shown in Fig. S23, the addition of B-carotene (0.1 mM) resulted in the apparent
decrease of both SMX degradation (from 100 to 61%) and & (from 0.116 to 0.034

min!) for the MMS-0.1/PMS/SMX system, proving that 'O2 was also the main
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contributor to SMX degradation. The steady-state concentration of 'Oz was calculated

as 1.90 x10 > uM in the MMS-0.1/PMS system (Fig. S24).
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Fig. 6. Influence of different scavengers on SMX degradation: (a) MeOH, TBA, FFA
and p-BQ. (b) the corresponding SMX degradation rate constants. (c¢) DMPO--OH and
DMPO-SO4 ", and (d) TEMP-!02 at different reaction times in the MMS-0.1/PMS
system. Reaction conditions: [MMS-0.1] = 0.1 g/L, [PMS] = 0.5 mM, initial pH =
6.18, [SMX] =10 mg/L, [FFA] = [p-BQ] =10 mM, T=25 £ 2 °C.

The ESR spectroscopy could be used to further investigate the existence of ROS
in the MMS-0.1/PMS/SMX system. It was well-known that DMPO was a
spin-trapping agent for ‘OH and SO4~, and TEMP could react with 'Oz to produce

TEMP-'0; [57-59]. As shown in Fig. 6¢, no DMPO-OH and DMPO-SO4~ signals
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were found without the addition of MMS-0.1 (0 min). Simultaneously, when
MMS-0.1 was added to PMS/DMPO solution, the strong characteristic signals of
DMPO-OH with the intensity ratio of 1:2:2:1 were detected with the reaction time.
However, the ESR signals of DMPO-SO4~ were weak, which further proved that -OH
played the dominant role in SMX degradation rather than SO4". Fig. 6d showed that
the signal intensity of a typical triplet signal with 1:1:1 (TEMP-!O2) increased
gradually, suggesting the generation of 'Oz in the MMS-0.1/PMS system. Based on
the quenching experiments and ESR test, it could be concluded that ‘OH and 'O2 were
the dominant ROS for SMX degradation.
3.5.2. Activation mechanism of PMS by MMS-0.1

To determine the active sites of MMS-0.1 for producing ROS, XPS spectra of
fresh and used MMS-0.1 were carried out. Fig. 7a showed the XPS survey spectra of
the fresh and used MMS-0.1. The peak intensity of S 2p, Mo 3d and Fe 2p of
MMS-0.1 all decreased after the reaction, suggesting that the different valence states
of these elements might be the active sites for PMS activation. Meanwhile, the
relative content of S 2p, Mo 3d and Fe 2p decreased from 10.28 to 8.37 at%, 8.44 to
7.42 at% and 2.22 to 1.27 at% for the used MMS-0.1 (Table S7). As shown in Fig. 7b,
the four peaks were clear in the Mo 3d spectrum, but the relative content of Mo*"
decreased from 82.87% to 75.49% and the content of Mo®" increased from 5.71% to
11.88% after the catalytic reaction, suggesting that Mo*" could react with PMS to
produce Mo®" (Table S7). However, the decreasing content of Mo*" (7.38%) was

different from the increasing content of Mo®" (6.17%), indicating the existence of
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Mo*"/Mo®" redox interconversions during the degradation experiment. Besides, the Fe
2p spectra were shown in Fig. 7¢. After the reaction, the Fe 2p envelope of MMS-0.1
became weaker. The percentage of Fe?* dropped by 4.35% with the increase of the
percentage of Fe** by 5.64%, suggesting that the Fe?*/Fe*" cycle was present in the
MMS-0.1/PMS system (Table S7). In Fig. 7d and Table S7, the percentage of S*~
2p32 and S?° 2pie declined from 45.16% and 29.31% to 42.12% and 28.31%,
respectively, while the unsaturated S also dropped from 66.1% to 62.6%. However,
the content of -SOn- significantly increased from 5.13% to 12.93%. This result could
be deduced that low-valent S played a role in promoting Fe?"/Fe*" and Mo*"/Mo®*
cycles [60, 61]. Therefore, the generation process of ROS was as follows: (i) the
redox pairs of Fe?'/Fe*" and Mo*"/Mo®" could activate PMS to produce the radicals
(‘OH, SO4™ and SOs7) (Eqs. (13-17)). In addition, the formed SO+~ could be further
consumed by H2O for transformation to ‘OH (Egs. (18)). (ii) Meanwhile, Mo*" could
donate electrons to Fe** for enhancing the regeneration of Fe** and Mo®" (Egs. (19)).
(iii) Furthermore, Fe**/Mo®" could receive electrons from the low-valent S*° to
produce Fe?’"/Mo*', respectively (Egs. (20)). (iv) Finally, a large number of SOs™~
could be reacted with H2O to the generation of 'Oz (Egs. (21)). As a result, the radical
(‘OH) and non-radical ('O2) pathways played a major contribution to the SMX

degradation in the MMS-0.1/PMS system (Egs. (22)).

