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ARTICLE INFO ABSTRACT

Keywords: Series of WO3/MIL-100(Fe) (WxMy) composites were synthesized via the mild solvent evaporation method,
MIL-100(Fe) which were used as a heterogeneous sulfate radical-advanced oxidation process (SR-AOP) catalyst for sulfa-
WO, methoxazole (SMX) degradation. The as-prepared W4M1 (0.25 g/L) demonstrated excellent SR-AOP catalysis

;‘;f;“z:;’;:fgle activity with 100 % SMX (5 mg/L) degradation efficiency within 15 min under visible light. The influences of
Z-Scthe initial pH, peroxydisulfate (PDS) concentration, catalyst dosage, and inorganic anions as well as the degradation

pathway were investigated. The effective transfer of the photo-generated electrons from WO3 to MIL-100(Fe) via
Z-scheme mechanism contributed to the outstanding SR-AOP catalysis activity of W4M1, which were affirmed by
both the active species capture experiments and electron spin resonance (ESR) experiments. Moreover, W4M1
displayed excellent stability and reusability throughout five runs’ cycling experiments. This work offered a new
SR-AOP catalyst alteration to eliminate emerging pollutant under visible light, which might provide insight clue

for catalyst design and fabrication.

1. Introduction

Sulfonamide antibiotics (SAs), as a major class of anti-microbial
drugs, are broadly resistant to both Gram-positive and Gram-negative
bacteria [1], which are frequently detected in different water environ-
ments [2,3]. Although current research indicates that sulphonamide
antibiotics are not highly toxic to vertebrates, they still pose a significant
potential threat to natural ecosystems and human health [4]. As one of
the SAs, sulfamethoxazole (SMX) has been listed as one of the 30 most
common wastewater pollutants by the U.S. Geological Survey, with a
half-life of 85-100 days or more [5]. It is essential to eliminate the po-
tential threat of sulphonamide antibiotics.

Advanced oxidation processes (AOPs) have been adopted widely as
an effective method for water treatment [6-8]. In recent years, the
sulfate radicals-advanced oxidation processes (SR-AOP) have attracted
increasing interest, in which the eSO is usually produced by perox-
ymonosulfate (PMS) and peroxydisulfate (PDS) activation in the

presence of light, heat, ultrasound, and catalysts [9,10].

Nowadays, the increasing attentions are paid to develop or explore
the heterogeneous catalysts to degrade various organic pollutants
[11-13]. The porous metal-organic frameworks (MOFs) arose wide-
spread interest due to their special characterizations like ultra-high
surface areas, tunable crystalline structures and porous sizes [14-18].
MIL-100(Fe) as an iron-based catalyst shows the high specific surface
area, thermal stability, water stability and good catalytic activity, which
can be potentially used to activate persulfates [19]. There are many
previous examples of MIL-100(Fe) for persulfates activation to achieve
organic pollutants degradation. In our group, Zhao et al. [19] prepared
Bi;2017Cly/MIL-100(Fe) composites to accomplish the Cr(VI) reaction
under visible light and BPA degradation in the presence of both PDS and
visible light. Up to now, the individual WO3 was used to photoactivate
persulfate due to its outstanding photocatalysis activity [20,21].
Although several cases about construction of heterojunction between
WOj3 and MIL series MOF were reported [22,23], to the best of our
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Fig. 1. (a) The PXRD patterns and (b) FTIR spectra of the individual MIL-100(Fe), WO3, and WxMy composites. (c) The XPS survey spectra and the high-resolution
XPS spectra of (d) Fe 2p, (e)W 4f and (f) O1s for MIL-100(Fe), WO3, and W4M1 composite.

knowledge, there is no research about WO3/MOF composites for PDS
activation.

Inspired by our previous work, within this paper, WO3 nanoplate and
MIL-100(Fe) octahedron were adopted to fabricate WO3/MIL-100(Fe)
composites via a mild solvent evaporation method for the purpose of
accomplishing effective SMX degradation by SR-AOP. Both the in-
fluences of initial pH, PDS dosage, co-existing ions and degradation
pathway of SMX were investigated and clarified. Finally, a mechanism
for the PDS activation over the WO3/MIL-100(Fe) to degrade SMX was
proposed and validated.

