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HIGHLIGHTS

GRAPHIC ABSTRACT

* A novel Bi;WOg4/CuS composite was fabricated
by a facile solvothermal method.

*This composite efficiently removed organic
pollutants and Cr(VI) by photocatalysis.

* The DOM could promoted synchronous removal
of organic pollutants and Cr(VI).

* This composite could be applied at a wide pH
range in photocatalytic reactions.

* Possible photocatalytic mechanisms of organic
pollutants and Cr(VI) were proposed.
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ABSTRACT

A visible-light-driven Bi;WO4/CuS p-n heterojunction was fabricated using an easy solvothermal
method. The Bi,WO4/CuS exhibited high photocatalytic activity in a mixed system containing
rhodamine B (RhB), tetracycline hydrochloride (TCH), and Cr (VI) under natural conditions.
Approximately 98.8% of the RhB (10 mg/L), 87.6% of the TCH (10 mg/L) and 95.1% of the Cr(VI)
(15 mg/L) were simultaneously removed from a mixed solution within 105 min. The removal
efficiencies of TCH and Cr(V]) increased by 12.9% and 20.4%, respectively, in the mixed solution,
compared with the single solutions. This is mainly ascribed to the simultaneous consumption electrons
and holes, which increases the amount of excited electrons/holes and enhances the separation
efficiency of photogenerated electrons and holes. Bi,WO4/CuS can be applied over a wide pH range
(2-6) with strong photocatalytic activity for RhB, TCH and Cr(VI). Coexisiting dissolved organic
matter in the solution significantly promoted the removal of TCH (from 74.7% to 87.2%) and Cr(VI)
(from 75.7% to 99.9%) because it accelerated the separation of electrons and holes by consuming holes
as an electron acceptor. Removal mechanisms of RhB, TCH, and Cr(VI) were proposed, Bi WO4/CuS
was formed into a p-n heterojunction to efficiently separate and transfer photoelectrons and holes so as
to drive photocatalytic reactions. Specifically, when reducing pollutants (e.g., TCH) and oxidizing
pollutants (e.g., Cr(VI)) coexist in wastewater, the p-n heterojunction in Bi,WO¢/CuS acts as a
“bridge” to shorten the electron transport and thus simultaneously increase the removal efficiencies of
both types of pollutants.
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1 Introduction

Organic pollutants and heavy metals co-exist in high
concentrations in industrial wastewater because it is a
mixture of different industrial effluents from pharmaceu-
ticals, dyes, metal smelting, fertilizers, battery manufactur-
ing, and electroplating (Wang et al., 2018; Ali et al., 2019).
These organic and inorganic contaminants are frequently
highly toxic and carcinogenic. Nevertheless, few compo-
site materials have been designed to simultaneously and
efficiently remove of organic and inorganic pollutants.
Photocatalytic technology holds great promise for treating
such waste streams because it is renewable, nontoxic, low
in cost, environmentally sustainable, and requires simple
reaction conditions (Padervand and Jalilian, 2019). Stable
catalysts that respond strongly to visible light should be
selected for photocatalytic reactions (Bai et al., 2019).
Many photocatalytic materials, such as TiO, (Sharma
et al., 2019), CuO (Ahmadi et al., 2017), and Bi,WOg
(Mao et al., 2018), have been used for environmental
applications such as photocatalytic degradation of organic
pollutants, sterilization and disinfection, photocatalytic
nitrogen fixation, photocatalytic organic synthesis for
carbon dioxide absorption and reduction of high-priced
heavy metal ions (Wang et al., 2019a).

Bismuth tungstate (Bi,WOg) has recently attracted the
attention of researchers trying to degrade pollutants in
weastwater because of its excellent photocatalytic reactiv-
ity and stable structure (Li et al., 2018b). Pure Bi,WOg
nanosheets have weak visible-light response and recom-
bine readily with photogenerated carriers. This is mainly
because of the narrow range of wavelengths absorbed by
pure Bi,WOg from UV to visible light below 450 nm
(Huang et al., 2018), which greatly restricts its application
in the photocatalytic degradation of contaminants. Com-
pared with single-component photocatalysts, composite
photocatalysts usually utilize solar energy deep into the
visible light range to degrade pollutants more efficiently.

