
Journal of Hazardous Materials 440 (2022) 129723

Available online 6 August 2022
0304-3894/© 2022 Elsevier B.V. All rights reserved.

Research Paper 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• FeSx@MoS2-x heterojunction catalyst 
was synthesized adopting MIL-88A as 
precursor. 

• The rapid regeneration of Fe2+ greatly 
promoted the SR-AOP performance. 

• The continuous ATZ degradation was 
achieved via fixed bed reactor.  
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A B S T R A C T   

FeSx@MoS2-x (FM-x, x implied real Mo/Fe content ratios) in which FeSx derived from MIL-88A deposited on the 
surface of MoS2 with a tight heterogeneous interface were synthesized for peroxymonosulfate (PMS) activation to 
degrade atrazine (ATZ). The catalytic performance of FM-0.96 was greatly improved due to the rapid regener
ation of Fe2+ resulting from the interfacial interaction. FM-0.96 could completely degrade 10.0 mg/L ATZ within 
1.0 min, and the toxicities for most of its intermediates were greatly reduced. The k value of FM-0.96 was 320 
and 40 times higher than that of the MoS2 and FeSx, respectively. The SO4⋅− , ⋅OH and 1O2 were mainly 
responsible for ATZ degradation in FM-0.96/PMS system, and the conversion pathway of 1O2 was analyzed. 
Furthermore, the long-term continuous operation for ATZ degradation was achieved using a fixed membrane 
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reactor. This work provides deep insights into metal sulfide composites derived from metal-organic frameworks 
for removing pollutants by activating PMS.   

1. Introduction 

Atrazine (ATZ), one of the most widely used herbicides in agricul
ture, is usually detected in the aquatic environment because of its long 
persistence, low biodegradability properties and so on, causing a threat 
to the aquatic environment (Li et al., 2019b). Moreover, it is reported 
that low ATZ dose can cause carcinogenesis, and its accumulations 
through the food chain have serious negative effects on humans (Zhang 
et al., 2018). Considering various conventional treatment methods 
cannot effectively remove ATZ from the aquatic environment, it is 
necessary to develop an effective method to remove ATZ. 

Sulfate radical-based advanced oxidation processes (SR-AOPs) have 
been widely applied to the treatment of the organic contaminants in the 
aquatic environment due to their strong oxidation capacity (Duan et al., 
2019; He et al., 2022; Zhang et al., 2022). In general, peroxymonosulfate 
(PMS) can be effectively activated by heat, UV light, ultrasound and 
transition metal catalysts to produce reactive oxygen species (ROS) 
(Yang et al., 2022; Yu et al., 2022). Especially, transition-metal catalysts 
with variable chemical states are more effective in activating PMS (Peng 
et al., 2021; Zheng et al., 2019). Zheng et al. found that the ATZ removal 
degree reached 96.0% within 40.0 min in PS-Fe2O3/PMS system (Zheng 
et al., 2019). Peng et al. found that Co3O4@NSC efficiently activated 
PMS to degrade paracetamol (Peng et al., 2021). Recent years, 
transition-metal sulfides (TMS) have drawn great attention in environ
mental remediation due to its rich redox sites, excellent electrical con
ductivity and catalytic performance (Li et al., 2021b). Among them, FeSx 
is considered to be a potential catalyst for organic pollutant degradation 
by activating PMS due to its low toxicity. Xu et al. found that 100.0% of 
ciprofloxacin and norfloxacin were degraded within 120.0 min by the 
FeS/PMS system (Xu and Sheng, 2021). 

Metal-organic frameworks (MOFs) are composed of the metal nodes/ 
clusters and organic ligands with large specific surface area (Fu et al., 
2021), high porosity and open crystalline structure, which are widely 
applied in catalysis (Wang et al., 2022c; Zhao et al., 2022a, 2022b), 
adsorption (Li et al., 2022c; Ren et al., 2022; C. Wang et al., 2022a) and 
sensor (Wang et al., 2021). TMS derived from MOFs are widely used in 
environmental remediation due to their tunable morphology and pore 
size as well as large specific surface area (Du et al., 2022; Hang et al., 
2022). MIL-88A(Fe), a typically Fe-based MOF, is synthesized from Fe3+

and fumaric acid (Wang et al., 2022d). Although MIL-88A(Fe) can be 
applied to SR-AOP to degrade contaminants due to its environmental 
friendliness, the poor-stability limits its application (Yi et al., 2021). 
Nowadays, metal oxides and metal-carbon composites with high sta
bility derived from MIL-88A(Fe) have been widely used to activate 
PMS/PDS to remove organic pollutants (Li et al., 2020; Zhang et al., 
2021b). For example, Zhang et al. prepared M− Fe3O4-600@PBS using 
MIL-88A(Fe) as precursors for tetracycline (TC) degradation, in which 
97.5% of TC was degraded within 40.0 min in M− Fe3O4-600@PBS/PDS 
system under white light irradiation (Zhang et al., 2021b). Similarly, Li 
et al. synthesized FexC− 600 derived from MIL-88A(Fe) that exhibited 
excellent phenol degradation performance (Li et al., 2020). However, 
work related to the removal of organic pollutants by metal-sulfides 
derived from MIL-88A(Fe) for PMS/PDS activation has not been 
reported. 

Low conversion from Fe3+ to Fe2+ is a major problem that severely 
limits the removal degree of organic pollutants in the Fe(II)/PMS system 
(Lan et al., 2022; Sheng et al., 2019). Thus, the improvement of the 
activation efficiency of PMS can be achieved by enhancing the conver
sion between Fe3+ and Fe2+. Xing’s group reported that MoS2 could be 
used as a cocatalyst to accelerate the cycling of Fe3+/Fe2+, boosting the 
pollutants removal degree (Chen et al., 2022; Du et al., 2020). 

Additionally, MoS2 can also activate PMS to degrade pollutants in a 
certain degree (Nie et al., 2022). We believe that constructing a het
erogeneous interface between MoS2 and FeSx derived from MIL-88A(Fe) 
would be an effective method to improve the removal degree of organic 
pollutants via PMS activation. 

Therefore, a series of FeSx@MoS2-x (FM-x) composites derived from 
MIL-88A were synthesized through a facile two-step method (Scheme 1), 
which were applied to degrade ATZ by activating PMS. The synergistic 
mechanism between FeSx and MoS2 was investigated in FM-0.96/PMS/ 
ATZ system. Furthermore, the catalytic mechanism was proposed, and 
the degradation pathways as well as toxicological analysis were 
deduced. Importantly, a fixed membrane reactor was fabricated based 
on FM-0.96 powder catalysts for continuous-flow wastewater treatment. 
This work provides a strategy for the preparation of a catalyst with 
efficient SR-AOP catalytic performance and long-term operation. 

