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To develop a new efficient catalyst for contaminant removal and sustainable environment, series Z-
scheme WOs3/MIL-100(Fe) (MxWy) composites were easily prepared by ball-milling strategy, which were
affirmed by various characterization techniques. All the as-prepared MxWy composites displayed su-
perior photocatalytic Cr(VI) reduction and photo-Fenton bisphenol A(BPA) degradation performances
under LED visible light, in which the M80W120 could accomplish 100% Cr(VI) reduction via photo-
catalysis treatment within 60 min and 100% BPA degradation with the aid of photo-Fenton process in
20 min. The influences of different initial pH, co-existing foreign ions, low weight organic molecules and
H,0, dosage on photocatalytic/photo-Fenton performances were clarified. Moreover, M80W120 dis-
played outstanding stability and reusability during five successive cycling experiments on Cr(VI)
sequestration and BPA degradation, respectively. Also, the possible degradation pathway of BPA degra-
dation over M80W120 was clarified. Finally, a Z-scheme mechanism was put forward, which was further
confirmed by active species capture, photo-deposition of PbO, along with electron spin-resonance
spectroscopy determination. The combination of MIL-100(Fe) and WOs3 was confirmed to be an effec-
tive strategy for pollutant removal and cleaner production.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, water pollution is becoming a focus issue, and has
attracted more and more attention (Buaisha et al., 2020). Chro-
mium is a representative heavy metal pollutant, and mainly comes
from leather tanning, metallurgy, electroplating, paint pigments,
textile production and other industries (Liang et al., 2015a, 2015b).
In wastewater, the chromium mainly presents in the form of
trivalent chromium (Cr(Ill)) with low toxicity and hexavalent
chromium (Cr(VI)) with high toxicity (Debnath et al., 2016). The
Cr(VI) can easily be absorbed in human body through the skin and
respiratory tract, which can cause damage to the urinary tract, liver
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and kidney functions (Wang et al., 2015). Bisphenol A (BPA), as a
typical endocrine disrupting chemicals (EDCs), has been widely
used in plastic products and can coating (Zhang et al., 2014). BPA
can exert great threat to human health, and can cause metabolism
disorders and cancers. In addition, BPA has the effect of estrogen
and can cause feminization even at a low-dose exposure, which has
high risk to the health of baby and children (Molkenthin et al.,
2013). In view of the potential threats of Cr(VI) and BPA, it is
necessary to develop new materials to remove Cr(VI) and BPA from
wastewater

Advanced oxidation processes (AOPs) like photocatalysis and
photo-Fenton are considered to be cleaner technologies for pol-
lutants removal, mainly due to their sustainability, high efficiency,
low cost and high redox activities (Zhao et al., 2019). AOPs can
produce some free radicals like «OH, which can non-selectively
degrade the organic contaminants (Wu et al., 2020). Recently,
metal-organic frameworks (MOFs), as emerging catalysts, have
been widely applied in contaminants removal via photocatalysis
and photo-Fenton processes. Their excellent photocatalytic
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activities can be attributed to the rich active sites (Wang and Wang,
2015), metal-oxide cluster (Wang et al., 2014), tunable pore size and
the easily designable physical and chemical functions. For example,
Ti-based MOFs NH,-MIL-125 could reduce Cr(VI) to Cr(Ill) under
visible light irradiation (Wang et al., 2015). Fe-based MOF MIL-88-
B(Fe) could efficiently degrade the phenol by photo-Fenton process
(Gao et al., 2017). However, pristine MOFs as photocatalysts also
suffer from some disadvantages like large band gap (Sun et al.,
2014) and quick recombination of photo-induced electrons and
holes (Wang et al., 2019a). In order to conquer the above-stated
weaknesses and get better photocatalytic performances, it was a
feasible strategy to introduce another photocatalyst for modifying
the MOFs (Qiu et al.,, 2018) and building heterostructure (Wang
et al., 2019b).

As commonly used photocatalyst, WOs demonstrated
outstanding photocatalytic performance (Baeck et al., 2003),
mainly due to: (i) the narrower band gap ranging from 2.5 to 2.7 eV
(Xin et al., 2014), (ii) excellent chemical and thermal stability in
aqueous solutions (Liu et al., 2014), (iii) high carrier mobility (Liu
et al,, 2014), and (iv) facile synthesis methods (Liu et al., 2020).
However, the poor reduction ability resulting from the lower con-
duction band and the fast recombination of photo-gathered carriers
may restrict its photocatalytic activity. It was believed that the
combination between MOFs and WO3; may lead to enhanced pho-
tocatalytic performance.

Up to now, several cases concerning the WO3 and MOFs com-
posites were reported to accomplish the organic dyes degradation
(Malik and Nath, 2019), pesticide removal (Fakhri and Bagheri,
2020) and H;S sensing (Zhou et al., 2020). Among the MOFs, Fe-
based MOFs was widely used in photocatalytic and photo-Fenton
process because of the narrower band gaps, which can be stimu-
lated to produce photo-induced charge carriers under visible light
because of the Fe—O clusters (Wang et al.,, 2018). To our best
knowledge, WO3/MIL-100(Fe) composites haven't been fabricated
and used for Cr(VI) reduction and BPA degradation. As well known,
ball-milling is a simple and efficient method to accomplish high-
throughput production of functional materials or composites with
the aid of less solvent or even without any solvent (Chen et al,,
2012). It was believed that ball-milling can lead to intimate con-
tacts between the WO3; and MIL-100(Fe) in molecular scale and
facilitate to build heterojunction structure for enhanced photo-
catalytic activity.