Copper sulfides (CuS), is a p-type semiconductor with a
narrow band gap of 2.0 eV, and has been studied because of
its valence state, strong absorption of visible light, and
crystal morphologies. However, pure CuS has low
photocatalytic activity because of the rapid recombination
of photo-induced carriers (Gao et al., 2017). Recently,
various Bi, WOg¢-based composites such as Bi, WO¢/BiPOy4
(Zhu et al., 2017) and Bi,WO¢/g-C3N,4 (Mao et al., 2018),
have been fabricated as photocatalysts. Guo et al. (Guo
et al., 2019) used hydrothermal reaction to prepare
Bi,WO¢/CuS, but the composite materials had a low
removal efficiency for organic pollutants. In this study,
Bi,WO¢/CuS composites were synthesized by a construct-
ing sodium oleate/glycol system in one step, which
enhanced the photocatalytic performance of the Bi,WOg/
CuS composites. The Bi, WO/CuS successfully catalyzed
the simultaneous oxidation of rhodamine B (RhB) and

tetracycline hydrochloride (TCH) and reduction of Cr(VI)
in a mixed solution, which shows its promise for the
photocatalytic treatment of wastewater containing organic
pollutants and heavy metal ions. The simplicity and high
yield of the synthesis make the composite an attractive
proposition for mass production.

The objectives of this study were as follows: 1) to
fabricate Bi,WO¢/CuS composites and analyze their
physicochemical properties; 2) to investigate the photo-
catalytic performance of Bi,WO¢/CuS for the removal of
RhB, TCH, and Cr(VI) from single and mixed solutions
under visible-light irradiation; 3) to evaluate the influence
of Bi, WO,/CuS-3 dosage, initial pH and dissolved organic
matter (DOM) on the removal of RhB, TCH, and Cr(VI)
from a mixed solution; 4) to confirm the reusability and
stability of the resulting photocatalyst by recycling it for
four use cycles; and 5) to elucidate the primary removal
mechanisms of RhB, TCH, and Cr(VI) by Bi, WOg/CuS in
the photocatalytic reaction.

2 Experimental
2.1 Materials and reagents

Bismuth nitrate hydrate (Bi(NOj3);5H,0) (99%) was
obtained from Guangdong Xilong Chemical Co., Ltd.
(China). Sulfourea (99%), RhB (AR, analytical grade), and
potassium dichromate (K,Cr,O7) (99%) were purchased
from Aladdin, Inc. (Shanghai, China). Sodium tungstate
dehydrate (NaWOg-2H,0) (AR, analytical grade) was
purchased from Shanghai Chemical Company (China).
Sodium oleate (97%), copper acetate (95%), ethanediol
(AR, analytical grade), and ethyl alcohol (AR, analytical
grade) were acquired Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). TCH (95%) was obtained from Ai
LAn Chemical Technology Co., Ltd. (Shanghai, China).

2.2 Preparation of photocatalyst

For fabricating the pristine CuS nanoparticles, 2 mmol of
cupric acetate dihydrate and 2 mmol of thiourea were
dissolved together in 40 mL of deionized water, stirred
vigorously for 30 min. The mixture was then transferred to
a 100 mL Teflonlined autoclave, and hermetically heated at
180°C for 24 h. After the system cooled naturally to room
temperature, the solid precipitate generated from the
reaction was collected by filtration and washed several
times with ethanol and deionized water. The solid CuS was
then dried for 10 h in an oven at 80°C, crushed, and stored
for further use.