Fe’" + HSOs — Fe** + SO4™+ OH™ (13)
Fe?" + HSOs — Fe*" + SO4* + ‘OH (14)
Fe’" + HSOs — Fe** + SOs™ + H' (15)
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Mo*" + 2 HSOs” — Mo%" + 2 SO4~+ 2 OH~ (16)
Mo®" + 2 HSOs™ — Mo*" + 2 SOs™+ 2 H* (17)
H>O + SOs~— ‘OH + H' + SO4*~ (18)
3+ 4+ 6+ 2+
2 Fe*™ + Mo*" — Mo®" + 2 Fe (19)
Fe**/Mo%" + S — Fe?*/Mo*" + -SOn- (20)
2805~ + H20 — 2HSO4™ + 1.5 'Oz (21)
SMX + ROS (‘OH +'Oz + SO47) — intermediates — CO2 + H20 (22)
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Fig. 7. The XPS survey spectra (a), high-resolution Mo 3d spectra (b), Fe 2p spectra

(c), and S 2p spectra (d) of the fresh and used MMS-0.1.

To explore the existence of sulfur wvacancies (Sv) in MMS-0.1,

the

low-temperature ESR spectra were studied [29, 36]. As shown in Fig. S25a, the signal
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peak of Sv in MMS-0.1 was stronger than that of MoS:z, suggesting MMS-0.1 had
more Sy than MoS2, which could be attributed to the introduction of MIL-101(Fe) on
MoS: altered the content and distribution of Sy. It has been reported that Sy could play
several important roles in metallic sulfide-based catalysts but was not limited to
follows: (i) Sv could improve the electron density near the metal sites to accelerate
electron transfer to enhance the electron-transfer ability of catalysts [62]. (i1) Sv could
expose more metal sites to enhance PMS activation [26]. Therefore, the
electrochemical measurements including cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and linear sweep voltammetry (LSV) of catalysts were
carried out to prove the role of Sv in MMS-0.1 for PMS activation. As shown in Fig.
S25b, MMS-0.1 showed a larger enclosed area than MoS2 and MIL-101(Fe),
indicating a higher reduction ability and better conductivity to coordinate the redox
process, which contributed to accelerating electron transfer from catalyst to PMS.
Moreover, EIS was further performed to corroborate the electron transfer capability of
catalysts. As shown in Fig. S25¢, the decreased semicircle size of MMS-0.1 also
demonstrated that its conductivity was much better than that of MoS: and
MIL-101(Fe). Fig. S25d showed the LSV of catalysts under a mixture of 500 mM
NaSOs4 and 0.5 mM PMS. The distinct current increased in the MMS-0.1/PMS
system than that of M0oS2/PMS and MIL-101(Fe)/PMS system. These above results
suggested that MMS-0.1 with a large number of Sy showed good conductivity and
excellent electron transfer capability, which would be conducive to promoting

