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In wastewater containing heavy metals, Cr(v) is a potentially toxic metal, mainly derived from production
and processing processes such as textile printing, dyeing, ore mining, battery applications, metal
cleaning and electroplating. WOs is widely used in photocatalytic degradation and reduction, and its
utilization rate of visible light is high. However, the rapid recombination of photogenerated electron—
hole pairs of WOz limits its use. In this work, the composite material (WxMy) of WOz and MIL-125 (Ti) was
prepared by the ball milling method, and the catalyst was used to photocatalytically reduce Cr(vi). After using
W90M10 as a photocatalyst for 50 min, the reduction rate of Cr(vi) can reach 99.2%, and the reduction rate is
2.3 times that of WO3. After 5 cycles of use, the reduction rate can still reach 91.3%. It is mainly due to the
formation of a ll-type heterojunction between WOz and MIL-125 (Ti), which promotes the separation of
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1. Introduction

With the increasing scarcity of resources and environmental
pollution, the treatment of wastewater containing heavy metals
has attracted much attention from all walks of life. One of the
potentially toxic metals is chromium (Cr). The main sources
include textile printing and dyeing, steelmaking, alloy material
processing, metal cleaning and electroplating, and other
production and processing processes.' Cr(u) and Cr(vi) are the
two most important valence states. Cr(um) is one of the trace
elements essential for human health, but Cr(vi) is acutely toxic
to most organisms and is carcinogenic.* Direct contact with
Cr(vi) can cause eye irritation, allergies, dermatitis, and even
cancer.>® The World Health Organization limits the concen-
tration of chromium in drinking water to 0.05 mg L~".” Tradi-
tional Cr(vi) treatment methods include physical or chemical
adsorption, ion exchange, biodegradation, etc. However, these
treatment methods have high costs and can cause secondary
pollution and other problems.>® The photocatalytic reduction
method converts Cr(vi) into low-toxic Cr(m) through the photo-
generated electrons of the photocatalyst. Its simple process,
high efficiency, sustainability, low cost, and environmental
friendliness have attracted increasing attention.*®*

“Key Laboratory of Environmentally Harmful Chemical Analysis, College of Chemistry,
Beijing University of Chemical Technology, Beijing, 100029, China. E-mail: lizh@mail.
buct.edu.cn; yinyilin361@163.com

*Beihang University, Beijing, 100191, China

T Electronic  supplementary  information
https://doi.org/10.1039/d4ra00015¢

(ESI) available. See DOI:

5142 | RSC Adv, 2024, 14, 5142-5148

photogenerated electron—hole pairs, thus improving the efficiency of photocatalytic reduction of Cr(v).

Tungsten trioxide (WO3), as an n-type semiconductor with
good response to sunlight, has received a lot of attention due to
its low price, low toxicity, resistance to photo corrosion, stable
physical and chemical properties and easy preparation.’>** WO,
has a narrow bandgap (2.5-3.5 eV) and a low conduction band
(CB) potential.'* However, the rapid recombination of photo-
generated electron-hole pairs in WO; limits its application in
photocatalysis.'® Feng et al. improved the photocatalytic activity
of WO; by doping Fe into WOj; to inhibit the recombination of
photogenerated electron-hole pairs."”” The reduction rate of
Cr(v1) increased from 26.2% to 96.1% after Fe doping. Akeem
Adeyemi Oladipo inhibit the recombination of photo generated
electron hole pairs by preparing WO;/MIL-53 (Fe) hetero-
junction, and the reduction rate of Cr(vi) increased from 30% to
94%."® However, the method of preparing heterojunctions is
relatively complex.

Metal-organic frameworks (MOFs) are formed by the self-
assembly of metal ions and organic ligands." It has advan-
tages such as ultra-high surface area, adjustable crystal struc-
ture, and porous size, but it has low conductivity and rapid
recombination of photogenerated electron-hole pairs.>*>* Li
et al. prepared a composite material of S-TiO, and UiO-66-NH,
through ball milling, which improved the utilization rate of
visible light by the catalyst.>* The formed chemical interface can
promote the separation of photogenerated electron-hole pairs,
thereby improving the photocatalytic activity.

In this work, we prepared WO3/MIL-125 (Ti) composite
materials by the ball milling method and applied them for the
photocatalytic reduction of Cr(vi). The photocatalytic experi-
ment results show that WO3;/MIL-125 (Ti) composite material
has a good reduction effect of Cr(vi) and cyclic stability under
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visible light. This article will discuss the structure, morphology,
and surface chemical composition of WO3;/MIL-125 (Ti)
composite materials. We will further explore the mechanism of
reducing Cr(vi) in WO3/MIL-125 (Ti) composite materials
through experiments such as free radical capture.