Sodium oleate (4 mmol) and Bi(NOs3);-5H,O (4 mmol)
were dissolved in 40 mL ethylene glycol orderly.
Separately, Na,WO,-2H,0 (2 mmol) was dissolved in
20 mL ethylene glycol with heat. The two solutions were
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then mixed and stirred vigorously for 1 h. A small quantity
of CusS dissolved in 10 mL ethylene glycol was added to
the solution, followed by ultrasonic dispersion. After
stirring for 2 h, the mixture was transferred to a 100 mL
Teflonlined autoclave, hermetically heated at 180°C for
20 h, and cooled to room temperature. The precipitate, i.e.,
Bi,WO¢/CuS was collected by filtration, washed several
times with ethanol and deionized water, and dried to
constant weight in the oven at 80°C. Finally, the Bi,WOg/
CuS was ground and stored for further use. Different
Bi,WO¢/CuS composites were synthesized by controlling
the ratios of Bi,WOg4 to CuS. Composites with Bi, WOg:
CusS ratios of 1:1, 2:1, 4:1, and 10:1 were named Bi, WOg4/
CuS-1, Bi,WO4/CuS-2, Bi,WO4/CuS-3, and Bi,WOy/
CuS-4, respectively.

2.3 Characterization of photocatalysts

Powder X-ray diffractometry (XRD) of solid samples was
recorded by a D/MAX 2500 X-ray diffractometer (Rigaku,
Japan) with a monochromatic Cu Kg radiation source, at
40 kV and 100 mA (A = 0.15418 A). Fourier transform
infrared spectra (FT-IR) of solid samples were obtained
with a Nicolet 500 FT-IR analyzer (Thermo Scientific,
USA) using KBr pellets in the spectral range of 4000-
400 cm'. The sizes, morphologies, and crystal lattices of
solid samples were identified by scanning electron
microscopy with energy dispersion spectrometry (SEM-
EDS, SU8010, Hitachi, Japan) and transmission electron
microscopy (TEM, FEI Tecnai G* F20, USA). The energy-
dispersive X-ray spectra (EDS) (EDS, FEI Tecnai G* F20,
USA) of solid samples were also measured during the
TEM measurement. The surface chemical state of the
Bi,WO¢/CuS was analyzed using X-ray photoelectron
spectroscopy (XPS, ULVAC-PHI, Japan). Photolumines-
cence (PL) spectra were measured with a fluoresce nce
spectrophotometer (AEx= 338 nm, a Hitachi F-4600,
Japan) at room temperature. The UV-vis diffuse reflectance
spectra (UV-DRS) of solid samples were recorded by a
UV-visible spectrophotometer (TU-1901, Shenzhen Yixin
Instrument Equipment Limited, China) using BaSO, as a
reference. Electrochemical impedance spectroscopy (EIS)
and Mott-Schottky measurements (M-S) were carried out
on an electro-chemical workstation (CHI-600E, Germany).
Generally, the Bi,WO4/CuS (0.05 g) was dispersed in
ethanol (5 mL) by ultrasound (F-008S, Shenzhen Fuyang
Technology Limited, China) and the suspension was drop-
cast onto an indium tin oxide (ITO)-coated glass (effective
area approximately 12 cm?, China) which was used as the
working electrode. A calomel electrode and a platinum
wire (232-01, China) were used as the reference electrode
and the counter electrode, respectively, in the measurement
of EIS and M-S. The EIS measurements were carried out in
a 0.5 mol/L Na,SOy solution at the open circuit potential in
the frequency range of 10°-1072 Hz.

2.4 Photocatalytic experiments

2.4.1 Single solution

Photocatalytic experiments were first conducted using
Bi;WO¢/CuS under visible-light irradiation to treat
separate solutions of RhB, TCH and Cr(VI). First,
100 mg of Bi;WO¢/CuS was placed in a 250 mL quartz
photo reactor with 100 mL aqueous solution of RhB (2—
50 mg/L), TCH (2-50 mg/L), or Cr(VI) (5-35 mg/L).
Before irradiation, the mixture was stirred vigorously for
30 min in the dark to attain adsorption equilibrium. The
mixture was then irradiated for 105 min using a 500 W Xe
lamp. Afterwards, 4 mL samples were taken and
centrifuged to remove catalyst particles. The concentration
of Cr(VI) was determined by the 1,5-diphenylcarbazide
colorimetric method at 540 nm using a UV-visible
spectrophotometer. The photocatalytic oxidation of RhB
(553 nm) and TCH (375 nm) was measured under the same
conditions.