2. Experimental 

The details of chemical reagents, characterization methods and 
experimental processes are provided in the Supplementary Information 
(SI). 

2.1. Synthesis of MIL-88A(Fe) 

The precursor of spindle-shaped MIL-88A(Fe) was prepared by a 
solvothermal method (Yi et al., 2021). Typically, fumaric acid (0.580 g) 
and FeCl3⋅6 H2O (1.352 g) were dissolved in DMF (50.0 mL) by stirring 
for 1.0 h in a 100.0 mL Teflon-lined, and then heated at 100 ◦C for 
12.0 h. After cooling down to room temperature, the as-synthesized 
MIL-88A(Fe) was washed with DMF and absolute ethanol, and dried 
at 60 ◦C overnight. 

2.2. Synthesis of FeSx@MoS2-x (FM-x) composites 

Firstly, 0.10 g MIL-88A(Fe) and 0.85 g thiourea were dissolved into 
15.0 mL ultrapure water, then a certain amount of ammonium molyb
date tetrahydrate was added into the above solution. After stirring for 
10.0 min, the mixture was sealed in a 25.0 mL Teflon-lined and heated 
at 180 ◦C for 24.0 h. Finally, the FeSx@MoS2 (FM-x) composites were 
collected after centrifugation, washing and drying. The composites were 
named as FM-x (x = 0.54, 0.96, 3.22, 5.05 represent the real molybde
num/iron content ratios determined by ICP-OES). The individual FeSx 
and MoS2 were synthesized without the addition of ammonium 
molybdate tetrahydrate and MIL-88A(Fe), respectively. 

2.3. SR-AOP catalytic activity tests 

Batch experiments were conducted in a 55.0 mL flask under dark 
condition. Briefly, the degradation experiments were conducted by 
adding 0.15 mM PMS to the 10.0 mg/L ATZ solution with 0.2 g/L 
catalyst. At pre-set time intervals, 1.5 mL ATZ solution was taken out, 
filtrated and immediately quenched with 10.0 μL methanol for the 
determination of ATZ concentration. It was frankly that some un
certainties might occur in sampling within such a short time interval as 
the first 0.5 min. Therefore, three parallel experiments were performed 
to reduce the uncertainty. Detailed information on analytical methods 
can be found in SI. 

2.4. Continuous operation experiment 

Continuous operation of ATZ degradation was conducted by using a 

F. Wang et al.                                                                                                                                                                                                                                   



Journal of Hazardous Materials 440 (2022) 129723

3

homemade fixed membrane reactor. In detail, two concentrations of 
ATZ solutions (1.0 and 10.0 mg/L) were selected for continuous oper
ation tests. The ATZ solution was delivered by a peristaltic pump 
(BT100L-CE) at the flow rates of 0.90 L/h, while the PMS solution 
(250.0 mM) by a high precision injection pump with the injection speed 
of 0.60 mL/h. 

3. Results and discussion 

3.1. Characterizations 

The powder X-ray diffraction (PXRD) pattern of the as-synthesized 
MIL-88A is well-matched with the relevant references (Fig. S2) (Yi 
et al., 2021). The peaks at 8.02◦, 10.32◦ and 12.96◦, which were 
ascribed to (100), (101) and (002) facets of MIL-88A, respectively (Yi 
et al., 2021). Moreover, the scanning electron microscopy (SEM) image 
showed that the synthesized MIL-88A exhibited a spindle morphology 
(Fig. 1b). As shown in Fig. 1a, the peaks of the pristine FeSx PXRD 
pattern were consistent with the Fe3S4 (PDF#97-004-2491) and FeS2 
(PDF#97-003-5010). For the pure MoS2 PXRD pattern, the main peaks 
at 14.26◦, 28.7◦, 32.91◦ and 58.15◦ corresponded to the (002), (004), 
(100) and (110) planes, respectively, which matched well with the 
standard card (PDF#01–075–1539). For the FM-x composites, the main 
peaks of both FeSx (FeS, FeS2 and Fe3S4) and MoS2 could be observed, 
indicating that FM-x composites were successfully prepared. With the 
mass ratio of ammonium molybdate to MIL-88A increased, the crystal
linity of FM-x composites became worse, which could be attributed to 
the low crystallinity of MoS2. The SEM image showed that FM-0.96 
exhibited a flower-like morphology with particle size in the range of 
500 nm ~ 600 nm (Fig. 1c). It could be seen that a layer of FeSx had been 
deposited on the surface of MoS2 (Fig. 1d), indicating the formation of 
heterogeneous interface between FeSx and MoS2. EDS elemental map
pings (Fig. 1e-h) confirmed the structural features of FM-0.96 as 
revealed by the SEM and TEM image mentioned above. In addition, the 
HRTEM of FM-0.96 showed that the fringe spacings of 0.165, 0.221 and 
0.276 nm could be assigned to the (020) crystalline facet of FeS, (121) 
crystalline facet of FeS2 and (100) crystalline facet of MoS2 respectively, 
demonstrating the formation of heterogeneous junction between FeSx 
and MoS2 (Fig. 1i) (Peng et al., 2022). The inset SAED image of Fig. 1i 
showed that the diffraction rings of (020), (121) and (100) could be 
ascribed to FeS, FeS2 and MoS2 crystals, respectively, which further 
supported the HRTEM results. For the electrochemical impedance 
spectroscopy (EIS), the semicircular of FM-0.96 was smaller than those 
of the pure FeSx and MoS2, further verifying the formation of hetero
geneous junction and the electron transfer between the individual 

components (Fig. 1j) (Chen et al., 2021b; Wang et al., 2022b). The N2 
adsorption–desorption isotherm and pore size distribution of FM-0.54, 
FM-0.96, FM-3.22 and FM-5.05 displayed the type IV isotherm 
(Fig. S3a). And the pore sizes of FM-0.54, FM-0.96, FM-3.22 and 
FM-5.05 were 2 nm ~ 50 nm (Fig. S3b). The above results indicated the 
meso-porous characteristic of FM-x composites. The specific surface area 
and pore volume were shown in Table S1. The specific surface area of 
FM-0.54, FM-0.96, FM-3.22 and FM-5.05 were 16.33, 8.28, 4.23 and 
3.62 m2/g, respectively. These results indicated that the increase of Mo 
content leads to surface agglomeration, resulting in blockage of the 
pores and reduction of specific surface area. 

3.2. The growth mechanism of FeSx, MoS2 and FM-0.96 

When the mixed aqueous solution of MIL-88A and thiourea was 
sealed in a Teflon-lined reactor for hydrothermal reaction at 180 ◦C, the 
released sulfide ions from thiourea could react with the Fe3+ in MIL-88A 
to form small FeSx particles (Fig. 2a and Fig. S4a). This process was 
consistent with the previous literature (Geng et al., 2022). With the 
prolonged reaction time, the small FeSx particles was gradually assem
bled into microspheres (Fig. 2b-c) and plate-like morphology (Fig. 2d). 