2. Experimental section
2.1 Chemicals

All chemicals used in this study were analytical grade without
any purification treatment. Sodium tungstate dihydrate (Na,-
WO,-2H,0) and tetrabutyl titanate (C;6H360,Ti) were
purchased from Aladdin. Vitamin E was purchased from Yuanye
Bio-Technology. Hydrochloric acid (HCI), sulfuric acid (H,SO,),
acetone (CH3COCHj;), methanol (CH;OH), isopropyl alcohol
(C3HgO, IPA), and silver nitrate (AgNO;) were purchased from
Beijing chemical plant. Terephthalic acid was purchased from
InnoChem. Dibenzoyl dihydrazine, sodium sulfate (Na,SO,),
sodium hydroxide (NaOH), ethylenediaminetetraacetic acid
disodium salt (EDTA-2Na), N,N-dimethylformamide (DMF), and
phosphoric acid (H3;PO,) were purchased from Fuchen
Chemical.

2.2 Preparation of catalysts

2.2.1 WO; preparation. WO; was prepared based on re-
ported method.** 1.15 g of Na,WO,-2H20 was dissolved in
35 mL of deionized water. Then, 35 mL of HCI (35% v/v) was
added to the solution with stirring. The above solution was
stirred for 30 min. The solution was transferred to a 100 mL
Teflon-lined stainless-steel autoclave and heated at 160 °C for
12 h. After cooling down to room temperature, the WO; was
washed three times with deionized water. Finally, WO; was
dried in a drying oven at 60 °C for 12 h.

2.2.2 MIL-125 (Ti) preparation. MIL-125 (Ti) was prepared
based on reported method.* First, 54 mL of DMF and 6 mL of
methanol solution were mixed, and 1.56 mL of tetrabutyl tita-
nate was added. The solution was added dropwise to 3 g of
terephthalic acid and stirred for 1 h. Then the solution was
transferred to a 100 mL Teflon-lined autoclave at 160 °C for
20 h. After cooling down to room temperature, MIL-125 (Ti) was
washed with methanol and DMF. Finally, the product was dried
in a drying oven at 80 °C for 12 h.

2.2.3 Synthesis of WO;/MIL-125 (Ti) composites. WO;/MIL-
125 (Ti) was prepared by ball milling. Using 1.5 mm diameter
zirconia balls, different mass ratios of WO; and MIL-125 (Ti)
were ball milled at 3000 rpm for 20 min, and the obtained
material was named WxMy, where W and M represent WO; and
MIL-125 (Ti), x (10, 70, 80, 90, 95) and y (90, 30, 20, 10, 5)
represent the mass ratio of WO, and MIL-125 (Ti) respectively.

2.3 Characterization

The crystal structure of the material was characterized by X-ray
diffractometer (XRD, Ultima IV). The crystal morphology and
microstructure of the materials were analysed by SEM (ZEISS
Gemini SEM 300). The chemical composition and valence state
of the sample surface were characterized by a Thermo Scientific
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K-Alpha ray photoelectron spectrometer (XPS) under Al Ko
irradiation. Fourier transform infrared spectroscopy (FTIR)
(Thermo Fisher Nicolet 6700) was used to confirm the active
groups of the samples. UV-vis diffuse reflectance spectroscopy
(DRS) was monitored in the 200-800 nm wavelength range by
a UV-3600 UV spectrometer (Shimadzu).

2.4 Photocatalytic measurement

The photocatalytic performance of the composite was evaluated
under a 300 W xenon lamp (I > 420 nm, CEL-HXF300, Beijing
Zhongjiao Jinyuan Technology Co., Ltd) with a UV filter. First,
50 mg of the catalyst was dispersed into 50 mL of Cr(vi) (10 ppm)
solution and stirred in the dark for 30 min to reach adsorption-
desorption equilibrium. After equilibrium was reached, the
solution was illuminated, and 2.5 mL supernatant was taken
every 10 min for filtration. The concentration of Cr(vi) was tested
at 540 nm with a UV spectrophotometer using the diphe-
nylcarbazide method. The pH of the solution was adjusted
using 1 M sulfuric acid and sodium hydroxide.