2.4.2 Mixed solution

In the mixed solution experiments, 100 mg of Bi,WOg/
CuS-3 was added to 100 mL of a mixed solution of RhB
(10 mg/L), TCH (10 mg/L) and Cr(VI) (0-35 mg/L). We
studied the effects of Bi, WO¢/CuS-3 dosage, initial pH
value, which was regulated using sodium hydroxide and
hydrochloric acid, and DOM (glucose solution) on the
simultaneous removal of RhB, TCH and Cr(VI) from the
mixed solution. A UV-visible spectrophotometer was used
to measure the concentrations of RhB and TCH at 553 nm
and 357 nm, respectively, and the Cr(VI) concentration
was measured at 540 nm via the 1,5-diphenylcarbazide
colorimetric method.

2.5 Data analysis

Kinetic studies are important for understanding the

mechanism of contaminant removal. The Langmuir-

Hinshelwood (L-H) pseudo-first-order kinetic model was

used to describe the photocatalytic removal efficiency of
RhB, TCH, and Cr(VI):

’ dC / KC

R=KbO=—-—— = —, 1

dr (1 +KC> M

where R is the oxidation rate (mg/L/min), K'is the

oxidation rate constant (L/min), C is the contaminant

concentration (mg/L), K isthe adsorption coefficient and
is the site coverage of the reactant. For low concentration
solutions, the L-H model can be simplified to pseudo-first-
order (PFO) kinetics (Egs. (2) and (3)):
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C
Ln(q)) = *Kll‘, (3)

where K is the pseudo-first-order rate constant, ¢ is the
reaction time (min), and C and Cj, are the current and initial
concentrations of the contaminant, respectively.

3 Results and discussion
3.1 Characterization of Bi, WO¢/CuS

The crystal phases of Bi, WO¢/CuS were characterized by
XRD, and the results are shown in Fig. 1(a). The
diffraction peaks of Bi,WO4/CuS heterojunctions were
identified as standard phase-pure orthorhombic Bi,WOg
(a= 5.457 A, b= 16.435 A, c= 5.438 A), according to
JCPDS No. 39-0256 (Zhou et al., 2019). This result
indicates that Bi,WO¢ was successfully synthesized
through solvothermal reactions. The CuS also had a
phase-pure orthorhombic structure without impurities
matching with JCPDS 06-0464 (Fang et al., 2018).
Additionally, the XRD pattern of Bi,WO4/CuS matched
well with that of pristine Bi,WOyg, and no other crystalline
phase was observed, suggesting that the introduction of
CusS in Bi;WOg4/CuS composite did not change the crystal
lattice structure of Bi,WOg The characteristic peaks of
CuS were almost absent, which may be due to reduced
exposure of the crystal face because of coverage by
Bi,WOg. The peak intensity of Bi, WO4/CuS was higher
than of Bi,WOy, indicating that the introduction of CuS
improved the crystallization. Thus, XRD provided clear
evidence that the Bi, WO4/CusS structures were not altered
by the solvothermal reaction.