With this paper, WO3/MIL-100(Fe) composites were fabricated
by ball-milling and characterized via different techniques. The
WO3/MIL-100(Fe) composites were adopted to achieve boosted
photocatalytic Cr(VI) reduction and photo-Fenton BPA degradation
upon the irradiation of visible light (Scheme 1). Also, the possible
degradation pathway of BPA decomposition during the photo-

Fenton process over M80W120 was clarified. Finally, the corre-
sponding mechanisms of Cr(VI) reduction and BPA degradation
over M80W120 were proposed and tested via different techniques.

2. Materials and methods
2.1. Scientific hypothesis

To accomplish the purpose of cleaner production and sustain-
able development, it was essential to develop new efficient cata-
lysts to achieve photocatalytic Cr(VI) reduction and photo-Fenton
organic pollutants (like BPA) degradation under visible light. Two
typical catalysts, MIL-100(Fe) and WOs3, were selected to build
WO3/MIL-100(Fe) heterojunction structures with different
composition ratios via the green and environment friendly ball-
milling method, considering the perfect match of their band gaps,
conduction band (CB)/lowest unoccupied molecular orbital
(LUMO), and valence band (VB)/highest occupied molecular orbital
(HOMO). To affirm the above-stated scientific hypothesis, the
photocatalytic Cr(VI) reduction and photo-Fenton BPA decompo-
sition activities over WO3/MIL-100(Fe) composites were tested, in
which the involved mechanisms were proposed and clarified with
the aid of different characterization techniques.

2.2. Chemicals

All chemicals are analytical reagent, which were used directly
without further purification. Iron(lll) chloride hexahydrate
(FeCl3-6H20, 97%), trimesic acid (CgHgOg, 99%), bisphenol A
(C15H16032, 96%), and tungsten(VI) oxide nanopowder (W03, 99.9%)
were purchased from ]J&K Scientific Company, China. Ethylone
glycol (CoHgO,, 96%), dimethylformamide (DMF, 99.5%), sodium
hydroxide (NaOH), sulfuric acid (H,SO4) and potassium dichromate
(K2Cr07, 99%) were supplied by Beijing Chemical Reagent Factory,
China. All aqueous solutions were prepared with ultrapure water
(18.18 MQ*cm resistivity at room temperature).

2.3. Experimental procedures

2.3.1. Synthesis of WO3/MIL-100(Fe) composites

MIL-100(Fe) was fabricated following to the previous literature
with slight modification (Xu et al., 2017). Detailly, 51.9 mg
FeCl3-6H,0 and 76.6 mg trimesic acid was dissolved in 5 mL eth-
ylone glycol and 5 mL dimethylformamide (DMF), respectively. The
matrix was moved into the Teflon-lined autoclave and heated at
393 K for 12 h. The obtained precipitates were centrifuged and
washed with deionized water as well as ethanol for 3 times, and
finally dried at 333 K for 12 h.

FeCls-6H-0
¢ ll_ Solvothermal
4, Cr(VI) reduction
120 °C, 12h 2, 3
X K2 3
% >
Y © =
H:BTC Nanosphere MIL-100(Fe) Q\\G
2%
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$ =5 /€ X4
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«,%‘2‘ WO3/MIL-100(Fe) heterojunction BPA degradation

sheet WOs

Scheme 1. The flowchart of research methodology in this work.
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WOs3/MIL-100(Fe) composites were fabricated by ball-milling.
The matrix of MIL-100(Fe) and WO3; were grinded at 30 Hz for
20 min, which were referred as MxWy (the letters “M” and “W”
represented for MIL-100(Fe) and WOs, respectively (the “x” (120,
100, 80, 60 and 40) and “y” (80, 100, 120, 140 and 160) are the mass
percentage of MIL-100(Fe) and WOs3).

2.3.2. Characterization methods

The powder X-ray diffraction (PXRD) patterns were obtained on
a DX-2700B X-ray diffractometer using Cu Ka radiation. Fourier
transform infrared spectra (FTIR) were measured by a Nicolet 6700
infrared spectrophotometer with KBr pellets. X-ray photoelectron
spectra (XPS) measurement was performed on a Thermo Escalab
Xi*. The scanning electron microscope (SEM), transmission elec-
tron microscopy (TEM) and high-resolution transmission electron
microscope (HRTEM) were acquired by SU8020, JEM 1200EX and
FEI Talos-S, respectively. UV—vis diffuse reflectance spectra
(UV—vis DRS) were tested on a PerkinElmer Lambda 650S spec-
trophotometer with BaSO4 as the reference with 100% reflectance.
Electron spin resonance (ESR) was measured by a JEOL JES-FA200
instrument, in which the 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) was adopted as the spin-trapping agent to detect ¢O3 and
oOH radicals.