When the mixed aqueous solution of thiourea and ammonium 
molybdate tetrahydrate was sealed in a Teflon-lined reactor for hydro
thermal reaction at 180 ◦C, the small nanospheres of MoS2 were firstly 
formed after 1.0 h (Fig. 2e), which gradually grew larger as time went on 
(Fig. 2f–h). 

When MIL-88A, thiourea and ammonium molybdate tetrahydrate all 
presented under the identically hydrothermal condition, both the reac
tion between the MIL-88A and thiourea to generate small FeSx particles 
and the formation of MoS2 occurred within 1 ~ 3 h (Fig. 2i-j and 
Fig. S4b). Subsequently, MoS2 gradually grew into larger flower-like 
morphology, and the formed small FeSx particles derived from MIL- 
88A was deposited on the surface of the MoS2 (Fig. 2k-l), which 
impeded the assemble and morphology transformation of FeSx particles. 
The HAADF-EDS lines of FM-0.96 demonstrate that FeSx uniformly 
covered on the surface of MoS2, verifying the growth mechanism 
mentioned above (Fig. S5). More importantly, the FeSx particles uni
formly deposited on the MoS2 surface promoted the formation of rich 
heterogeneous interface, which would improve the catalytic perfor
mance significantly. In addition, FeSx-MoS2 composites (namely FM- 
iron salts) were prepared by replacing MIL-88A (Fe) with FeCl3⋅6H2O 
(Detailed characterization analysis of FM-iron salts could be found in 
SI). The k value of the FM-0.96/PMS system was 10 times higher than 
that of the FM-iron salts/PMS system (Fig. S6), demonstrating that MOF 
self-sacrificing method facilitates the tight combination between FeSx 

Scheme 1. Illustration of the fabrication process of FM-0.96.  
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and MoS2, leading to a stronger interfacial interaction, greatly boosting 
the catalytic performance. 

3.3. ATZ degradation performance over FM-0.96 

The ATZ removal degrees were about 2% and 3% within 6.0 min by 
individual PMS and FM-0.96, respectively (Fig. 3a). The ATZ removal 
degrees of pristine FeSx and MoS2 on activating PMS were not ideal, 
which just reached 66.8% and 17.5%, respectively. ATZ removal degree 
was significantly improved in the FM-x/PMS system. The ATZ removal 
degrees of FM-0.54, FM-0.96, FM-3.22 and FM-5.05 were 93.3%, 99.2%, 
98.4% and 97.9%, respectively. Meanwhile, the reaction rate constant k 

values of different catalysts were calculated, as depicted in Fig. 3b. 
Compared to FeSx/PMS and MoS2/PMS systems, the k value of FM-0.96 
was increased by about 40 and 320 times, respectively, which could be 
ascribed to the synergistic effect between FeSx and MoS2 (Lu et al., 2021; 
Wu et al., 2021). The ATZ removal degree of the physical mixture of FeSx 
and MoS2 with a mass ratio of 0.96 just reached 67.5% within 6.0 min 
(Fig. 3c), further demonstrating the strong synergistic effect between 
individual components of FM-0.96. From the perspective of the ATZ 
removal degree and rate, FM-0.96 was selected to further experiments. 

As shown in Fig. 3d, the ATZ removal degree in FM-0.96/PMS system 
was 100.0% within 6.0 min, which was higher than those of the FM- 
0.96/hydrogen peroxide (H2O2) system (9.0%) and the FM-0.96/ 

Fig. 1. (a) The PXRD patterns of as-prepared catalysts. The SEM images of (b) MIL-88A, (c) FM-0.96. The TEM image of (d) FM-0.96. (e-h) The EDS elemental 
mapping images of FM-0.96. (i) The HRTEM image of FM-0.96 (inset SAED image of FM-0.96). (j) Electrochemical impedance spectroscopy analysis of MoS2, FeSx 
and FM-0.96. 

Fig. 2. The SEM images of (a–d) FeSx, (e-h) MoS2, (i-l) FM-0.96 at different reaction time.  
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peroxydisulfate (PDS) system (41.0%), possible originating from the 
spatial hindrance effect of PDS and the higher O-O bond energy of H2O2 
(Huo et al., 2020; Li et al., 2018a). Fig. 3e illustrates the removal of 
several contaminants by FM-0.96 via PMS activation. It can be observed 
that more than 98.0% removal degrees were achieved within 6.0 min for 
the degradation of ATZ, sulfamethoxazole (SMX), bisphenol A (BPA), 
tetracycline (TTC) and 2,4-Dichlorophenoxyacetic acid (2,4-D), indi
cating FM-0.96 can effectively remove different kinds of pollutants. To 
further verify the excellent catalytic performance of FM-0.96, the com
parison by using the rate constant as the evaluation index with previ
ously reported catalysts for ATZ degradation was performed, as shown 
in Fig. 3f and Table S2. The ATZ removal rate constant of FM-0.96 was 
higher than that of a majority of catalysts (more details can be found in 
Table S2), which demonstrates the excellent catalytic performance of 
FM-0.96. 

3.4. Effect of key factors on ATZ degradation 

3.4.1. Effect of pH 
To examine the influence of pH on the reaction system, activity ex

periments were conducted at different initial pH (ranging from 2.0 to 
9.0). As shown in Fig. 4a, the complete ATZ removal was achieved in the 
pH range of 4–8 within 6.0 min, and the ATZ removal degree was 
inhibited at pH 2.0 (84.5%) and 9.0 (69.2%). The PXRD patterns of FM- 
0.96 after reaction under pH 2.0 changed obviously (Fig. S7), demon
strating that the low removal degree of FM-0.96 at pH 2.0 might be due 
to its instability. Under pH 9.0, the Fe2+ of FM-0.96 was partially 
passivated and PMS self-decomposition to form SO4

2− and O2 (Eqs. (1)– 
(3)), reducing the ATZ removal degree (Lu et al., 2021).  