The surface functional groups, molecular structures, and
the valence bond interactions of Bi,WOs/CuS were
investigated by FT-IR. The two characteristic FT-IR
peaks of Bi,WO4 were located at 433 cm™ and
790 em™, respectively (Fig. 1(b)). The strong peak at
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790 cm ' was ascribed to the antisymmetric and symmetric
stretching modes of terminal O-W-O (Zargazi and
Entezari, 2019). The 433 cm™' peak of Bi,WOgs was
attributed to antisymmetric modes of WOg octahedra. The
peaks at 523 cm' and 1385 cm™' corresponded to the
stretching vibration peaks of Bi—-O and W—-O-W, respec-
tively, which suggests the existence of Bi, WOg. The strong
peaks at 615 cm™ and 1385 cm™ were the vibrational
peaks of the Cu—S and Cu—O stretching modes (Li et al.,
2017), and illustrate that Bi,WO4/CuS is uniformly mixed
and connected by Cu—O bridges between Bi,WO¢ and
CuS. The spectra also showed some hydroxyl functional-
ities at 1430 cm !, 1640 cm!, 1643 cm'!, 2852 cm!, and
3720 cm™, which were attributed to symmetric and
asymmetric vibrations of aliphatic C-O-C, C = O, —OH,
C—H, —OH, respectively (Loy et al., 2019). These organic
functional groups may have come from sodium oleate and
ethylene glycol in the reaction system. Moreover, sodium
oleate provides oxygen-containing functional groups
during the solvothermal reaction, which induces
Bi, WOg4/CuS to form more stable metal oxidation bonds
of Bi-O and W-O and shape the photocatalytic hetero-
junction. Furthermore, after loading CuS, the FT-IR
spectra of Bi;WO4/CuS-3 was significantly blue shifted,
and the band intensity decreased because Bi in Bi—O bonds
was replaced by Cu.

The morphological features of Bi,WO¢/CuS-3 were
studied using SEM, TEM, HRTEM, and EDS (Fig. 2).
Compared with the microsphere structure of pure Bi,WOgq
and CuS (Figs. 2(a) and 2(b)), a flower-like hierarchical
structure was seen in the SEM images of Bi, WO¢/CuS-3
(Fig. 2(c)). The structure has a high specific surface area
that provides more active sites and promotes the migration
of photogenerated electron-holes, thus enhancing the
removal efficiency. The TEM images in Fig. 2(d) clearly
show the ellipsoidal morphology of the Bi, WO¢/CuS-3
nanoparticles, and the corresponding selected area electron
diffraction (SAED) pattern revealed that the nanoparticles
were polycrystalline. The interplanar spacings of Bi, WO/

® | — Bi,wo,/Cus-3
—— Bi,WO,

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

(a) XRD patterns and (b) FT-IR spectra of photocatalysts.
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Fig. 2 SEM images of (a) Bi, WOs, (b) CuS, and (c) Bi, WO,/CuS-3; (d) —(e) TEM (SAED) and HRTEM images of Bi, WO¢/CuS-3, and

(f) EDS spectra of Bi;WO4/CuS-3.

CuS-3 were measured to be 0.261, 0.270, 0.19 and
0.305 nm (Fig. 2(e)), corresponding to the d-spacing for
the (200) and (002) planes of Bi;WOg and the (107) and
(102) planes of hexagonal CusS, respectively (JCPDS No.
78-0877). Collectively, these observation agreed well with
the XRD results. The major elements detected by EDS
elemental microanalysis were Bi, W, S, C, O and Cu
(Fig. 2(f)). This suggests that CuS was loaded onto
Bi,WO¢ by the solvothermal reaction and forms a
favorable crystalline shape.

The XPS spectra were examined to determine the
elemental composition and characteristic chemical state of
Bi,WO¢/CuS-3. The survey scanning spectra (Fig. 3(a))
showed the presence of W, Bi, S, Cu, C, and O in Bi,WOg/
CuS-3. The existence of the carbon peak can be attributed
to undefined carbon species in the XPS test. The high-
resolution W 4fs5,, and W 4f;,, lines were assigned to the
peaks at ~34.89 eV and ~36.9 eV (Fig. 3(b)), respectively.
The peaks at 158.75 eV and 164.1 eV (Fig. 3(c))
corresponded to Bi 417, and Bi 4fs,, respectively, thereby
illustrating that Bi*" was the main chemical state in
Bi;WOg/CuS-3 (Chen et al., 2018). Moreover, the high-
resolution C 1s spectrum exhibited a main peak centered at
~284.6 eV (Fig. S1(a)), which may have been caused by
sodium oleate and ethylene glycol in the reaction system.
As shown in Fig. S1(b), Ols had a binding energy peak at
~530.7 eV. The XPS spectrum of Cu 2p had a peak at
933.41 eV that was assigned to Cu 2p;,, indicating that Cu
was present as Cu®" state (Fig. 3(d)). Overall, the XPS
results show that Bi,WOg bound successfully with CuS
nanoparticles.