Electrochemical measurements were analyzed by the Metrohm
Autolab PGSTAT204 electrochemical station with 0.2 mol/L NaySO4
aqueous solution (pH = 2.0) as the electrolyte in a typical three-
electrode mode. The working electrode was prepared following
the following procedure: 5.0 mg MIL-100(Fe), WO3 or WO3/MIL-
100(Fe) composites were respectively mixed with 260 pL ethanol/
Nafion (v/v = 25/1) under sonication for 30 min. 20.0 pL as-
prepared slurry was casted onto the surface of a FTO substrate
(1.0 cm x 2.0 cm) as thin film via drop casting method and then
dried in air. Finally, the working electrode was successfully fabri-
cated after this process was repeated for several times to obtain
smooth and uniform coating. A Pt electrode and a saturated Ag/
AgCl electrode were used for the counter electrode and reference
electrode, respectively. The transient photocurrent responses and
the electrochemical impedance spectroscopy (EIS) measurements
were conducted upon the illumination of 300 W Xenon lamp
(Beijing Aulight Co., Ltd) as the white light source. The Mott-
Schottky determination was carried out in dark, with frequencies
of 500, 1000 and 1500 Hz, respectively.

2.3.3. Performance test

All experiments were conducted under the 25 W low power LED
light (Beijing Aulight Co., Ltd.), and the light spectrum was depicted
in Fig. S1. As to the photocatalytic Cr(VI) reduction, 80.0 mL Cr(VI)
solution with the initial concentration being 5 mg/L was treated
with 20.0 mg photocatalyst. The suspension was kept stirring in
dark for 30 min to reach adsorption-desorption equilibrium. After
turning on the light, 2.0 mL suspension was taken out every 20 min
and filtered with a 0.22 um filter to remove photocatalyst from
suspension.

The photo-Fenton BPA degradation was conducted under the
same light source stated-above, in which 20.0 mg photocatalyst
was added to 80.0 mL BPA aqueous solution (10 mg/L). The sus-
pension kept stirring in dark for at least 30 min to reach adsorption-
desorption equilibrium. After turning on the light, 15 pL 30% H,0;
solution was added to the suspension and 1.5 mL suspension was
drawn and filtered with a 0.22 pm filter at specific time interval
(first 20 min: every 5 min; after 20 min: every 20 min) to separate
photocatalyst from suspension.

2.4. Analysis methods

The Cr(VI) concentration was measured by Auto Analyzer 3 with
diphenyl carbazide (DPC) method. A LC20 (Shimadzu) system was
used to determine the concentration of residual BPA after the
photo-Fenton degradation. The experimental sample were sepa-
rated on a C18 column (5.0 pm, 2.1 mm x 250 mm). LC determi-
nation method of BPA was listed as the following: acetonitrile and
were used as mobile phases A and B, and the ratio of A/B is 55/45.
The detector was set at the wavelength of 227 nm. The BPA
degradation products were analyzed by a LC-MS system (Agilent
1100LC/MS Trap SL).

3. Results and discussion
3.1. Characterizations

The PXRD patterns of MxWy composites, individual MIL-100(Fe)
and WOs3 were displayed in Fig. 1a. The characteristic PXRD peaks of
MIL-100(Fe) matched perfectly with those in previous reference
(Xu et al,, 2017). As well, the PXRD patterns of WO3 matched
perfectly with the standard one (JCPDS No. 97-008-0057), in which
the peaks at 23.1°, 23.6°, 24.4°, 33.3°, 34.1°, 34.2° and 49.9° corre-
sponded to (002),(020),(200),(022),(202),(220)and (400)
planes of WOs, respectively. All the characteristic diffraction peaks
of composites matched well with pristine WOs. No obvious char-
acteristic diffraction peaks of pure MIL-100(Fe) could be observed
mainly due to the mask of W03 and relatively low diffraction in-
tensity (Liang et al., 2015b).

The successful fabrication of MxWy was verified by the FTIR
spectra result. As displayed in Fig. 1b, the strong signal at 711 cm™!
is the characteristic peak of benzene ring in trimesic acid. The peaks
observed at 1615, 1575, 1451, and 1385 cm ™! can be assigned to the
carboxyl groups (Song et al., 2014). And, the peaks at the range of
450—900 cm~! were identified as the stretching vibration of
W—-0—-W (Fu et al.,, 2019). With the increasing mass percentage of
MIL-100(Fe), the benzene ring peaks ranging from 700 to 800 cm™!
could be observed more clearly (Abdpour et al., 2018).