HSO5
− + H2O → SO5

2− + H3O+ (1)  

HSO5
− + SO5

2− → HSO6
− + SO4

2− (2)  

HSO6
− + OH− → H2O + SO4

2− +O2                                                  (3)  

3.4.2. Effect of PMS/ATZ molar ratios and ATZ concentrations 
The PMS/pollutant molar ratio is becoming a way to evaluate the 

excellent catalytic performance of different catalysts in the SR-AOP 
process in recent years (Li et al., 2019a). As shown in Fig. 4b, the ATZ 
removal degree increased with the increasing of the PMS/ATZ molar 
ratio, and reached 100.0% when the ratio was 3.25. The results indi
cated that with the increase of PMS dosage, more ROS could be gener
ated, beneficial to the enhancing of the ATZ degradation. However, the 
ATZ removal degree was not obviously enhanced with the increase of 
PMS/ATZ molar ratio from 3.25 to 4.68, which might be due to the 
self-quenching effect of excessive PMS (Eqs. (4)–(5)) (Wang et al., 
2022b). In addition, the total organic carbon (TOC) removal degrees 
were investigated under the different PMS/ATZ molar ratios (Table 1). It 
can be clearly seen that 40.0% TOC removal degree was achieved with 
the PMS/ATZ molar ratio of 3.25, which was highest compared to the 
other three PMS/ATZ molar ratios. As shown in Table 1, FM-0.96 
exhibited excellent catalytic performance on ATZ degradation with a 
smaller PMS/ATZ molar ratio compared to other catalysts.  

SO4⋅− + SO4⋅− → S2O8
2− (4)  

HSO5
− + SO4⋅− → SO5⋅− + SO4

2− + H+ (5) 

Effect of ATZ concentrations were also investigated in FM-0.96/PMS 
system. As shown in Fig. 4c, the ATZ removal degrees in FM-0.96/PMS 
system were 100.0%, 100.0%, 100.0% and 97.0% when ATZ concen
trations were 1.0, 5.0, 10.0 and 20.0 mg/L, respectively, further indi
cating the excellent catalytic performance of the FM-0.96 toward ATZ 
degradation. 

3.4.3. Effect of temperature 
There are several steps during the ATZ degradation process in FM- 

0.96/PMS system. Firstly, PMS diffused toward the surface of the 

Fig. 3. (a) The removal degree of ATZ in different systems. (b) The k values in different systems. (c) The control experiments on ATZ removal degree in different 
systems. (d) Effect of oxidants on ATZ removal by FM-0.96. (e) The removal degree of SMX, BPA, TTC, ATZ and 2,4-D by FM-0.96. (f) The comparison of rate constant 
of different catalysts (Dong et al., 2020; Hu et al., 2021; Lai et al., 2020; Li et al., 2022; Liu et al., 2020; Lu et al., 2022; Roy et al., 2022; Shen et al., 2020; Sun et al., 
2021a; Sun et al., 2021b; Tang et al., 2022; Wang et al., 2020; Wei et al., 2022; Zeng et al., 2020). Reaction conditions: ATZ = 10.0 mg/L, SMX = 10.0 mg/L, 2,4-D 
= 10.0 mg/L, BPA = 10.0 mg/L, TTC = 10.0 mg/L, PMS = 0.1 mM, Catalyst = 0.2 g/L, initial pH = 5.8, PMS/ATZ molar ratio = 3.25. 
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catalyst, and was activated by the superficial active sites like Fe2+ to 
generate ROSs (⋅OH, SO4

2-, etc) and Fe3+. Then, ATZ diffused and reacted 
with the generated ROSs to form intermediates, in which the in
termediates further reacted with the ROSs to produce CO2 and H2O, or 
diffused away from the catalyst surface. Finally, Mo4+ could react with 
Fe3+ to regenerate Fe2+. In short, the ATZ degradation process involved 
diffusion and chemical reactions. To verify whether the high reaction 
rate constant for ATZ removal in FM-0.96/PMS system was dominated 
by mass transfer or chemical reaction, the ATZ (20.0 mg/L) degradation 
experiments at different temperature of 278 K, 283 K and 288 K were 
conducted (Fig. S8). As the temperature increases, the ATZ removal 
degrees were enhanced obviously. Based on above results, the activation 
energy (Ea) was calculated using the Arrhenius equation (Eq. (6)) (Zhao 
et al., 2021).  

lnk = lnA − Ea/RT                                                                          (6) 

Where, k is the reaction rate constant for the ATZ degradation; A denotes 
the pre-exponential factor (min− 1); R is 8.314 J mol− 1 K− 1 (the uni
versal gas constant) and T represents the temperature (K). The Ea 
calculated from the ATZ degradation in FM-0.96/PMS system was 
71.12 kJ/mol, indicating that the catalytic process could not be 
controlled by the mass transfer (the Ea of diffusion-controlled was 
10–13 kJ/mol), which was consistent with the previous reported liter
ature (Zhao et al., 2021). The mass ratio Mo/Fe in the FM-x affected the 
catalytic performance significantly, as shown in Fig. 3a. With the in
crease of the Mo/Fe ratio, the ATZ removal degree firstly increased then 
decreased, and reached the highest at the ratio of 0.96, suggesting that 
the Fe2+ regeneration by Mo4+ was the crucial factor for the improved 
catalytic performance. 

3.4.4. Effect of co-existing anions 
In the SR-AOP process, the anions normal existed in polluted water, 

such as HCO3
− , Cl− , SO4

2− and NO3
− , would affect the degradation of 

pollutants. Therefore, it was essential to investigate the influence of the 
mentioned above common anions (Table S3) on ATZ degradation in the 
FM-0.96/PMS system. 

With the addition of HCO3
− , SO4

2− , NO3
− and Cl− , the ATZ degradation 

rates were inhibited due to the reaction between these inorganic ions 
and free radicals like ⋅OH and ⋅SO4

− (Du et al., 2022a; Li et al., 2022a), as 
showed in Fig. 4d. And the most obvious inhibition of ATZ degradation 
rate was observed when Cl− was added. As reported previously, Cl− can 
scavenge sulfate radicals and hydroxyl radicals to generate 
chlorine-reactive species such as Cl⋅ and Cl2⋅− (2.4 V and 2.0 V vs NHE) 
(Eqs. (7)–(9)) (Du et al., 2022a), which have lower redox potential than 
⋅OH (1.8–2.7 V vs NHE) and SO4⋅− (2.5–3.1 V vs NHE), leading to an 
inhibitory effect on ATZ degradation. In all, above results demonstrate 
the feasible application of FM-0.96 in practical water treatment.  

SO4⋅− + Cl− → SO4
2− + Cl⋅                                                             (7)  

⋅OH + Cl− → OH− + Cl⋅                                                                 (8)  

Cl⋅ + Cl− → Cl2⋅− (9)  

3.5. Catalytic ATZ degradation mechanism via activating PMS over FM- 
0.96 

3.5.1. Identification of ROS in FM-0.96 system 
Activation of PMS has been reported for both free radicals (SO4⋅− , 

Fig. 4. Effects of (a) initial pH, (b) PMS concentration, (c) ATZ concentration and (d) inorganic anions on ATZ degradation. Reaction conditions: ATZ = 10.0 mg/L, 
PMS = 0.15 mM, catalyst = 0.2 g/L, pH = 5.8. 