2.5 Photoelectrochemical measurement

Photoelectrochemical measurements on photocatalysts were
performed on a CHI 660E electrochemical system (CH Instru-
ments Inc., Shanghai) using a conventional three-electrode cell
(saturated Ag/AgCl electrode, Pt counter electrode, and working
electrode). The electrolyte was a 0.1 M Na,SO, aqueous solution.
The working electrode was prepared according to the following
procedure: evenly disperse 5 mg of catalyst in a mixed solution
of 800 mL ethanol, 200 mL deionized water, and 40 mL Nafion.
Then, the mixture was dispersed on FTO (1 cm x 3 ¢cm). Under
the illumination of a 300 W xenon lamp as the light source, the
transient photocurrent response measurements were carried
out. Electrochemical impedance spectroscopy (EIS) was tested
in the frequency range of 0.1-10> Hz under 5 mV sinusoidal
alternating current. Mott-Schottky assays were performed in
the dark at frequencies of 1000, 1500, and 2000 Hz.***”

3. Results and discussion

3.1 Morphological and structural characterization

The XRD patterns of WO3, MIL-125 (Ti), and WxMy were shown
in Fig. 1(a). The (002), (020), and (200) crystal planes of WO;
corresponded to the WO; standard card (JCPDS No. 83-0950) at
26 = 23.1°, 23.6°, and 24.4°, respectively.>* The prepared MIL-
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Fig.1 (a) The XRD patterns and (b) the FTIR spectra of WO, MIL-125

(Ti) and WxMy.
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125 (Ti) peak pattern was consistent with the MIL-125 (Ti) peak
pattern in the literature, indicating that WO; and MIL-125 (Ti)
were successfully synthesized.”® With the increase of MIL-125
(Ti), the WO; peak gradually decreased. The MIL-125 (Ti) peak
could not be seen in W90M10 because the peak intensity was
weak due to the low amount of MIL-125 (Ti) added. This was
confirmed by the characteristic peak of MIL-125 (Ti) in
W10M90. After ball milling, the crystal plane of the material did
not change, and the crystal form remained intact.

The FTIR spectra of WO;, MIL-125 (Ti), and WxMy were
shown in Fig. 1(b). The characteristic peaks in the range of 450-
900 cm ™' in WO; were attributed to the W-O-W stretching
vibration, while the characteristic peaks in the range of 400-
800 cm™' in MIL-125 (Ti) were attributed to the Ti-O-Ti
stretching vibration. The vibrational peaks of the carboxylic
acid functional group were observed in the range of 1400-
1700 cm ™ *.2*%* The structure of the composite material was not
damaged by ball milling, and the FTIR results were consistent
with those of XRD. The vibration peak of the carboxylic acid
functional group was visible in W90M10, which confirmed that
the weak intensity of the characteristic peak of MIL-125 (Ti) in
XRD was due to the low amount of MIL-125 (Ti) added.

The morphology of the samples was analysed by SEM, and
the SEM images of WO3, MIL-125 (Ti), and W90M10 were shown
in Fig. 2. In Fig. 2(a), WO; exhibits a nanoscale block structure
with a size ranging from 50-200 nm. In Fig. 2(b), MIL-125 (Ti)
exhibits a truncated bipyramidal shape, with a size ranging
from 5-6 pum. After compounding by ball milling, WO; was
observed to be compounded on the surface of MIL-125 (Ti), the
dimensions of composite materials were 5-6 pm, as shown in
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Fig. 2(c). From the high-resolution transmission electron
microscope (HRTEM) shown in Fig. 2(d-f), it can be observed
that after ball milling, WO; is tightly bound to the surface of
MIL-125 (Ti). The lattice fringes with a crystal plane spacing of
0.384 nm obtained from analysis are consistent with the (002)
plane of WO;.

XPS was employed to measure the elemental composition
and binding sites of WO;, MIL-125 (Ti), and W90M10. As shown
in Fig. 3(a), peaks of W, O and Ti were observed in W90M10,
indicating the presence of WO; and MIL-125 (Ti). After ball
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Fig. 3 (a) XPS survey spectra of WO3, MIL-125 (Ti) and WxMy, (b) HR-
XPS spectra of W 4f for WOz, WxMy, (c) HR-XPS spectra of Ti 2p for
MIL-125 (Ti), WxMy.

Fig. 2
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(a) WOs3, (b) MIL-125 (Ti), (c) SEM images of WOOM10, (d—f) TEM images of WOOM10.
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milling compounding, as shown in Fig. 3(b), the W 4f peak
shifted from 37.6 eV and 35.5 eV of the W*" peak in WOj; to
37.5eVand 35.4 eV of WOOM10.** As shown in Fig. 3(c), the Ti 2p
peak shifted from 458.7 eV of the Ti 2p;/, peak in MIL-125 (Ti) to
458.8 eV of W90M10, and 464.5 eV of the Ti 2p,,, peak moved to
464.6 eV of W90M10.>* These results indicate that electrons
were transferred from MIL-125 (Ti) to WOj3. The above results
indicate that there is a close contact and certain interaction
between WO; and MIL-125 (Ti), which is conducive to the
separation of photo generated electron hole pairs.