2. Experimental

The used chemicals, the instruments and the corresponding methods
were provided in the Supplementary Information.

2.1. Fabrication WO3/MIL-100(Fe) composites

WOj3 nanoplate and MIL-100(Fe) octahedron were synthesized ac-
cording to the literatures, respectively [24,25]. The details on synthesis
were available in the Supplementary Information.

WO3/MIL-100(Fe) composites were produced by a mild solvent
evaporation method. Briefly, a certain amount of WO3 nanoplate and
MIL-100(Fe) octahedron were dispersed in 80.0 mL methanol by being
sonicated for 15.0 min. Subsequently, the mixed solution was stirred
until all the liquid evaporated, and the samples were dried in an oven at
60 °C. The WO3/MIL-100(Fe) composites were obtained by drying the
evaporated sample in an oven at 60 °C for 12 h, which were named as
WxMy (W and M represent WO3 nanoplate and MIL-100(Fe) octahedron,
x and y represent the mass fraction of WO3 and MIL-100(Fe), respec-
tively). The total amount of WO3 and MIL-100(Fe) was 200.0 mg.

2.2. SR-AOP performance test

20.0 mg WxMy catalyst was mixed into 80.0 mL aqueous solution
containing 5.0 mg/L SMX to accomplish adsorption-desorption

equilibrium in dark. After that, the suspension was irradiated under 25
W low power LED light (Beijing Aulight Co., Itd., the light source
spectrum showed in Fig. S1) to induce the SR-AOP for SMX degradation.
The residual SMX concentration was determined by liquid chromatog-
raphy (LC-20A) equipping with a 270 nm UV detector and Eclipse Plus
C18 column. The other information was listed in Supplementary
Information.

3. Results and discussion
3.1. Characterizations

The powder X-ray diffraction (PXRD) patterns for MIL-100(Fe), WOs3,
and WxMy composites were shown in Fig. 1a. The characteristic peaks of
WO3 were found at 20 = 23.1°, 23.6° and 24.4°, which correspond to
(002), (020) and (200) planes of the crystal structure of WO3 (JCPDS
no. 83-0951). According to the previous reports, the exposed facets of
(002), (020), and (200) of WO3 were reported to display high reac-
tivity [26-30]. Meanwhile, the main characteristic peaks of the as-
prepared MIL-100(Fe) at 6.2°, 10.2°, 11.0°, 20.0° were in agreement
with the MIL-100(Fe) reported in previous literature [31]. As for the
WxMy, the characteristic peaks of both WO3 and MIL-100(Fe) were
observed. Moreover, with increasing amounts of WO3 in WxMy, the
peaks of the MIL-100(Fe) gradually decreased, which was related to both
the cover of WO3 and the relatively low intensity of the MIL-100(Fe)
[32].

Fourier transform infrared spectra (FTIR) of the synthesized mate-
rials were presented in Fig. 1b. The peak at 712 cm™! is ascribed to
stretching of benzene ring [33]. The characteristic peaks observed at
1614 cm™!, 1574 cm ™Y, 1452 cm ™}, and 1385 ecm ! could be regarded as
the characteristic peaks of the carboxyl group [34]. According to pre-
vious literature, the peaks in the range of 450-900 cm ™! were attributed
to the W-O-W stretching vibrations [35]. The observed FTIR spectra of
as-prepared catalysts confirmed the formation of WxMy composites.

The XPS (X-ray photoelectron spectroscopy) measurement was
applied to test the elemental composition and binding position of MIL-
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Fig. 2. The SEM and TEM images of (a, d) MIL-100(Fe), (b, €) WO3 and (c, d) W4M1 composite. (g) The EDS elemental mappings of the W4M1 composite.