F. Wang et al.                                                                                                                                                                                                                                   



Journal of Hazardous Materials 440 (2022) 129723

7

⋅OH, and O2⋅− ) and non-radicals (1O2 and high-valent metal) pathways. 
So far, the generation mechanism of active species in the SR-AOPs is still 
controversial. In our work, several scavengers were selected as ROS 
quenching reagents. Typically, free radicals like SO4⋅− , ⋅OH and O2⋅−

can be quenched by adding methanol, t-butanol (TBA) and benzoqui
none (BQ), respectively. As 1.0 mM BQ was added, the ATZ removal 
degree decreased from 100.0% to 95.0%, indicating that O2⋅− played a 
little role on ATZ degradation (Fig. 5a). Furthermore, when 50.0 mM 

Table 1 
Summary of the molar ratio of PMS/ATZ in SR-AOP processes.  

Catalyst Catalyst 
dosage (g/L) 

ATZ concentration 
(mg/L) 

PMS concentration 
(mM) 

PMS/ATZ 
molar ratio 

Radiation 
source 

Time 
(min) 

Removal 
degree (%) 

TOC removal 
degree 

Ref 

TiO2@LaFeO3 0.4 2.5 0.2 17.24 Vis 90.0 100.0 37.04 (Wei et al., 
2022) 

30 %− FC/R 0.3 10.0 0.5 10.8 Dark 20. 90.44 − (Sun et al., 
2021b) 

PCT3 0.4 10.0 0.33 7.13 Vis 60.0 75.0 46.08 (Tang et al., 
2022) 

Fe− 15 %C 0.06 10.784 0.25 5.0 Dark 120.0 91.6 − (Li et al., 
2021a) 

Fe@MoS2 0.1 8.6272 0.5 12.5 Dark 10.0 100.0 − (Sun et al., 
2021a) 

CoFe2O4 0.4 10.0 0.8 8.64 Dark 30.0 99.0 27.0 (Li et al., 
2018b) 

ECM− Co− NZ 0.3 10.0 0.5 3.5997 Dark 14.0 100.0 − (Ji et al., 
2019) 

MLCMO 0.1 2.1568 1.0 50.0 Dark 30.0 97.0 37.0 (Luo et al., 
2019) 

Mn− 1 0.25 10.784 3.0 120.0 Dark 60.0 74.2 51.0 (Zeng et al., 
2020) 

Co3O4 0.4 4.3136 2.0 166.66 Dark 15.0 99.0 − (Fan et al., 
2017) 

CoBC500 0.1 2.1586 1.0 50.0 Dark 6.0 99.0 − (Liu et al., 
2020) 

Bi2MoO6 0.6 2.5 0.8 23.02 Vis 60.0 99.0 − (Shen et al., 
2020) 

PS-Fe2O3-2 0.4 1.0784 0.6 60.0 Dark 40.0 96.0 − (Zheng et al., 
2019) 

MIL-CO (10) 0.01 10.0 0.42 18.14 Vis 60.0 99.9 78.5 (Roy et al., 
2022) 

FM− 0.96 0.2 10.0 0.05 1.17 Dark 6.0 81.1 5.0* This work 
FM− 0.96 0.2 10.0 0.1 2.34 Dark 6.0 98.3 18.0* This work 
FM− 0.96 0.2 10.0 0.15 3.25 Dark 1.0 100.0 40.0* This work 
FM− 0.96 0.2 10.0 0.2 4.68 Dark 1.0 100.0 38.0* This work 

Notes: “− ” means not mentioned in the literature. “* ” means TOC removal degree within 60.0 min. 

Fig. 5. (a) The quenching experiments on ATZ degradation. ESR spectra of (b) DMPO- SO4⋅− and DMPO- ⋅OH, (c) TEMP-1O2, (d) DMPO- O2⋅− . (e) Electrochemical 
impedance spectroscopy analysis of the different catalytic systems. (f) LSV curves in different systems. 
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TBA and methanol were added, the ATZ removal degrees were 
decreased from 100.0% to 77.8% and 50.0%, respectively. This phe
nomenon indicated that SO4⋅− and ⋅OH played a significant role in the 
FM-0.96/ATZ/PMS system. In addition, we verified the role of 1O2 by 
adding trapping agents (L-histidine, furfuryl alcohol (FFA) and β-caro
tene) to the FM-0.96/ATZ/PMS system. In the presence of 1.0 mM L- 
histidine and 50.0 mM FFA, the ATZ removal degrees were inhibited 
severely, decreasing from 100.0% to 5.0% and 1.0%, indicating that 1O2 
might also play a significant role. As reported in literature, FFA and L- 
histidine, as reducing agents, might induce rapid PMS consumption and 
could not identify the quenching effect of 1O2 (Yun et al., 2018). 
Therefore, β-carotene was also selected to quench 1O2 since it hardly 
reacts with PMS (Wang et al., 2022b). When 0.47 mM β-carotene was 
added, ATZ removal degree decreased from 100.0% to 21.3%, which 
suggested that the 1O2 was the main contributor in FM-0.96/PMS/ATZ 
system. It has been reported that the PMS self-decomposition, dis
solved oxygen (DO) and O2⋅− could be converted to 1O2 during the PMS 
activation process. O2⋅− would not be source of the 1O2 because of the 
little inhibitory effect for ATZ degradation, as demonstrated by 
quenching experiment. Besides, the contribution of PMS 
self-decomposition to produce 1O2 can be considered negligible due to 
its very slow reaction rate (Eq. (10)) (Yang et al., 2018). To verify 
whether DO make a contribution to the 1O2 generation in 
FM-0.96/PMS/ATZ system, the ATZ solution was purged with nitrogen 
gas for 10.0 min to eliminate DO from the ATZ solution before the re
action, and nitrogen gas was continuously injected during ATZ degra
dation. The almost complete degradation of ATZ within 0.5 min in the 
N2-saturated FM-0.96/PMS system demonstrates that PMS rather than 
DO contribute to the formation of 1O2 (Fig. S9). Moreover, PMS can 
react with FM-0.96 to generate the low reactive SO5⋅− (Eq. (11)). On the 
one hand, SO5⋅− reacts with H2O to from 1O2 (Eq. (12)). On the other 
hand, 1O2 can be generated through the reaction of excessive SO5⋅− (Eq. 
(13)) (Zhang et al., 2021a). The above results revealed that 1O2 was the 
dominated ROS in FM-0.96/PMS/ATZ system for PMS activation.  