XPS determination was carried out to figure out the chemical
interactions between MIL-100(Fe) and WOs (Fig. 2a). M8OW120
was selected to compare with pure WO3 and MIL-100(Fe). Two
obvious W 4f and Fe 2p peaks could be identified as the WO3 and
MIL-100(Fe). The peaks located at 711.36 eV and 724.73 eV could be
assigned to the Fe 2p3); and Fe 2py; (Fig. 2b) (Castro et al., 2012).
After ball-milling, it was obvious to find that the Fe 2p3; and Fe 2py,
2 peaks were shifted to 711.05 eV and 724.46 eV in M80W120,
respectively. The shift of Fe 2p peaks towards the lower binding
energy implied that the electrons might be transferred from WOs3 to
MIL-100(Fe) (Yu et al., 2015). Moreover, the HRTEM images can also
investigate the interaction between MIL-100(Fe) and WOs. As
shown in Fig. 3e and f, the MIL-100(Fe) were wrapped by the W03
nano-sheets, in which new interfaces were formed between MIL-
100(Fe) and WOs.

The micromorphology and microstructure of MIL-100(Fe), WO3
and their composites were observed by TEM and SEM images
(Theingi et al., 2019). As displayed in Fig. 3 and Fig. S2, the pure MIL-
100(Fe) displayed nanospheres with the diameters ranging from
200 to 400 nm (Xu et al., 2017). The pristine WO3 is presented as
small nanosheets with the size in the range of 30—60 nm, which
could be easily distinguished from MIL-100(Fe) (Wang et al., 2009).
After ball milling, it can be observed that the MIL-100(Fe) spheres
were wrapped by WOs nanosheets, in which the structure and
shape of MIL-100(Fe) were slightly changed. The HRTEM image of
M80W120 (Fig. 3e and f) revealed that the lattice spacings of
0.39 nm and 0.37 nm could be assigned to the (001) and (002)
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Fig. 2. The XPS spectra of M80W120, WO3 and MIL-100(Fe): (a) survey scan, (b) Fe 2p.

facets of W03, further indicating the successful modification be-
tween MIL-100(Fe) and WO3 (Zhang et al., 2018). The elemental
analysis affirmed the distribution of WOs and MIL-100(Fe)
throughout M80W120 (Fig. 4). All the characterizations
confirmed the successful fabrication of the composites by ball
milling.

The UV—visible DRS and E; plots of MxWy composites, WO3 and
MIL-100(Fe) were demonstrated in Fig. 5a and b. The absorption
edges of individual WO3 and MIL-100(Fe) at about 500 nm and
650 nm corresponded to the band gaps of 2.51 eV (Ahmad et al,,
2019) and 2.76 eV (Liu et al., 2020), respectively. The light ab-
sorption regions of MxWy composites are almost consistent with
that of MIL-100(Fe), and their E; values are in the range of
2.5-2.75 eV, indicating that all the MxWy composites might
display their photocatalytic activities under visible light.

The flat band potentials of the pristine WO3 and MIL-100(Fe)
could be determined from the Mott-Schottky plots. As shown in
Fig. 5c and d, the positive correlations between the potential and
the C2 of both MIL-100(Fe) and WO; indicated that they are all
typical n-type photocatalysts (The flat band potential equals the CB
potential) (Liang et al., 2015b; Lima et al., 2015). So, the flat band
potential of the WO3; and MIL-100(Fe) were identified to
be —0.18 eV and —0.63 eV, respectively.

3.2. Photocatalytic activity

3.2.1. Photocatalytic Cr(VI) sequestration

As depicted in Fig. 6a, there is no obvious adsorption between
WO3/MIL-100(Fe) and Cr(VI) during the adsorption-desorption
process in dark. According to the previous work, the zeta poten-
tial of MIL-100(Fe) and WOs3 are negative valve at pH = 2 (MIL-

100(Fe): about -5mV (Huo and Yan, 2012), WOs: about —20mV (Su
et al,, 2017)). At pH = 2, the dominating form of Cr(VI) is Cr,03~ or
HCrOz (Zhao et al., 2019), implying that no electrostatic adsorption
interaction between WO3/MIL-100(Fe) and Cr(VI). Moreover, MIL-
100(Fe) was wrapped by WOs nanosheets, WO3 displayed no
obvious adsorption performance due to its structure characteristics.

Under the irradiation of visible light, both pristine MIL-100(Fe)
and WOs3 showed negligible Cr(VI) reduction activities. While, all
MxWy composites accomplished higher photocatalytic activities
under visible irradiation than the pristine MIL-100(Fe) and WOs.
Among the MxWy composites, M80W120 composite displayed
highest photocatalytic performance, which can achieve 100% Cr(VI)
reduction within 60 min (Fig. 6a). The kinetic plots of Cr(VI)
removal were fitted to the pseudo-first order model (Li et al., 2019).
The Cr(VI) removal rates (k values) can further indicate that
M80W120 exhibited best photocatalytic ability. Comparing with
other photocatalysts, M80W120 composite also exhibited superior
photocatalytic activity toward Cr(VI) reduction under identical re-
action conditions (Table 1).

3.2.1.1. Influence of initial pH. It is widely accepted that the pH
values of solution have strong influence on photocatalytic activities,
since it can affect both acid-base environment and presence states
of Cr(VI) (Du et al., 2019). The influences of different initial pH to-
wards Cr(VI) were illustrated in Fig. 6¢. Obviously, the removal ef-
ficiency decreased sharply with the rising pH, in which the highest
reduction efficiency (100% within 60 min) was accomplished at
pH = 2.0. The Cr(VI) sequestration mainly followed Egs. (1)—(3) in
acidic conditions (Chen et al.,, 2020). In alkaline solution, the re-
action mainly follows Eqgs. (1) and (4), in which the Cr(OH); pre-
cipitates will be deposited on the surface of material under high pH
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Fig. 3. The TEM images of (a) MIL-100(Fe), (b) WOs, (c) and (d) M80W120, (e) and (f) HRTEM of M80W120.

value, leading to the inhibited Cr(VI) removal efficiency (Zhou et al.,
2019).