The optical properties of Bi,WO¢/CuS were studied by
UV-vis DRS. The spectrum of CuS had a gradually
increasing absorption band at 250-750 nm (Fig. 4(a)),
which may explain the greenness and blackness of the
material. The absorption of Bi,WOgs was weak in the
visible region, around 400 nm (Xu et al., 2019). However,
compared with Bi,WOg, Bi,WO¢/CuS had a wider visible-
light response. Meanwhile, the absorption intensity of
visible-light increased with the CuS mole ratio, which
maybe due to the intrinsic absorption of CuS. The
Kubelka-Munk equation was used to calculate the
forbidden band width of the Bi,WO¢/CuS heterojunction.

(ahv)* = A(hv—E,), 4)

where, a represents the absorption coefficient, 4 denotes
Planck’s constant, v is the frequency, E, is the band gap
energy, and A is a constant that usually has a value of 1.
The E, values of Bi,WOs and Bi,WO4/CuS-3 were
2.89 eV and 2.15 eV, respectively, as shown in Fig. 4(b).

To better understand the effect of the heterojunction
coupling on the photocatalytic performance, the conduc-
tion band (CB) and valence band (VB) electric potentials
for Bi,WO¢ and Bi,WO4/CuS-3 were calculated using the
following equations:

Ecg=X—-Ec—E,/2, %)

Eyp = Ecg—E,, (6)

where Ecp is the CB electric potential, Eyp is the VB
electric potential, E is the energy of free electrons on the
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Fig. 3  XPS spectra of Bi, WO4/CuS-3: (a) survey spectra, (b) W 4f, (c) Bi 4f, and (d) Cu 2p.

hydrogen scale (about 4.5 eV), and X is the electro-
negativity of the semiconductor (Table S1). The VB
potentials of Bi,WOg and Bi, WO4/CuS-3 were +2.48 eV
and +1.83 eV, respectively, and their CB potentials were
0.41 eV and —0.32 eV, respectively. These results were
consistent with the Mott-Schottky measurements (Fig. S2).
In conclusion, the Bi,WOg4/CuS synthesized by the
solvothermal reaction has a shorter band gap and improved
the visible-light response.

The Bi,WO¢/CuS photocatalytic performance was
explored using EIS and PL spectra to examine the
generation, separation, and migration of photoelectron-
holes during photocatalytic cracking. The Nyquist diagram
shows that a small arc radius results in a low charge
separation resistance and faster transfer of photoexcited
electrons (Liu et al., 2016). As shown in Fig. 4(c) and
Fig. S3, Bi;WO¢/CuS-3 had a smaller arc radius than the
other Bi,WO4/CuS species. This suggests that the
modification of CuS may accelerate the interfacial charge
transfer and generate an instantaneous current, due to the
formation of p-n heterojunctions.

The recombination of electrons and holes photoinduced
by Bi,WO¢/CuS was studied using PL spectroscopy.
Lower PL emissions intensity indicates a lower recombi-

nation rate (Mao et al., 2018). The PL intensity of Bi, WO/
CusS decreased gradually with the increasing mole ratios of
CuS (Fig. 4(d)), indicating that the photogenerated carrier
separation efficiency increased with the mole ratio of CuS.
This was mainly ascribed to the Bi, WO4/CuS forming p-n
heterojunctions, shortening the band gap, and accelerating
electron-hole separation. Meanwhile, doping S from CuS
replaced oxygen in the lattice of Bi;WOy, forming lattice
defects that inhibited electron-hole recombination.