HSO5
− + SO5

2− → HSO4
− + SO4

2− + 1O2                                           (10)  

HSO5
− + FM-0.96 → SO5⋅− + H+ + e− (11)  

2SO5⋅− + H2O → 2HSO4
− + 1.51O2                                                 (12)  

SO5⋅− + SO5⋅− → 1O2 + 2SO4
2− (13) 

To further confirm the above conclusions, electron spin resonance 
(ESR) was conducted to detect the existence of ROSs with 5, 5-dimethyl- 
1-pyrroline (DMPO) and 2,2,6,6-Tetramethylpiperidine (TEMP). The 
signals of DMPO- SO4⋅− and DMPO- ⋅OH were observed in FM-0.96/PMS 
system (Fig. 5b), indicating the presence of SO4⋅− and ⋅OH. And the 
signals intensity becomes stronger as time gets long. The presence of 
signals of DMPO- O2⋅− in Fig. 5d for the FM-0.96/PMS system demon
strated the existence rather than the contribution of O2⋅− for the ATZ 
degradation, which was similar to the reported literature (Li et al., 
2019b). It can be observed in Fig. 5c that an obvious 1:1:1 triplet-peak 
signal of TEMP-1O2 was detected in FM-0.96/PMS system, and the in
tensity of TEMP-1O2 signals enhanced as time go on, indicating the 
presence of 1O2. As depicted in Fig. 5e, the Electrochemical impedance 
spectroscopy (EIS) curves of FM-0.96/PMS/ATZ system exhibited a 
smaller semicircular compared to FM-0.96 and FM-0.96/PMS systems, 
indicating the charge-transfer resistance is lower in the 
FM-0.96/PMS/ATZ system. Moreover, Linear sweep voltammetry (LSV) 
experiments (Fig. 5f) showed that the current is very small and almost 
negligible in the pure FM-0.96 system. Compared to LSV curves in 
FM-0.96/PMS system, the current increased significantly after adding 
ATZ, which indicates that the ATZ degradation has occurred over 
FM-0.96/PMS system. These results illustrate that FM-0.96 was an 
outstanding catalyst for activating PMS. Furthermore, we use methyl 
phenyl sulfoxide (PMSO) as the probe to verify the role of high valent Fe 

(IV) in FM-0.96/PMS/ATZ system. As described in Fig. S10, the con
sumption of PMSO is almost as much in the PMS system as in the 
FM-0.96/PMS system, indicating that the pure PMS can consume PMSO. 
Meanwhile, the same phenomenon was observed in the generation of 
methyl phenyl sulfone (PMSO2), which demonstrated that there is no 
formation of high valent Fe(IV) in FM-0.96/PMS/ATZ system. 

3.5.2. The residual PMS and the generation of SO4⋅−

The generation of SO4⋅− and residual PMS were quantified in FeSx/ 
ATZ/PMS, MoS2/ATZ/PMS and FM-0.96/ATZ/PMS systems. As shown 
in Fig. 6a, the concentrations of SO4⋅− produced within 6.0 min in FeSx/ 
ATZ/PMS and MoS2/ATZ/PMS systems were low, only 1.26 and 
1.43 μM, respectively. For the FM-0.96/ATZ/PMS system, the SO4⋅−

concentration reached 8.94 μM, and generated largely within 0.5 min. 
Meanwhile, the residual PMS concentration was detected in FeSx/PMS, 
MoS2/PMS and FM-0.96/PMS systems, as shown in Fig. 6b. The PMS 
concentration was dropped sharply within 0.5 min in FM-0.96/ATZ/ 
PMS system, which was consistent with the rapid ATZ removal degree. 
Furthermore, the residual amount of PMS was 0.05, 0.056 and 
0.008 mM in FeSx/ATZ/PMS, MoS2/ATZ/PMS and FM-0.96/ATZ/PMS 
systems within 6.0 min, respectively, which was sufficient for the gen
eration of SO4⋅− (Eq. (14)). The result indicating that excess PMS ensure 
the generation of SO4⋅− in FM-0.96/ATZ/PMS system.  

HBA (excess) + SO4⋅− → hydroquinone + PMS (excess) → BQ          (14)  

3.5.3. Catalytic mechanism 
The XPS analysis was conducted to understand the elemental 

composition and the chemical state of Fe, Mo and S in the FM-0.96. 
Notably, it can be seen that the peak at 230.44 eV confirms the pres
ence of Mo-S-Fe bond (Wu et al., 2022), while there is no such peak in 
pure MoS2 XPS spectra, which demonstrates the formation of strong 
heterogeneous interface between FeSx and MoS2 (Fig. 6c). As shown in 
Fig. 6d, the Fe 2p spectrum of the fresh FM-0.96 was fitted into seven 
peaks, which coincided with the peaks of Fe0, Fe2+, Fe3+ and satellite 
peak (Lu et al., 2021). The peak at 708.10 and 720.50 eV could be 
assigned to Fe0. In addition, two peaks located at 712.53 and 726.68 eV 
could be attributed to Fe3+, while the peak at 710.85 and 724.51 eV 
could be assigned to Fe2+. For the used sample, the percentage of Fe3+

decreased from 32.23% to 28.83% after the reaction, indicating that 
some of Fe3+ have been converted to Fe2+ (Table S4). This phenomenon 
might be due to the presence of the Mo-S-Fe bond that facilitates the 
electron transfer from MoS2 to FeSx, leading to the regeneration of Fe2+. 
The Mo 3d spectra was fitted well into seven characteristic peaks 
(Fig. 6e). The peaks centered at 226.53, 230.44 and 235.99 eV belong to 
S 2s, Mo-S-Fe bond and Mo6+ 3d, respectively. The two peaks at 228.91 
and 232.38 eV were attributed to the Mo4+. And the other two peaks at 
229.46 and 233.12 eV were ascribed to the Mo5+. After ATZ degrada
tion, the percentage of Mo6+ and Mo5+ had decreased by 3.24% and 
0.65% with the increase of the percentage of Mo4+ by 9.70%, demon
strating the existence of the conversion of Mo6+ and Mo5+ to Mo4+

(Table S4). In Fig. 6f, the S 2p spectra fitted four characteristic peaks at 
161.85, 163.14, 164.37 and 169.19 eV, which were attributed to S2− , 
S2

2− , Sn
2− and SOx, respectively. The percentage of S2− and S2

2− decreased 
from 39.53% and 33.89% to 32.73% and 33.29%, while Sn

2− and SOx 
increased from 15.39% and 11.17 to 18.01% and 15.96%, respectively 
(Table S4). The above phenomenon indicates that the Mo-S-Fe bond 
played a significant role in promoting the conversion of Fe3+, Mo5+ and 
Mo6+ to Fe2+ and Mo4+, respectively, in the FM-0.96/PMS/ATZ system.  