M8O0W120 + hv — M80W120 (h* + e")
Cr,09~ + 14H* + 6e~ — 2Cr** + 7H,0
HCr,07 + 7H" +3e~ — Cr>* + 4H,0

CrO3~ + 4H,0 + 3e~ — Cr(OH)3 + 50H"

3.2.1.2. Influence of low weight organic molecules. Under the visible
irradiation, M80W120 could be excited to create photo-gathered
electrons and holes, electrons had reducing power, which could
transfer Cr(VI) to Cr(Ill). To explore the influence of low weight
organic molecules as hole scavengers in Cr(VI) removal, three
organic acids were added to capture holes in experiment. As shown
in Fig. 6d, the organic acids enhanced the Cr(VI) removal efficiency,
because the holes (h™) was consumed by the organic molecules and
more electrons were left to transfer Cr(VI) to Cr (IIl) (Barrera-Diaz

et al.,, 2012).

3.2.1.3. Influence of foreign ions. To study the effect of co-existing
foreign ions on the photocatalytic activities, lake water (from
Ming Lake in Daxing campus, BUCEA), tap water (Daxing campus,
BUCEA), simulated sea water and simulated leather wastewater
(the detailed information can be found in Table S1 of ESI) were
adopted to formulate Cr(VI) solutions, which were further used to
carry out the photocatalytic experiments over M80OW120 upon the
visible light illumination. As exhibited in Fig. 6e, the removal effi-
ciency decreased in the tap water and simulated sea water (Wang
et al., 2012) because of the inhibition of co-existing inorganic ions
like NO3, CI~ and SO3~ (Vignesh et al., 2013). While, the Cr(VI)
reduction reaction rate became faster in the lake water, which
might be attributed to the consumption of hole (h™) by the dis-
solved organic matters (DOM) in lake water (Zhao et al., 2019). In
Fig. 6e (inset), the reaction rate decreased heavily in simulated
leather tanning water, it may be due to the high contents of initial
Cr(VI) and foreign inorganic ions (Yi et al., 2019).

3.2.14. Reusability and stability of M8OW120. To test the reusability
of M80W120, the photocatalytic cycling experiment was conducted
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with M80W120 upon the visible light illumination (Awual et al., could further confirm that M80W120 was highly stable and effi-
2019). As depicted in Fig. 7a, no noticeable Cr(VI) reduction effi- cient during long-term photocatalytic operation.

ciency decline was observed over M80W120 during the five cycles

experiments, which still can achieve 100% Cr(VI) reduction in ) )

80 min. As well, the PXRD patterns (Fig. 7b) of M8OW120 after 5  3-2-2. Photo-Fenton degradation of bisphenol A (BPA)

runs experiments matched well with those of fresh samples, which To evaluate the photo-Fenton oxidation performance of
M80W120, series blank experiments as control tests were
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acids; (e) the effect of foreign ions on the reduction of Cr(VI).

Table 1

Comparison of Cr(VI) reduction performance of some representative photocatalysts.
Photocatalyst/Amount (mg) V (mL)/Co (mg/L)/pH Light source Time/(min) Efficiency (%)/cycles Ref.
Fe@WO3/- 100/10/- 300 W Xe lamp 120 95/5 Feng et al. (2019)
g-C3N4/MIL-53(Fe)/20 50/10/2.0-3.0 500W Xe lamp 180 99/4 Huang et al. (2017)
g-C5N4/NH,-MIL-101(Fe)/20 40/10/2.0 300 W Xe lamp 60 100/3 Liu et al. (2018)
g-C3N4/MIL-100(Fe)/100 200/10/2.0 300 W Xe lamp 80 97/5 Du et al. (2019)
WO3/MIL-53(Fe)/200 100//10/2.5 sunlight 240 94/4 Oladipo (2018)
WO3/MIL-100(Fe)/20 80/5/2.0 25W LED light 60 100/5 This work

conducted to study the BPA oxidative decomposition efficiencies in
different processes. As illustrated in Fig. 8a, pure WO3 and H,0; had
little effects on BPA oxidation and the degradation efficiency of
pure M8OW120 could reach 22.3%. After adding H,05, the oxidative
decomposition efficiency of BPA with MIL-100(Fe) and M80W120
was notably enhanced, which could complete degrade the BPA
within 20 min (M80W120) and 40 min (MIL-100(Fe)). While in the
dark, there was no obvious decline of BPA with the combination of
M80W120 and H;0,. It could be concluded that photo-Fenton

played a dominant role in BPA degradation. The kinetic plots of
BPA decomposition were fitted perfectly with the pseudo-first or-
der model. As well, the photocatalytic BPA degradation rates (k
values) (Fig. 8b) can further confirm the dominant role of photo-
Fenton process. Additionally, the photocatalytic performance of
BPA degradation among M80W120 and the other photocatalysts
was also compared in Table 2. The results indicated that M80W120
exhibited superior photo-Fenton degradation activity toward
bisphenol A.
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Table 2