3.2 Photocatalytic removal of RhB, TCH, and Cr(VI) in
single solution

The photoactivity of the Bi,WO¢/CuS samples was
determined by their ability to degrade RhB under visible-
light irradiation (Fig. 5(a)). The photodegradation effi-
ciency in descending order was Bi, WO4/CuS-3>Bi, WO/
CuS-4>Bi, WO4/CuS-1>Bi, WOs/CuS-2>Bi, WO¢>
CuS>Dark. The best photocatalytic performance was by
Bi,WO¢/CuS-3, approximately 99.9% after the suspension
was irradiated under visible-light for 60 min (Fig. S4),
with the pseudo-first-order rate constant (K) reaching
0.0659 min™" (Figs. 5(b) and S5(a)). This result illustrates
that an appropriate and effective loading of CuS enhances
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Fig. 4 Results of (a) UV-vis DRS, (b) band gaps, (c) EIS Nyquist, and (d) PL spectra of photocatalysts.

the photocatalytic activity. As time progressed, the
absorption peak of RhB gradually weakened (Fig. 5(c))
and the color of the supernatant solutions faded (Fig. 5(d)).
The maximum absorption peak of the mixed solution
weakened significantly and exhibited slight hypsochromic
shifts, which were caused by the stepwise formation of N-
de-ethylated intermediates, such as N,N,N’-Triethyl-Rho-
damine (TER), N-ethyl-N’-ethyl-Rhodamine (EER), N,N’-
Diethyl-Rhodamine (DER), N-Ethyl-Rhodamine (ER),
and rhodamine (R). Moreover, the degradation efficiency
of RhB increased with the catalyst dosage because more
electron-holes pairs and more active sites were produced
(Fig. S6(a)). The initial concentration of RhB was varied
from 2 to 50 mg/L while the other experimental parameters
were kept constant (Fig. S6(b)). When the RhB concentra-
tion was 50 mg/L, the photodegradation efficiency was
reduced by 15.38% for the following three reasons: 1) the
transmittance of visible-light decreased as the RhB
concentration increased, which led to a reduction in the
visible light utilization efficiency of Bi,WO¢/CuS; 2) the
active surface sites of the Bi, WO¢/CuS adsorbed the high
concentration of RhB, which prevented photoexcited
Bi,WO¢/CuS from producing photoelectron-holes; 3) the
RhB reaction by-products dominated competition for the
active sites.

TCH was selected as a representative contaminant to
determine the photocatalytic performance of BiWOg¢/
CuS-3 because of its wide application in the pharmaceu-
tical field. Bi,WO¢/CuS-3 had good TCH degradation
efficiency for initial contaminant concentrations in the
range of 2 to 50 mg/L (Fig. 6). The adsorption efficiency of
Bi,WOg4/CuS-3 on TCH was almost zero in the dark and
the degradation efficiency rapidly decreased from 99.0% to
16.4% with increasing TCH concentration. By contrast, the
degradation efficiency of Bi,WO¢/CuS-3 increased by
27.46% compared with Bi,WOg (Fig. 6(a)), with the K
value for 2 mg/L reaching 0.0174 min™"' (Figs. 6(b) and
S5(b)). Photographs of the supernatant, which was
sampled and centrifuged at corresponding time, also
verified the degradation of TCH (Fig. 6(c)).

The reduction efficiency of Cr(VI) rapidly decreased
from 98.8% to 34.6% as the concentration of Cr(VI)
increased (Fig. 7(a)). Meanwhile, the reduction efficiency
of Bi;WOg/CuS-3 increased by 15.2% compared to
with Bi,WOg, with the K value for 5 mg/L reaching
0.0423 min™" (Fig. 7(b)). It was clearly seen that the K
value of 5 mg/L was 9.83 times larger than that for
35 mg/L and 17.63 times larger than that for Bi, WOq
(Fig. S5(c)). Table S2 compares the photocatalytic activity
of Bi,WOg¢/CuS with that of other catalysts form the
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Fig. 6 (a) Photodegradation kinetics of TCH at different initial concentrations, (b) first-order kinetic model stimulation, and (c)
photographs schematic. (Experimental conditions: 0.1 g photocatalyst, 100 mL solution, 2-50 mg/L TCH).

literature. Photographs of the supernatant, which was
sampled by chromogenic reaction at corresponding times,
also verified the removal of Cr(VI) (Fig. 7(c)).