100(Fe), WO3, and W4M1. As shown in Fig. 1c, the XPS survey spectrum
of W4M1 displayed characteristic peaks of Fe, C, O, and W, demon-
strating the presence of MIL-100(Fe) and WOs3. After being composited
by solvent evaporation method, it was obvious that the Fe 2p peaks were
shifted from 709.5 and 723.1 eV for Fe>" along with 711.3 and 724.9 eV
for Fe3* in MIL-100(Fe) [8,36] to 709.2 and 722.8 eV for Fe>" along
with 711.0 and 724.6 eV for Fe®" in W4M1 (Fig. 1d). While the peaks of
W 4f were shifted from 35.7 and 37.8 eV for Wo™ in WO3 [37] to 35.9
and 38.0 eV in W4M1 (Fig. 1e). The blue shift of the Fe 2p peaks and red
shift of the W 4f peaks implied that electrons were possibly transferred
from WO3 to MIL-100(Fe) [38]. The Ols spectrum for WO3 (Fig. 1f)
displayed peaks at 530.6 and 532.3 eV were attributed to the lattice
oxygen (W-O) and hydroxyl oxygen, respectively [39]. The peaks at
530.2, 531.9, and 533.5 eV in MIL-100(Fe) attributed to Fe-O bonds,
carboxyl groups and the adsorbed water molecules, respectively
[34,40]. The O1s peaks of WO3 shifted towards higher binding energy
while that of MIL-100(Fe) shifted towards lower binding energy to form
W4M1 composite.

The SEM and TEM images were conducted to deeply investigate the
morphologies of MIL-100(Fe), WO3, and W4M1 (Fig. 2a-2f). It showed
that the MIL-100(Fe) is comprised of octahedral microcrystals with an
edge length of 2-3 pm (Fig. 2a and 2d). The WO3 had a diameter size of
200-400 nm with a plate morphology, significantly smaller than that of
MIL-100(Fe) (Fig. 2b). The plates of the WO3 morphology were also
confirmed by TEM observations (Fig. 2e). The morphology of the W4M1
composite was shown in Fig. 2c and 2f, revealing that WO3 were closely
anchored on the surface of MIL-100(Fe). Additionally, MIL-100(Fe)
maintained the regular octahedron morphology after solvent evapora-
tion of the composites, indicating that the MIL-100(Fe) structure was
maintained in the solvent evaporation treatment process of composites.
The successful fabrication of W4M1 was affirmed by EDS elemental
mappings in Fig. 2g. It proved that the Fe element in MIL-100(Fe) and
the W element in WO3 were evenly distributed over the W4M1

composite. The high-resolution transmission electron microscope
(HRTEM) image of W4M1 (Fig. S2) demonstrated the distinct and tight
interface between WO3 and MIL-100(Fe), in which the lattice fringe of
0.377 nm could be assigned to the (020) facets of WO3 (JCPDS no.
83-0951).

The UV-vis DRS of MIL-100(Fe), WO3, and WxMy (Fig. 3a) displayed
that all materials exhibited visible light absorption property. The band
gaps of MIL-100(Fe) and WO3 was calculated to be 2.61 eV [41] and
2.75 eV [42], respectively (Fig. 3b). The declining band gaps of com-
posites could facilitate the superior visible-light response to individual
WOs and MIL-100(Fe), contributing to the boosted SR-AOP
performance.

The Mott-Schottky plots of the individual MIL-100(Fe) and WOs3
were shown in Fig. 3¢ and 3d, in which the positive slopes of the plots
revealed an n-type semiconductor feature for the prepared samples
[32,43]. The flat band potential (Epg) for MIL-100(Fe) and WO3 were
about —0.43 eV vs. Ag/AgCl (-0.23 eV vs. NHE) and —0.17 eV vs. Ag/
AgCl (+0.03 eV vs. NHE), respectively. For n-type semiconductors, the
Epg was located ca. 0.1 eV above the Ecg [44]. The Erymo of MIL-100(Fe)
and the Ecg of WO3 were calculated to be about —0.33 eV and —0.07 eV
(vs. NHE), respectively. Combined with the value of Eg, the Exomo of
MIL-100(Fe) and the Eyg of WO3 were 2.28 eV and 2.68 eV vs. NHE,
respectively.