Comparison of BPA degradation performance of some representative photocatalysts.
Photocatalyst/Amount (mg) V (mL)/Co (mg/L)/pH Light source Time/(min) Efficiency(%)/cycles Ref.
WO5/TiO,/12.5 200/10/- 150 W Hg lamp 120 100/- Zerjav et al. (2017)
Ag/AgCl/Fh/H;0,/50 50/30/3.0 5 W LED light 60 100/4 Zhu et al. (2018)
g-C3N4/MIL-101(Fe)/PS/- -/10/- 300 W Xe lamp 60 98/5 Gong et al. (2018)
ZnO/MIL-100(Fe)/H,0,/10 50/5/2.0 500 W Xe lamp 120 95/5 Ahmad et al. (2019)
Pd@MIL-100(Fe)/H,0,/5 40/20/4.0 300 W Xe lamp 150 99.5/4 Liang et al. (2015b)
WO5/MIL-100(Fe)/H,0,/20 80/10/3.0 25W LED light 20 100/5 This work

3.2.2.1. Effect of pH toward BPA degradation. The initial pH of the
solution can make great difference on the photo-Fenton process
(Cheng et al., 2018). As illustrated in Fig. 8c, the BPA oxidation ef-
ficiency of M80W120 was highest at pH = 3.0 and decreased with
the elevated pH. It was found that M80W120 can display good BPA
degradation activities with efficiencies from 100% to 90% within
40 min in wide pH range of 3.0—6.0. While, the further increase of

pH led to sharp decrease of BPA decomposition efficiency, in which
the BPA could not be degraded completely in 120 min. It was
deemed that H,0- tends to be decomposed into molecular oxygen
and HO in alkaline environment (Zhang et al., 2009). As well,
MB80W120 performed worse at pH = 2, due to that the formation of
H303 could inhibit the formation of eOH radicals under strong acid
condition like pH < 3.0 (Chen et al., 2009). The photo-Fenton BPA
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degradation rates (k values) (Fig. 8d) could further affirmed that
M80W120 performed best degradation efficiency and rate at

pH = 3.0.

3.2.2.2. Effect of H>0, dosage toward BPA degradation. The influ-
ence of H»O, amount on BPA oxidation was shown in Fig. 9a. When
the dosage of H,0O, increased from 37.50 pL/L to 56.25 pL/L, the
degradation efficiency increased from 90% to 100%. The enhanced
oxidation efficiency can be contributed to the increase amount of
oOH radicals with increasing dosage of HyO, (Ai et al., 2014).
However, when the dosage increased from 56.25 pL/L to 112.50 pL/
L, the degradation efficiency was not further enhanced and the
degradation rate became slower, which might be resulted from the
capture of ¢OH by surplus H,0; to form less reactive species (Eq.
(5)) to inhibit the BPA degradation (Xu and Wang, 2011).

H>0;5 + ¢OH — HOOe +H50, — H>0 + Oy

(5)

3.2.2.3. Reusability and stability of M80W120 toward BPA degrada-
tion. The reusability and stability of catalysts are key issues to be
considered (Teo et al., 2019). As shown in Fig. 9b, the BPA degra-
dation over M80W120 exhibited no obvious decline after 5 cycles,
indicating that M80120 is stable and can be recycled for BPA
degradation. The PXRD (Fig. 9c) and TEM image (Fig. 9d) of used
M80W120 matched well with fresh samples, which could further
confirm the stability and reusability of M80W120. As illustrated in
Fig. S3, the concentration of leached Fe ions after each cycle was
around 1.9 mg/L, which was conform to the environmental stan-
dards (2 mg/L) set by the European Union (Gao et al., 2017).

3.2.2.4. Pathway of BPA degradation. As illustrated in Fig. 10, BPA

~_~
(<)
~—

Intensity (a.u.)

9

was firstly attacked by ¢OH radicals to form hydroxylated BPA (m/
z = 261) (Meng et al., 2019). Then, the fracture of the isopropyl
group resulted in the formation of phenol (PhO) radicals and iso-
propylphenol (IPP) radicals (Molkenthin et al., 2013). The PhO
radical may form hydroxylated intermediates and further lead to
the formation of hydroquinone and phenol, while IPP radical was
converted to 4-isopropenylphenol and then further formed to 4-
hydroxy-acetophenone and 4-isopropylenecatechol (Lin et al.,
2020). Eventually, lower molecular weight products were pro-
duced mainly due to the further attack of hydroxyl radicals (Sharma
et al,, 2015).