Fe?"/Fe** cycle for enhancing PMS activation.
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To further prove the contribution of Sv in the activation of PMS by MMS-0.1,
molecular simulation based on DFT was carried out at the molecular level (Text S9)
[29, 63]. Two models were constructed, including MIL-101(Fe) and MMS-0.1 in Fig.
S26. The PMS molecular adsorption onto the different active sites for the constructed
models was simulated in Fig. 8a. Meanwhile, the corresponding bond lengths (l10-0)
of SO30-OH (PMS molecules) and adsorption energies (Eads) were summarized in
Table S8. The adsorption energy of PMS on AE(re-3), AEFe-1) and AEMo and sv) Was
—2.878 eV, —2.545 eV and —1.511 eV, respectively. Obviously, the adsorption energy
of PMS on Fe sites was higher than that of Mo and Sv sites. In addition, AEr.-3) and
AE(Fe-1) sites were more favorable on the prolonged lo-o bond length of PMS than that
of AEMo and sv). The results confirmed that the PMS molecule could be effectively
activated on the Fe sites of MMS-0.1 to produce ROS. It was well found that the
adsorption energy of PMS onto the Fe sites of MMS-0.1 was greater than that of alone
MIL-101(Fe). This indicated that the Mo sites and Sv were conducive to promoting
the PMS activation of Fe sites in MMS-0.1. Fig. 8b-c¢ showed the differences in
relative charge density after PMS adsorbed at MIL-101(Fe) and MMS-0.1. The charge
accumulation region near PMS and the charge consumption region near Fe sites in
MIL-101(Fe) and MMS-0.1 further proved the charge transfer from Fe sites to PMS
during the activation process. Interestingly, it was found that the charge consumption
area and charge accumulation area near the Fe sites in MMS-0.1 were larger compared
with pure MIL-101(Fe), indicating that the presence of Mo sites and electron-rich Sy

in MMS-0.1 could accelerate the charge transfer from Fe sites to PMS. Therefore, the
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DFT results well revealed that the synergistic effect of Sy and Mo sites accelerated the
Fe**/Fe?* cycle to considerably improve the PMS activation. Based on the above data

and interpretations, the degradation mechanism of SMX in the MMS-0.1/PMS system

was proposed (Fig. 8d).
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3.6. Possible SMX degradation pathways and toxicity analysis

To better understand the degradation pathway of SMX, three-dimensional
excitation-emission matrix fluorescence spectroscopy (3D EEMSs) technology for
SMX degradation in MMS-0.1/PMS/SMX system was investigated. In Fig. S27a, the
fluorescence response at excitation wavelength/emission wavelength (Ex/Em) of
240-280/320-360 nm (region a) and Ex/Em of 330-350/380-410 nm (region b) was
observed in the initial SMX solution (10 mg/L), belonging to tryptophan and fulvic
acids, respectively, and the former is the main component [64]. As shown in Fig.
S27b, after 2 min of degradation reaction, region b disappeared and the intensity of
region a decreased slightly due to the low content of ROS in a short reaction time.
When the reaction time reached 10 min, the fluorescence response of region a was
weakened, but a new region for EX'Em of 280-350/410-550 nm (region c) was
observed in Fig. S27c. As the reaction time further increased to 15 min, the intensity
of the region a and c reduced but not disappeared, indicating that the intermediate
product of SMX was formed in the oxidation process (Fig. S27d). The above results
were consistent with the mineralization rate of SMX (about 46%).

To predict the regional selectivity of SMX by ROS attack at the atomic level in
MMS-0.1/PMS/SMX system, Multiwfn software was carried out to calculate the
Fukui function (/) based on Hirshfeld charge, and the detailed descriptions were
displayed in Text S10 [65, 66]. Usually, the active sites obtained from the contour
surfaces of /7 for SMX with an isovalue of 0.01 (Fig. S28a) were consistent with the

highest occupied molecular orbital (HOMO) (Calculated at B3LYP/6-31G* level; The
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red and green colors represent the positive and negative phases of the molecular
orbitals, respectively.) distribution of SMX (Fig. 9b). Besides, the final structure
optimized of SMX by Gaussian 09W software and the lowest occupied molecular
orbital (LOMO) were shown in Fig. 9a and Fig. 9c. Although HOMO was vulnerable
to ROS attack due to the area where electrons were lost, it cannot quantitatively depict
reactivity at different sites. It was well-known that the reaction sites with high f°
values indicated the site most vulnerable to ROS attack [32, 67]. Therefore, the
calculated condensed f of SMX was provided in Fig. S28b. It could be found that
some sites including N17 (= 0.1255), N2 (/= 0.0688), N10 (/= 0.0266), O1 (=
0.0498), C5 (= 0.056), C11 (= 0.0471), and S7 (= 0.0341) in the deprotonated
SMX had a relatively good /%, demonstrating that the sites were the more susceptible
positions to be attacked by ROS. Based on the above analysis, the decomposition of
SMX mainly occurs in N17, N2, N10, O1, C5, C11 and S7, resulting in the formation
of bond cleavage C-N, isoxazole (N-O), S-N, C-O and C-S.