The X-ray fluorescence (XRF) characterization technique was uti-
lized to explore the W and Fe contents in the W4M1 composite. The ratio
of WO3 and MIL-100(Fe) in W4M1 can be calculated as 4.8:1 based on
the XRF results of W (93.124 %) and Fe (6.234 %) weight percentage
(Table S1).

The N, adsorption-desorption isotherms and the pore size distribu-
tion of the WO3, MIL-100(Fe) and WxMy were exhibited in Fig. S3. MIL-
100(Fe) and WxMy displayed the type I isotherms based on IUPAC,
which can be attributed to the microporous characteristics. The surface
area, average pore size and total pore volume were shown in Table S2.
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Fig. 5. (a) Inorganic ions on SMX degradation over W4MI1. (b) The photo-activated SR-AOP of SMX degradation under real solar irradiation. Experimental con-
ditions: catalyst dosage = 0.25 g/L, [PDS] = 2.0 mM, [SMX] = 5 mg/L, volume = 80 mL, pH = 2.0 and inorganic anions = 1.0 mM.

Compared to MIL-100(Fe), WOj3 displayed low specific surface. As the
percentage of MIL-100(Fe) in the composites increased, the specific
surface area and total pore volume progressively increased. Hence, more
active sites could be provided to facilitate the diffuse of target pollutants
within the porous structure for improved catalytic ability [45].

3.2. Photoactivated SR-AOP toward SMX degradation

The performance of MIL-100(Fe) octahedron, WO3 nanoplate, and
WxMy composites in activating PDS to degrade SMX were evaluated in
Fig. 4a. A dark experiment was carried out for adsorption-desorption
equilibrium to explore the adsorption influence. The initial adsorption
efficiencies of SMX by MIL-100(Fe), WO3, and WxMy were limited (<12
%). Both individual MIL-100(Fe) and WO3 exhibited poor ability to
activate PDS under visible light. All WxMy composites exhibited a su-
perior performance to individual MIL-100(Fe) and WO3. With different
contents of WO3 in W1M1, W2M1, W3M1, W4M1 and W5M1, the
degradation efficiency increased to ca. 91.0 %, 99.2 %, 99.2 %, 100 %,
and 99.3 % within 30 min, which was ascribed to the redshift of visible
light absorption and the formed heterojunction structure. Among these
composites, W4M1 exhibited the best photoactivated SR-AOP perfor-
mance, in which the SMX decomposition efficiency increased to 99.3 %
at 20 min. The removal rate of SMX was accordance with zero-order
reaction kinetics (Table S3-S7), the apparent reaction kinetic constant

of SMX degradation reaction for W4M1 was calculated as 0.04963
1

min

The synergistic effects of W4M1 catalyst and visible light on PDS
activation for SMX degradation were assessed (Fig. 4b). Without PDS,
the visible light irradiation did not result in any SMX degradation. The
W4M1 exhibited the limited adsorption toward SMX. Significantly,
almost complete SMX removal (99.3 %) was accomplished in 20 min

q 1 o H 0
N NN NN
BY W PKm: B W pKy ‘\\0 W
O N~g =T O Nd 37 A
H;'N HoN HN

through the joint action of visible light, W4M1 and PDS. Moreover,
control experiments of PDS/light, W4M1/PDS and W4M1/light systems
were also performed. The individual W4M1 achieved a limited degra-
dation of SMX via photocatalysis (W4M1/light system), and visible light
activated PDS had a limited SMX removal efficiency (PDS/light system).
Moreover, compared to the W4M1/PDS/light process, W4M1 demon-
strated much lower PDS activation with the SMX removal of 34.9 % in

60 min. The W4M1/PDS/light showed higher degradation efficiency
than the sum of the efficiencies of the individual PDS, light, W4M1
adsorption, PDS/light, W4M1/PDS, and W4M1/light process, demon-
strating the synergistic effects of light and W4M1 on PDS activation.