3.2 Photocatalytic performance

The performance of the catalyst was studied by reducing Cr(vi).
Fig. 4(a and b) show the reduction effect and rate of the catalyst
under visible light irradiation (I > 420 nm). During the dark
reaction stage, the catalyst showed minimal adsorption of
Cr(v1), with MIL-125 (Ti) exhibiting 12% adsorption and WO;
and WxMy exhibiting less than 5%. After 50 min of visible light
irradiation, the reduction efficiency of Cr(vi) by MIL-125 (Ti) was
24%, while that of WO; was 87.4%. The reduction efficiency of
Cr(v1) for all composite materials was higher than that of WO;
and MIL-125 (Ti), with W90M10 exhibiting the highest reduc-
tion efficiency of 99.2% and the fastest reduction rate. W90M10
was superior to most reported photocatalysts (Table S31). The
reduction rate of Cr(vi) after simply mixing WO; and MIL-125
(Ti) at 90:10 is lower than that after ball milling. It shows
that the two materials are combined together through ball
milling, and there is a close relationship between WO; and MIL-
125 (Ti).

In order to further demonstrate the photocatalytic effect of
W90M10, we conducted reduction of Cr(vi) in the presence of
a catalyst under visible light, dark, and only visible light
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irradiation, as shown in Fig. S2.7 In the dark with catalyst and
only visible light, Cr(vi) was not reduced, indicating that catalyst
and visible light are indispensable conditions for reducing
Cr(vi).

The reduction of Cr(v) is greatly influenced by the pH of the
solution due to the different forms of Cr(vi) present at different
pH values. The reaction of Cr(vi) at different pH values follows
eqn (1) in an acidic environment and eqn (2) in an alkaline
environment.

Cr,074~ + 14H" + 6~ — 2Cr** + 7TH,0 (1)
CrO,°~ + 4H,0 + 3¢~ — Cr(OH); + SOH~ (2)

The effect of different pH values on the reduction of Cr(vi) is
shown in Fig. 4(c). The best reduction efficiency of Cr(vi) was
achieved at a pH of 2. The presence of abundant H' ions can
promote the reduction of Cr(vi), and the reduction efficiency
and rate increase as the pH decreases. When the solution is in
an alkaline state, the Cr(OH); generated on the catalyst surface
will cover the reaction active sites of the catalyst, leading to
a decrease in the reduction efficiency of Cr(vi).

W90M10 exhibited the highest photocatalytic efficiency
under visible light, and therefore was selected for the reusability
experiments. As shown in Fig. 4(e), the repeatability of W90M10
did not decrease significantly after 5 cycles. After 5 trials, 91.3%
of Cr(vi) could still be reduced within 50 minutes.

3.3 Enhanced photocatalytic activity mechanism

Fig. 5(a and b) shows the UV-vis DRS and E, plots of WO;, MIL-
125 (Ti), and W90M10. The bandgap energy of the samples was
evaluated using the Tauc curve: (ahv) = A(hw — E,)"?, where a,
Eg, h, n and A are the absorption coefficient, bandgap energy,
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(a) Photocatalytic reduction efficiency and (b) rate constant k of Cr(vi) with different composite ratios of catalysts; (c) photocatalytic

reduction efficiency and (d) rate constant k of Cr(vi) at different pH; (e) cyclic test of Cr(vi) reduction by W90M10 under visible light catalysis.
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(a) UV-vis DRS and (b) E4 plots; (c) photocurrent responses and (d) EIS Nyquist plots of WOz, MIL-125 (Ti) and WOOM10; (e) free radical

capture experiment for Cr(v) reduction, (f) DMPO spin-trapping ESR technology for detection of -OH.

Planck’'s constant, optical frequencies, and constants.**** The
band gaps of WO; and MIL-125 (Ti) were 2.88 eV and 3.30 eV,
respectively. The band gap of W90M10 was close to that of WO,
which was 2.78 eV. By ball milling, WO; and MIL-125 (Ti) are
tightly bonded, resulting in a red shift in the light absorption
band of W90M10 and a narrower band gap. This indicates that
W90M10 has good photocatalytic performance under visible
light.

The separation of e /h" was further confirmed through
photocurrent measurement and electrochemical impedance
spectroscopy (EIS). The photocatalytic activity was found to
increase with the photocurrent intensity. A smaller radius of the
EIS diagram indicates stronger electronic conductivity. As
shown in Fig. 5(c), the photocurrent intensity followed the order
of W9OM10 > WO; > MIL-125 (Ti), with W90M10 exhibiting the
highest intensity and no significant change after three cycles. In
Fig. 5d, the radius followed the order of W90M10 < WO; < MIL-
125 (Ti), indicating that W90M10 has the fastest transfer of
photogenerated carriers.