3.2.3. Possible mechanisms

The photoluminescence (PL) spectra of M80OW120, MIL-100(Fe)
and WOs3 obtained from Techcomp FL970 fluorescence spectrom-
eter were used to judge the separation efficiency of photo-induced
charge carriers. It was deemed that lower PL intensity means faster
separation efficiency of the photo-generated holes and electrons
(Chen et al., 2014). MIL-100(Fe), WOs3, and their composites were
excited at 345 nm to yield the emission peaks centered at 450 nm.
As shown in Fig. 11, the PL intensity of M80W120 was lower than
other photocatalysts, indicating that M80W120 demonstrated
boosted separation of photo-generated charge carriers. Moreover,
photo-induced electrons and holes separation efficiency could be
further confirmed by photocurrent determination and electro-
chemical impedance spectroscopy (EIS). It can be seen that
M80W120 accomplished higher photocurrent response than that of
MIL-100(Fe), WO3 and other composites, suggesting that the
composites between MIL-100(Fe) and WOs3 could weaken the
recombination between holes and electrons (Zhang et al., 2017).
Moreover, the Nyquist arc radius (Fig. 11c) of M80W120 was
smaller than those of WO3, MIL-100(Fe) and other composites,
implying that the composites possessed smaller charge transfer
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Fig. 9. (a) The effects of H,0, dosage on BPA degradation under pH = 3.0. (b) The cycle experiments of photocatalytic BPA degradation over M80W120; (c) PXRD patterns of
MB80W120 before and after cycle experiment; (d) TEM images of M80W120 after cycle experiments.
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resistance (Niu et al., 2018).

To further study the photocatalytic reaction mechanism, series
capture experiments were designed to figure out the active species
produced by M80W120, in which the EDTA-2Na, p-benzoquinone
(BQ), isopropyl alcohol (or t-butanol) (IPA) and AgNO3 were used as
scavengers to capture ht, 03, eOH radicals and e~ (Zhao et al.,
2019), respectively. Nitrogen gas was purged into reaction system
to remove dissolved O, (DO) to further avoid the formation of ¢O3
(Wang et al., 2016). As depicted in Fig. 12a, the Cr(VI) reduction
efficiency declined significantly with the addition of AgNOs3, indi-
cating that the electrons played dominant role in Cr(VI) reduction
(Shietal.,, 2015). The introduction of EDTA-2Na enhanced the Cr(VI)
removal notably, implying that the enhanced separation of holes
and electrons resulting from the quick consume of holes led to
more electrons for Cr(VI) being reduced into Cr(Ill) (Zhou et al.,
2019). A moderate decline was observed in N, atmosphere, indi-
cating that «O3 also played the role of Cr (VI) removal (Zhou et al.,
2019). In the addition of IPA, a small drop occurred in Cr(VI)
reduction, which could be due to the equilibrium moving toward
Cr(VI) (Eq. (7)) (Yi et al., 2019).

H,0; + Cr(Ill) + H" — Cr(VI) + H20 + «OH (6)

During the BPA degradation, e¢OH radicals were considered as
the critical specie in Fenton process (Tang and Wang, 2019). As
demonstrated in Fig. 12b, the BPA degradation decreased obviously
with the addition of TBA, implying that ¢OH played dominant role
in the degradation of BPA. The addition of BQ exerted no noticeable
inhabitation to BPA degradation, implying that ¢O3 displayed no
influence on BPA degradation (Guo et al.,, 2019). It was worthy to

noting that EDTA-2Na induced negative effect on BPA degradation,
due to the equilibrium between h™ and «OH following by Eq. (7) (Yi
et al.,, 2019).

2H,0 + h™ — 2e0H + H* (7)

As well, the terephthalic acid (TA) fluorescence was achieved on
Techcomp FL970 fluorescence spectrometer to detect e¢OH to
further confirm its influence in photo-Fenton BPA oxidation. As
shown in Fig. 12c and d, the addition of H,0; resulted into observed
increase fluorescence intensity, more ¢OH radicals were gathered
in photo-Fenton system (Ye et al., 2018). It was confirmed that ¢OH
radicals produced in photo-Fenton process were the critical active
specie to control the BPA oxidation (Jiang et al., 2018).

The electron spin-resonance spectroscopy (ESR) analysis was
also conducted to determine the active species in experiments. As
shown in Fig. 12e and f, no signal could be observed in dark. And the
eOH and 03 intensities in 10 min were stronger than those in
5 min, suggesting that both «OH and «0O; were generated upon the
illumination of visible light. It was noteworthy noting that «O3
could be produced over MIL-100(Fe), while a weak signal ¢O3 could
be observed over pure WOs3 after 10 min illumination. The ¢OH
radicals could be produced by pure WOs3 under the irradiation of
visible light, in which the faint signals could be observed over MIL-
100(Fe) after 10 min illumination (Fig. S4). Considering that the
position of HOMO of MIL-100(Fe) (2.33 eV vs NHE) was higher than
the standard potential of the OH™/eOH pair (2.40 eV vs NHE), and
the position of the valence band of WOs3 (2.53 eV vs NHE) was lower
than the standard potential of OH™/eOH, it can be concluded that
the photo-generated holes over WOs3 rather than MIL-100(Fe) could
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react with OH™ or H,0 to form eOH. In addition, the position of
LUMO of MIL-100(Fe) (—0.43 eV vs NHE) was higher than the
standard potential of the O2/e03 pair (—0.33 eV vs NHE) and the
position of the conduction band of W03 (0.02 eV vs NHE) was lower
than the standard potential of O,/e03, the 03 radicals could be
produced by MIL-100(Fe) instead of WO3 (Zhou et al., 2019).
Moreover, the signals of e¢OH and O3 were stronger over
M80W120 than those of pure MIL-100(Fe) and WOs, implying that
M80W120 can yield more radicals to accomplish the enhanced
photocatalytic ability.