3.3. The influences factors on SMX degradation

The influences of initial pH, PDS concentrations and catalyst dosage
on SMX degradation were shown in Fig. 4c-4f. Finally, we carried out
subsequent experiments at the conditions of pH = 2.0, 2 mM PDS and
0.25 g/L catalyst. Moreover, the k value of SMX degradation reaction
under the optimum condition was calculated as 0.06545 min~". To test
the stability of W4M1 under different pH conditions, the leaching Fe and
W ions (Fig. S4) as well as PXRD patterns of the used W4M1 after re-
action at different pHs (Fig. S5) were tested. The corresponding results
confirmed that W4M1 was stable with low Fe and W leaching as well as
well-maintained morphology. To examine the role of the leaching Fe and
W ions from W4MT1 at different pHs, the dissolved Fe?" and W°" with
the identical concentrations to the leached ones from W4M1 were used
to perform the homogeneous SR-AOP reaction. Under each pH condi-
tion, SMX was slightly degraded in the simulated homogeneous SR-AOP
reaction (Fig. S6), suggesting that the homogeneous SR-AOP reaction
did not make major contribution. Furthermore, the zeta potentials of
WO3, MIL-100(Fe) and W4M1 were measured. As shown in Fig. S7, the
surface of W4M1 was negatively charged at pH 2.0-7.0. The pKj,; (1.6)
and pKj,» (5.7) values of SMX along with the speciation were expressed
in the Eq. (1) [46]. The SMX molecules were neutral or negatively
charged at pH values between 2.0 and 7.0. Hence, no noticeable elec-
trostatic attraction was presented between W4M1 and SMX.

(€3]

Real water bodies contain a certain amount of co-existing ions
[47,48]. Several inorganic anions (Cl, NO3, HCO3, and SO?{) were
deliberately introduced into the W4M1/PDS/light degradation system
(Fig. 5a). Fortunately, all inorganic anions showed negligible inhibitory
effects. Compared with blank experiment, the SMX removal ratio were
almost kept unchanged with addition of CI" (1 mM) and NO3(1 mM),
respectively. It was reported that Cl” can react with eSOj to produce less
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reactive oCl and eCl; anions. According to Egs. (2) and (3), the redox
potentials of eCl (2.4 V) and eCl; (2.1 V) are lower than that of eSO}
(2.5-3.1 eV) [49,50]. It is deemed that NO3 could interact with the
electrons to form NO3, which partially scavenges ROS [51]. The SOF
exerted an inhibitory influence on the SMX degradation, because that
SO%’ would hinder the forward reactions of Egs. (4) and (5), resulting in
S0} decreases and degradation efficiency decreases [52]. According to
Eq. (6), HCO3 depression of SMX degradation efficiency was most
effectively inhibited, due to that HCO3 can trap eSOy to yield the less
oxidative ¢HCO3 [53].

Cl™ + ¢SO, —» ¢ Cl + SO~ 2
Cl 4 oCl - o Cl; 3
Fe(Ill) + S,0; — Fe(Il) + oS,0; 4
Fe(Il) + S,0; — Fe(Ill) + ¢SO, + SO;~ (5)
HCO; + ¢SO, - SO;” + ¢CO; + H' (6)

The solar light was used as the light source to further explore the
potential of W4M1 for the practical SR-AOP process (Fig. 5b). According
to the results from pure materials and blank experiment, the perfor-
mance of W4M1 photo-activated SR-AOP in degrading SMX was
significantly improved. Nearly complete removal of SMX was observed
after 10 min.

The as-prepared W4M1 exhibit superior peroxydisulfate activation
performance to the counterpart catalysts (Table S8). As well, some
typical organic pollutants like bisphenol A (BPA), carbamazepine (CBZ),

ofloxacin (OFC), diclofenac (DCF) and atrazine (ATZ) were selected as
degradation targets to further investigate the universal applicability of
W4M1 (Fig. S8). All selected pollutants could be degraded within 60
min, indicating the excellent peroxydisulfate activation performance
over W4M1 under visible light towards various organic pollutants. Thus,
the W4M1 composite may have high application value in the field of SR-
AOP process in the future.