3.4 The photocatalysis mechanism

The flat band potentials (Erg) of pristine WO; and MIL-125 (Ti)
were determined from the Mott-Schottky diagrams. Fig. S3t
shows that the slopes of WO; and MIL-125 (Ti) are both positive,
indicating that they are both n-type semiconductors. The flat
band potentials of WO3; and MIL-125 (Ti) were approximately
—0.38 eV vs. Ag/AgCl (—0.18 eV vs. NHE) and —0.90 eV vs. Ag/
AgCl (—0.70 eV vs. NHE), respectively. For n-type semi-
conductors, the Egp lies approximately 0.1 eV above the Ecp.*
Therefore, the Ecg of WO; and MIL-125 (Ti) were calculated to
be about —0.28 eV and —0.80 eV (vs. NHE), respectively. Using
the formula E; = Evg — Ecg and the value of E,, the calculated

5146 | RSC Adv, 2024, 14, 5142-5148

Eyg of WO; and MIL-125 (Ti) were 2.60 eV and 2.50 eV (vs. NHE),
respectively.

To further investigate the mechanism of the photocatalytic
reaction, a free radical trapping experiment was conducted
using isopropanol (IPA), EDTA-2Na, silver nitrate (AgNO;), and
vitamin E to capture -OH, h*, e”, and -0, .%* Upon the addition
of AgNOj;, the reduction rate of Cr(vi) significantly decreased
from 99.2% to 44.2%, indicating that e~ played a major role in
the reduction of Cr(vi) (Fig. 5¢). Upon the addition of EDTA-2Na,
the reduction rate of Cr(vi) was accelerated, suggesting that the
separation of e /h" could be promoted, thereby accelerating the
reduction of Cr(vi). Upon the addition of IPA, the reduction rate
of Cr(v1) slightly increased, but the final reduction rate did not
change significantly, indicating that -OH was not the main
reactive species. Upon the addition of vitamin E, the photo-
catalytic efficiency did not change significantly.

The capture of -OH using DMPO via electron spin resonance
(ESR) further demonstrates the reactive species generated
during the photocatalytic process. Fig. 5(f) shows the ESR signal
detected in the dark state and after 10 minutes of illumination.
No signal peak of -OH was found in the dark state. The signal
peak of -OH was detected after 10 min of illumination, but the
intensity was weak, indicating that less -OH was produced.
Corroborated with the conclusion of the free radical capture
experiment.

WOS/MIL — 125(Ti) + hv — MIL — 125(Ti)(h*) + WOs(e") (3)

Cr(vi) + e~ + H" — Cr(m) + H,0 (4)
H,O + h* — H" + OH™ (5)
Cr(v) + h*/-OH — Cr(vi) + OH™ (6)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic diagram of photocatalytic reduction of Cr(vi) by
WO3z/MIL-125 (Ti) composite.

Based on the above analysis, we proposed the photocatalytic
mechanism of type-II heterojunction, as shown in Fig. 6. When
irradiated with a xenon lamp, the electrons of WO; and MIL-125
(Ti) are excited, producing photogenerated electrons and holes.
The potential of the Ecg of WO; (—0.28 eV vs. NHE) is more
negative than the potential of Cr(vi)/Cr(u) (+1.05 eV vs. NHE),
Cr(v1) is reduced to Cr(m) on the CB of WOj;. Since the potential
of Eyg of MIL-125 (Ti) (2.50 eV vs. NHE) is more positive than
that of OH /-OH (2.40 eV vs. NHE), H,0/OH reacts with h* at
VB of MIL-125 (Ti) to generate -OH.***’

4. Conclusions

This study successfully prepared WO;/MIL-125 (Ti) composite
material using the ball-milling method. The W90M10
composite material exhibited significantly higher photo-
catalytic reduction ability for Cr(vi) compared to WO;, MIL-125
(Ti), and other composite materials, with a reduction rate of
99.2% within 50 minutes. After 5 cycles, it maintained a reduc-
tion rate of 91.3%. The positions of CB and LUMO were
measured using Mott-Schottky curves, and the mechanism of
photocatalytic Cr(vi) was speculated through free radical
capture experiments. The improved photocatalytic performance
of the W90M10 composite material is due to the successful
preparation of the composite material, which leads to effective
separation of photo-generated electron-hole pairs. This work
further demonstrates that composite materials can be prepared
using the ball-milling method to improve their photocatalytic
performance.
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