Fe2+ + HSO5
− → Fe3+ + SO4⋅− + ⋅OH                                            (15)  

Mo4+ + HSO5
− → Mo6+ + SO4⋅− + ⋅OH                                         (16)  

Mo5+ + HSO5
− → Mo6+ + SO4⋅− + OH− (17) 
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Fe3+ + HSO5
− → Fe2+ + SO5⋅− + H+ (18)  

Mo6+ + HSO5
− → Mo4+ + SO5⋅− + H+ (19)  

Fe0 + HSO5
− + H+ → Fe2+ + SO4⋅− + H2O                                     (20)  

Fe0 + 2Fe3+ → 3Fe2+ (21)  

Fe0 + 2Mo6+ → 3Mo4+ (22)  

2Fe3+ + Mo4+ → Mo6+ + 2Fe2+ (23) 

Fig. 6. (a) The formed SO4⋅− concentrations in difference systems. (b) The residual PMS concentration in difference systems. (c) Mo 3d XPS spectra of FM-0.96 and 
MoS2. (d) Fe 2p, (e) Mo 3d and (f) S 2p XPS spectra before and after the degradation reaction. Reaction conditions: PMS = 0.15 mM, Catalyst = 0.2 g/L, initial pH 
= 5.8, HBA: PMS = 8:1, PMS/ATZ molar ratio = 3.25. 

Fig. 7. The possible catalytic mechanism for ATZ removal in FM-0.96/PMS system.  
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Fe3+ + S2− / S2
2− → Fe2+ + Sn

2− /SOx                                                (24)  

Mo6+ + S2− / S2
2− → Mo4++ Sn

2− /SOx                                              (25)  

SO4⋅− /⋅OH/1O2 + ATZ → intermediates + CO2 + H2O                      (26) 

Based on ROS quenching tests, ESR analysis, electrochemical tests 
and XPS analysis, the catalytic mechanism in FM-0.96/PMS/ATZ system 
is proposed. As depicted in Fig. 7, the transition metallic redox pairs 
(Fe2+/Fe3+ and Mo4+/Mo5+/Mo6+) firstly react with PMS to produce 
SO4⋅− , ⋅OH and SO5⋅− radicals (Eqs. (15)–(19)). Moreover, Fe0 can also 
react with PMS to form SO4⋅− in FM-0.96/PMS/ATZ system (Eq. (20)). 
Simultaneously, Fe0 and Fe3+ promote the regeneration of Fe2+ and 
Mo4+ through electron transfer (Eqs. (21)–(23)). Furthermore, the sulfur 
species could react with Fe3+ and Mo6+ to generate Fe2+ and Mo4+ (Eqs. 
(24)–(25)). In addition, the generated SO5⋅− radicals will continue to 
react with H2O and SO5⋅− to form 1O2 (Eqs. (11)–(13)). In all, the free 
radical (SO4⋅− and ⋅OH) and non-free radical (1O2) pathways contribute 
to the ATZ degradation (Eq. (26)). 

3.6. Possible degradation pathways of ATZ and toxicity analysis 

DFT calculation of Fukui function was carried out to calculate the 
reactive sites to confirm the pathway of ATZ under the ROS attack in FM- 
0.96/PMS/ATZ system. In this work, the primary ROS are SO4⋅− , ⋅OH 
and 1O2, which are electrophilic species (Chen et al., 2021a), thus Fukui 
index representing electrophilic attack (ƒ− )radical attack (ƒ0) were 
calculated (Fig. 8c). The natural population analysis (NPA) charge was 
selected to evaluate the electron activity (Wang et al., 2022d). The 
geometrical optimization of the molecule and vibrational frequencies 
calculations were conducted using the B3LYP method with a 6–31+G (d) 
basis set. Fig. 8a showed the final structure optimized of ATZ by 
Gaussian 09W software. Typically, the highest occupied molecular 
orbital (HOMO) is easily to lose electrons, which is of the highest pos
sibility to be attacked by SO4⋅− , ⋅OH and 1O2. As exhibited in Fig. 8b, the 
highest occupied molecular orbital (HOMO) distributions of ATZ are 
consistent with the active sites obtained from Fukui index results. The 
reactive sites with large Fukui values indicated higher reactivity. It can 
be clearly seen that the Cl4 (ƒ− /ƒ0 = 0.09012/0.11852), N7 (ƒ− /ƒ0 =

0.2132/0.1769), N8 (ƒ− /ƒ0 = 0.2276/0.1368), N20 (ƒ− /ƒ0 =

0.1578/0.1002) with high Fukui index, which can be attacked by ROS. 
Therefore, the decomposition of ATZ is mainly carried out on N7, N8, 
N20 and Cl4, leading to the formation of ATZ+ and the bond-cleavage of 
C-N and C-Cl (Wu et al., 2018). 

In combination with the Fukui function and LC-MS intermediate 
products analysis, four pathways of ATZ degradation were proposed and 

displayed in Fig. 9. The ATZ degradation pathways mainly include 
dechlorination-hydroxylation, dealkylation and alkyl chain oxidation 
processes (Zhang et al., 2018). And ten intermediates were identified by 
LC-MS and listed in Table S5. For pathway (I), ROS attack on the Cl4 and 
N20 sites resulted in the production of P1 (m/z = 169.1) and P2 
(m/z = 127.05) (Lai et al., 2020). For pathway (II) and (III), the deal
kylation intermediates like P5 (m/z = 187.06), P7 (m/z = 173.05) and 
P6 (m/z = 145.02) were generated mainly due to the attack of ROS on 
the N8 and N20 sites of ATZ (Wei et al., 2022). For pathway (IV), the 
hydroxylation reaction occurs on the alkyl chain of ATZ to form P8 
(m/z = 231.09) (Deng et al., 2021). After that, P8 was rapidly trans
formed into P9 (m/z = 189.04) and P10 (m/z = 211.11) by 
dechlorination-hydroxylation reaction, dealkylation and hydroxylation 
reaction. Subsequently, P6, P9 and P10 were further oxidized to produce 
P2, P3 (m/z = 129.02) and P4 (m/z = 113.02). Finally, some of in
termediates of ATZ are mineralized to CO2 and H2O. 