3.4. Possible mechanisms

The electrochemical impedance spectroscopy (EIS) for WOs, MIL-
100(Fe) and WxMy were shown in Fig. 6a. The Nyquist radius of
W4M1 was smaller than those of the other catalysts, suggesting that the
W4M1 demonstrated a weaker charge transfer resistance and thus
improved degradation performance [54].

To identify the major active species produced during the SR-AOP
process, some capture experiments by different scavengers were per-
formed. Typical scavengers, including oxalic acid (OA), potassium
bromate (KBrOs), ascorbic acid (VC), tert-butanol (TBA) and methanol
(MeOH) were chosen as the quenchers of h™, e”, 03, «OH and SO3,
respectively [55-58]. As shown in Fig. 6b, the addition of MeOH caused
obviously deactivation of SR-AOP process, indicating that ¢SO% is a main
active substance in the system towards SMX degradation [59]. The
degradation rate decreased after adding OA, due to that h* can oxidize
SMX directly and can also react with water in the system to form e¢OH to
oxidize SMX [5]. By adding TBA for comparison, the remove efficiencies
of SMX were slightly inhibited, indicating ¢OH was also one of the active
substances in the system [60]. The SMX degradation efficiency had a
slight inhibitory in the presence of VC, implying the eO3 played an
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Fig. 7. ESR spectra of (a) eOH, ¢SOg, (b) ¢O3, (c) 102 radicals for W4M1.
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insignificant role in SR-AOP system [61]. Conversely, the removal effi-
ciency was increased by trapping e  with KBrOs. The introduction of
KBrO3 promoted the separation of holes and electrons, producing more
holes which can increase the SMX degradation efficiency [62]. We also
investigated the effect of non-radical reactive substances on SMX
degradation by adding L-histidine to capture singlet oxygen (105). It was
noted that SMX degradation is significantly inhibited, implying 10, was
also involved in the degradation of SMX by W4M1 [63].

The electron spin resonance (ESR) experiments were conducted to
identify the active substances that function in the W4M1/PDS/light
system, in which both the characteristic signals of DMPO-eSO3 and
DMPO-eOH with visible light irradiation and PDS of the W4M1 system
(Fig. 7a), which meant that eSO and ¢OH were generated in the above
systems. DMPO-eO; peaks could be observed in the studied system
under visible light (Fig. 7b) to affirm the existence of eO3. The gradual
increasing of the triplet peaks with relative intensities of 1:1:1 can be
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ascribed to the continuous 'O, generation with the prolonging visible
light illumination time (Fig. 7¢). To further validate the generation of
S04 and e¢OH in the SR-AOP system under different pHs, the ¢SO and
eOH concentrations and pH after reaction were measured [64,65]. The
findings (Fig. S9) demonstrated that under different pH conditions, the
SR-AOP system could produce ¢SO; and ¢OH to degrade SMX.

Furthermore, the band structure of W4M1 was proposed to illustrate
the possible degradation mechanism. Based on the above analysis, the
O, could not combine with the photo-induced electrons on the CB of
WO3 to produce ¢O3 (O2/e03 with a standard potential of —0.33 eV vs.
NHE). However, the W4M1 could produce O3, implying that the pho-
togenerated electrons and holes of W4M1 accumulated on the LUMO of
MIL-100(Fe) and the VB of WOg;, respectively. In other words, the
photogenerated electrons on CB of WO3 were transferred to the HOMO
of MIL-100(Fe) and bound to the holes. This demonstrated that the
composite W4M1 was a Z-scheme heterojunction.