To further prove that SMX could be oxidated by ROS into small intermediate
products, the degradation intermediates of SMX were monitored by LC-MS. Fig. S29
depicted the mass spectra of the reaction intermediates of SMX degradation. In the
meantime, the intermediate products with m/z of 242 (P1), 217 (P2), 246 (P3), 173
(P4), 338 (P5), 354 (P6), 98 (P7), 203 (P8), 158 (P9), 123 (P10), 102 (P11), 102 (P12),
58 (P13), and 85 (P14) were listed in Table S9. Based on mass spectral data and the
Fukui function [68-70], the possible pathways for SMX degradation in the

MMS-0.1/PMS system were proposed in Fig. 9d. Initially, the isoxazole ring of SMX
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was opened to the formation of P1 (m/z = 242). P1 could undergo hydroxylation to
form P2 (m/z = 217) due to the attack of “OH, and P2 were further oxidized by ROS to
form P3 (m/z = 246). On the one hand, the S-N bond from SMX molecular (m/z =
254) was cleaved to generate P4 (m/z = 203) and P7 (m/z = 338) by “OH, SO4 ™ and
10z. Then, P4 could undergo coupling reaction and oxidation to form P5 (m/z = 387)
and P8 (m/z = 246), respectively. Subsequently, the C-S and C-N bonds of P8 were
attacked by ROS to produce P10 (m/z = 123) and P9 (m/z = 158), respectively. P7
could be simultaneously transferred into P11 (m/z = 102) and P12 (m/z = 102) by
ring-opening and hydroxylation reaction. After that, P11 and P12 were further
oxidized and ring-opening reactions into P13 (m/z = 58) and P14 (m/z = 85).
Ultimately, the above-generated intermediates would be mineralized into harmless
CO2, H20 and inorganic ions.

The toxicity of the intermediates of SMX degradation was predicted by the
Toxicity Estimation Software (T.E.S.T.) with QSAR analysis [71]. As shown in Fig.
9e, except for P10 (m/z = 123), the bioaccumulation factor of the intermediates was
lower than that of SMX, suggesting the bioaccumulation significantly decreased in the
MMS-0.1/PMS/SMX system. In addition, Fig. 9f showed that both SMX and its
intermediates both were mutagenicity-negative products. However, it was found that
SMX was “developmental toxicant” in Fig. 99. Fortunately, most of the intermediates
of SMX for developmental toxicity were reduced, and even some intermediates were
nontoxic products. Although a few intermediates were still low-toxic, the overall

toxicity of these intermediates could be reduced by prolonging the reaction time due
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to the good mineralization ability of the system (Table S10). Therefore, the
MMS-0.1/PMS system could not only effectively degrade SMX, but also obtain the
nontoxic transformation of SMX, which was expected to be used for actual

wastewater purification.
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red: O; yellow: S). (b) HOMO and (c) LUMO orbital based on the isosurface of Fukui
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index. (d) The proposed degradation pathway of SMX in the MMS-0.1/PMS system.
(e) Bioaccumulation factor, (f) mutagenicity and (g) developmental toxicity of SMX
of the degradation intermediates.
4. Conclusion

In summary, we have successfully constructed garland-like MIL-101(Fe)/MoS2
nanosheets for the direct activation of PMS to sustainably remove SMX. In
comparison with the single counterparts and the previously reported candidates, the
superior performance of the optimized MMS-0.1 was due to the following striking
features: (i) The unique garland-like structure could expose more reaction sites to
efficiently promote the rapid internal electron transfer between MIL-101(Fe) and
MoSz. (ii) Rich Sy and Mo®/Mo*" sites could accelerate the Fe*'/Fe?* cycle in the
PMS activation process. (iii) Synergistic of radical (OH) and non-radical (*O2)
mechanism was beneficial for the highly efficient degradation of SMX. The
MMS-0.1/PMS system showed high SMX degradation efficiency of 100% and PMS
utilization rate of 90% within 30 min, which possessed the mineralization efficiency
of 46.2%. Besides, the MMS-0.1 catalyst exhibited excellent stability and reusability,
where it could still reach 92% of the SMX degradation rate without extra regeneration
treatment after five cycles. The nontoxic transformation of SMX could be realized by
attacking the C-N, N-O, S-N, C-O and C-S bonds of SMX using ROS in the
MMS-0.1/PMS/SMX system. This work paves the way for the rational design of
Fe-MoS:2 nanosheets with dual metal active sites and rich sulfur vacancies for the

sustainable degradation of organic pollutants.
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