During the degradation of ATZ, it is necessary to analyze the toxicity 
of the intermediates. The fathead minnow LC50 (96 h), Daphnia magna 
LC50 (48 h), oral rat LD50, bioaccumulation factor, developmental 
toxicity and mutagenicity of ATZ and its intermediates were assessed by 
using Toxicity Estimation Software (T.E.S.T.). The fathead minnow 
LC50 (96 h) of ATZ was 21.12 mg/L, which was harmful (Fig. 10a). 
After degradation, the toxicity of the intermediates was reduced 
compared to ATZ, and some of them were harmless. Fig. 10b showed 
that the FM-0.96/PMS system can reduce the Daphnia magna LC50 
(48 h) of most of the intermediates, and only P3 had higher values. 
Similarly, ATZ with oral rat LD50 value of 1541.4 mg/L was considered 
“toxic”, and the oral rat LD50 values of most of the intermediates were 
increased, implying that their toxicity was reduced (Fig. 10c). The FM- 
0.96/PMS system lowered the bioaccumulation factor and develop
mental toxicity of most intermediates (Fig. 10d-e). Besides, mutage
nicity of ATZ was greatly reduced (Fig. 10f). Meanwhile, the TOC 
removal degree was evaluated in FM-0.96/PMS/ATZ system. As 
exhibited in Fig. S11, the TOC removal degree was 40.0% in FM-0.96/ 
PMS/ATZ system within 60.0 min, implying that ATZ could be partly 
mineralized into CO2 and H2O. Based on the above results, the synthe
sized FM-0.96 not only lowers the toxicity of ATZ but also mineralizes 
some intermediate products of ATZ into CO2 and H2O. 

3.7. Reusability and stability of FM-0.96 for ATZ degradation by 
activating PMS 

The reusability and stability of the FM-0.96 were crucial for the long- 
term treatment of wastewater. As shown in Fig. 11a, the FM-0.96 
exhibited satisfactory reusability. In addition, the metal leaching of Fe 

Fig. 8. (a) The chemical structure of ATZ. (b) The HOMO and LUMO orbital of ATZ. (c) The Fukui index of ATZ.  
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Fig. 9. The possible pathway of ATZ degradation in FM-0.96/PMS system.  

Fig. 10. (a) Fathead minnow LC50 (96 h), (b) Daphnia magna LC50 (48 h), (c) Oral rat LD50, (d) Bioaccumulation factor, (e) Developmental toxicity and (f) 
Mutagenicity of ATZ and its degradation intermediates. 
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and Mo was investigated by ICP-OES after five cycles (Fig. S12), and the 
concentrations of leached Fe were 2.0, 1.73, 1.51, 1.06 and 0.97 mg/L, 
respectively, which conformed to the discharge standard of iron ions 
(Zhang et al., 2021b). Meanwhile, the concentrations of the leached Mo 
ions were determined as 4.91, 2.60, 2.17, 1.84 and 1.63 mg/L respec
tively. Compared to other MoS2-activated PMS systems (Lu et al., 2021; 
Sheng et al., 2019), the concentrations of leached Mo were very low. As 
shown in Fig. 11b-c, The PXRD pattern as well as SEM image of FM-0.96 
did not change obviously after five cycles, which proved the good sta
bility of FM-0.96. 

3.8. The continuous operation over FM-0.96 in a fixed membrane reactor 

Based on the excellent catalytic performance and cycling stability of 
FM-0.96, we prepared a fixed membrane reactor for continuous treat
ment of simulated wastewater by immobilizing FM-0.96 on filter papers 
(Fig. 12a-b). The degradation performance of the FM-0.96 fixed mem
brane was evaluated by using 1.0 mg/L and 10.0 mg/L ATZ as simulated 

wastewater for continuous operation. By calculation, the hydraulic 
retention time (HRT) was 5.0 min. As exhibited in Fig. 13a-b, for 
10.0 mg/L ATZ, the removal degree of the pure PMS system did not 
exceed 3.5% for the simulated wastewater, while the removal degree 
reaches 100.0% within 24.0 h in the FM-0.96 membrane/PMS system. 
Even after 38.0 h, the removal degree still maintained more than 90.0%. 
Similarly, for 1.0 mg/L ATZ, the removal degree was not decreased even 
up to 52.0 h. The percentage of metal ions leached from the catalyst 
during continuous operation was calculated. For aqueous solution con
taining 10.0 mg/L ATZ, the percentage of leached Fe and Mo from 
catalyst was 2.86% and 8.06%, respectively. For the solution containing 
1.0 mg/L ATZ, the percentage of leaching Fe and Mo from catalyst was 
3.30% and 9.97%, respectively. In addition, the concentrations of 
leached Mo and Fe ions were 20.0 and 5.0 mg/L, respectively (Fig. S13a- 
b). In the Fe (5.0 mg/L)-Mo (20.0 mg/L)-PMS homogeneous system, 
only 10.0% of ATZ was removed (Fig. S13c), indicating the crucial role 
of the heterogeneous catalysis for FM-0.96. More importantly, it can be 
calculated that 1.0 Kg FM-0.96 can purify 78.0 t wastewater with an 

Fig. 11. (a) Reusability, (b) the PXRD patterns and (c) the SEM image of FM-0.96 before and after five cycles. Reaction conditions: ATZ = 10.0 mg/L, PMS 
= 0.15 mM, Catalyst = 0.2 g/L, initial pH = 5.8, PMS/ATZ molar ratio = 3.25. 

Fig. 12. (a) The schematic illustration and (b) photograph of the fixed membrane reactor.  
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initial concentration of 1.0 mg/L ATZ within 52.0 h. In a word, the 
above results showed that the FM-0.96 membrane has good potential for 
practical applications. 

4. Conclusions 

In summary, FeSx@MoS2-x composites derived from MIL-88A were 
successfully prepared, and the FM-0.96 exhibited the best catalytic 
performance on atrazine (ATZ) degradation via peroxymonosulfate 
(PMS) activation. The rate constant k of FM-0.96 was about 40 and 320 
times higher than that of the FeSx/PMS and MoS2/PMS, respectively, 
which could be attributed to the rapid regeneration of Fe2+ resulting 
from the heterogeneous interface. The free radical (SO4⋅− and ⋅OH) and 
non-free radical (1O2) played the primary role in the FM-0.96/PMS/ATZ 
system. Furthermore, the total organic carbon was removed by about 
40.0% within 60.0 min, and the toxicities of ATZ and most of its in
termediates were greatly reduced. In addition, continuous treatment of 
wastewater was realized using a self-developed fixed membrane reactor, 
and 1.0 Kg FM-0.96 can achieve an effective purification of 78.0 t 
wastewater with an initial concentration of 1.0 mg/L ATZ within 52.0 h 
without obvious decline of removal degree. This work provides an 
intensive insight into PMS activation in environment remediation by 
transition-metal sulfides composites derived from metal-organic 
frameworks. 

Environmental implication 

Atrazine (ATZ) was considered be detrimental to the environment 
and public health due to its long persistence and low biodegradability 
properties. In this work, FeSx@MoS2-x (FM-x, x implied real Mo/Fe 
content ratios) catalyst was synthesized adopting MIL-88A as precursor 
to degrade ATZ by activating peroxymonosulfate (PMS). ATZ could be 
completely degraded within 1.0 min over FM-0.96, in which the toxic
ities for most of its intermediates were greatly reduced. This work pro
vides an approach for PMS activation in environment remediation by 
transition-metal sulfides composites derived from metal-organic 
frameworks. 
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