To further verify the Z-scheme heterojunction structure of W4M1,
PbO, photo-deposition experiments were carried out. It was deemed
that Pb?" could be oxidized by h* to form PbO, precipitates [66]. As
shown in Fig. S10, the elemental analysis clearly showed that the Pb
elemental was consistent with W element, implying that PbO, was
deposited on WO3 after photo-deposition of PbOy experiments. The
photo-deposition of PbO, further affirmed the Z-scheme mechanism
described above.

In summary, the mechanism of W4M1 degradation of SMX was
shown in Fig. 8. Under visible light irradiation, both MIL-100(Fe) and
WOj3 were excited with photogenerated electrons and holes. The elec-
trons on the CB of WO3 combined with the holes on the HOMO of MIL-

100(Fe), resulting in the accumulation of holes and electrons in the VB
of WO3 and the LUMO of MIL-100(Fe), respectively. The holes could
oxidize SMX directly or continue to react to form eOH to degrade SMX.
The electrons reacted with the dissolved oxygen in the water to form eO3
to participate in the SMX degradation process. Moreover, PDS could
capture electrons and the Fe(II)/Fe(II) conversion could produce ¢SO4
for efficient degradation of SMX. The eSO could also attack targets by
conversion to eOH.

3.5. Possible SMX degradation pathway and toxicity assessment

Based on the UPLC-MS results (Fig. S11) and calculated Fukui index
(D) of the SMX molecule [67], the SMX degradation pathways in W4M1/
PDS/light system were proposed in Fig. 9. In pathway A, the S—N bond
of SMX could directly cleavage and produce P1 and P2. Then, P2 was
transformed into P3 and P4. In pathway B, the hydrogen atom of aryl-
amine in SMX undergo nucleophilic substitution to form P5. Then,
cleavage of S—N bond of P5 generated P6. In pathway C, reactive site N8
of SMX was oxidated and formed a classical oxidative product P8. P9
was the result of the direct denigration of P8. Afterward, an attack on
C4-S7 bond of P9 led to the creation of P10. The aniline group also might
lead to the oxidative formation of product P7 (Pathway D). Finally, the
intermediates were able to be further decomposed and mineralized into
CO,, H,0, NO3 and NHj.

The toxicity of the formed intermediates could be evaluated by
Toxicity Estimation Software (T.E.S.T.), including mutagenicity, devel-
opmental toxicity and bioaccumulation factor [8]. Fig. S12a suggested
that the mutagenicity of intermediates (except P2) maintained
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mutagenicity negative. Moreover, most of the intermediates for devel-
opmental toxicity (Fig. S12b) and bioaccumulation factor (Fig. S12c)
declined. Thus, the W4M1/PDS/light system would decrease concen-
tration and toxicity of the SMX.

3.6. Recyclability and stability

The performance and structure of materials are critical for their
recycling applications. As shown in Fig. 10a, W4M1 synthesized by
solvent evaporation method was able to maintain almost 100 % SMX
degradation after 5 rounds of cycling, demonstrating that W4M1 had
good cycling performance. The leached iron ions concentration in each
cycle were shown in Fig. 10b, which were under 0.6 mg/L per round,
below the water pollutants standard (2 mg/L) required by the Beijing
local standard (DB11/307-2013). The performance stability was related
to the structural stability. The TEM and PXRD images of W4M1 after
cycling also demonstrated that its structure and morphology did not
obviously change (Fig. 10c and 10d). In summary, W4M1 could remain
stable during SMX degradation.

4. Conclusion

Series of WO3/MIL-100(Fe) composites were synthesized by a rela-
tively mild solvent evaporation method and characterized by a range of
characterization methods. The SR-AOP performance of the W4M1 was
significantly better than that of the pure WO3 and MIL-100(Fe) due to
formation of Z-scheme heterojunction. Under the optimal conditions,
the W4M1 degraded ca. 100 % of 5 mg/L SMX within 15 min. It was
found that inorganic anions had little effect on the SR-AOP system and
sunlight as light source was very effective in removing the SMX. The
main active substances of SMX degradation over W4M1 were evidenced
by capture experiments. The W4M1 remained almost unchanged after 5
cycles, demonstrating the stability and practical application value.
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