The possible Z-scheme mechanism for photo-Fenton BPA
decomposition and photocatalytic Cr(VI) removal over M80W120
was proposed and exhibited in Fig. 13a. Under visible light, both
MIL-100(Fe) and WOj3 could be excited to yield photo-generated
holes and electrons. The excited electrons on the CB of WO3 were
more easy to be transferred to the HOMO of MIL-100(Fe) to
combine with holes, in which the charge transmission promoted
the separation of electron-hole pairs and allowed the electrons and
holes to remain on the LUMO of MIL-100(Fe) and VB of WOs,
respectively. Since the position of LUMO of MIL-100(Fe) (—0.43 eV
vs NHE) was much higher than the redox potential of Cr(VI)/Cr(III)
(1.05 eV vs NHE, pH = 2.0), the electrons on the LUMO of MIL-

100(Fe) could easily reduce the Cr(VI) in to Cr (III) (Yi et al.,
2019). Considering that the redox potential of O;/e03 at —0.33 eV
was lower than LUMO of MIL-100(Fe), #0> could be produced by
the dissolved O, and electrons, and participate into the Cr(VI)
removal (Zhou et al., 2019).

On the other hand, the efficient BPA degradation was mainly
resulted from the Fenton-like transformation between Fe(IIl) spe-
cies and Fe(Il) species (Eq. (8) and (9)) (Cheng et al., 2018), which
could produce «OH to oxidize BPA (Lv et al., 2015). Furthermore, the
electrons over the LUMO of MIL-100(Fe) and the holes over the VB
of WOs3 could also participate in the BPA degradation following Eq.
(7)- (10), respectively (Ai et al., 2014). The proposed Z-scheme can
be affirmed by both the active species capture and the ESR analysis.

Fe(1ll) species + H,0, — Fe(ll) species + HOze + H* (8)
Fe(Il) species + HyO, — Fe(Ill) species + ¢OH + OH™ 9)
H;0, + e — oOH + OH™ (10)

The photo-deposition of Pt and PbO, nanoparticles were con-
ducted over M8OW120 to further confirm the charge transfer route.
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It was deemed that Pt nanoparticles could be formed by the
reduction of HyPtClg by accepting the electron and PbO, nano-
particles could be yielded by the oxidation of Pb?>* with the aid of
the hole, in which Pt and PbO, would be deposited on the sites of
photo-generated electron and hole flow, respectively (Jiang et al.,
2019). If the M80W120 system followed the Z-scheme, Pt and
PbO, nanoparticles would be deposited around the MIL-100(Fe)
nanospheres and WOs3 nanosheets, respectively. In Fig. 13b, the
lattice fringes of 0.390 and 0.319 nm could be assigned to the (001)
facet of W03 and (111) facet of PbO,, implying that the photo-
generated holes left over the WOj3 led to the formation of PbO;
nanoparticles from Pb%>* (Jiang et al., 2018). However, it was hard to
observe the deposited Pt NPs over MIL-100(Fe) from HRTEM image,
probably due to that MIL-100(Fe) spheres were completely wrap-
ped by WOs3 nanosheets. The photo-deposition of Pt and PbO, NPs
over M80W120 can provide another solid proof to confirm the
formed Z-scheme photocatalytic system.

4. Conclusion

Series WOs3/MIL-100(Fe) composites were successfully fabri-
cated by ball-milling. Comparing with other photocatalysts, the
optimal M80W120 composite showed outstanding photocatalytic
Cr(VI) reduction performance and photo-Fenton BPA decomposi-
tion activity upon the irradiation of visible light, which resulted
from the construction of Z-scheme between the MIL-100(Fe) and
WOs. Electrochemical, ESR analysis along with the photo-
deposition of Pt and PbO, confirmed the fabrication of Z-scheme
heterojunction. During the photoreduction of Cr(VI) into Cr(IIl) and
the photo-Fenton BPA degradation, the influence of initial pH,
foreign ions, low-weight organic molecules and H,0, dosage on
photocatalytic performance were also clarified. In addition, the
cycle experiment of Cr(VI) reduction and BPA degradation revealed
that M80W120 composite was stable and recyclable, the composite
could maintain the photocatalytic activities for more than 5 suc-
cessful cycles. As well, the BPA degradation pathway during the
photo-Fenton like treatment were proposed and tested. The WOs/
MIL-100(Fe) composites have huge application prospects in Cr(VI)
and BPA removal. In addition, the combination of MIL-100(Fe) and
WOs3 can enhance the photocatalysis and photo-Fenton perfor-
mances, which open a new door to provide an alternative photo-
catalysts to accomplish improved removal of pollutants for clean
production and environmental sustainability.
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