3.3 Stability and reusability of photocatalysts
The stability and reusability of Bi,WOs/CuS-3 was

analyzed by running four recycle experiments testing
RhB degradation (Fig. S7). No significant reduction was

observed in the photocatalytic performance of Bi, WOyg/
CuS-3 after the four consecutive recycle runs. Figure S8
shows that the flower-like hierarchical structure of
Bi,WO¢/CuS-3 was slightly damaged after the photo-
catalytic experiment, which could have been caused by the
degradation of BiWO¢/CuS-3 and the adsorption of
contaminants on the surface. These was no significant
difference in the main XRD characteristic peaks of
Bi,WO¢/CuS-3 between the initial and final recycle runs
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(Fig. S9). This demonstrates that Bi,WO¢/CuS-3 has
excellent stability and recyclability for the photodegrada-
tion of contaminants, and consequently great potential for
large-scale commercial production.

3.4 The photocatalytic performance of Bi,WOg/CusS in the
mixed system

The photocatalytic performance of Bi, WOe/CuS was
further explored in a mixed system made up of RhB
(10 mg/L), TCH (10 mg/L) and Cr(VI) (15 mg/L). The
blank experiment (no catalyst and dark conditions) showed
that the removal efficiency of RhB, TCH, and Cr(VI) was
basically zero (Fig. 8(a)), illustrating that no redox
reactions involving the three contaminants occurred. In
the presence of catalysts in dark conditions, the removal
efficiencies of RhB, TCH, and Cr(VI) were 12.6%, 6.0%,
and 22.3%, respectively (Fig. 8(b)). Although the
degradation efficiency of RhB did not significantly
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decrease, the removal efficiencies of TCH and Cr(VI)
increased remarkably in the RhB/TCH/Cr(VI) mixed
system compared with their single pollution removal
efficiencies. This was mainly attributed to the increased
excitation number and enhanced separation efficiency of
photogenerated carriers. Table S3 compares the photo-
catalytic performance of Bi,WOs/CuS for the simulta-
neous removal of RhB, TCH, and Cr(VI) with that of other
catalysts from the literature.

Because the addition of Cr(VI) increased the photo-
catalytic removal efficiency by consuming electrons in the
mixed system, experiments were carried out on the
100 mL mixture samples containing RhB (10 mg/L),
TCH (10 mg/L), and Cr(VI) (5-35 mg/L) to explore the
optimum Cr(VI) concentration. As shown in Figs. S10(a)
and S10(b), the presence of low concentrations of Cr(VI) at
first facilitated the photodegradation of RhB and TCH, but
these degradation efficiencies slightly decreased with
increased Cr(VI) concentration. The optimum degradation
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Fig. 8 (a) Results of simultaneous photocatalytic removal of RhB, TCH, and Cr(VI) in mixed systems and (b) comparison of
photocatalytic removal efficiencies of RhB, TCH, and Cr(VI) in single and mixed systems. (Experimental conditions: 0.1 g Bi,WO4/CuS-
3, 100 mL solution, 10 mg/L RhB, 10 mg/L TCH, and/or 15 mg/L Cr(VI)).
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efficiencies of RhB and TCH were improved by 1.7% and
29.4%, respectively. This result demonstrates that the
presence of appropriate concentrations of Cr(VI) in mixed
solutions can accelerate the degradation of RhB and TCH.
This is an excellent example of the simultaneous and
efficient photocatalytic removal of organic pollutants and
Cr(VI) from mixed wastewater and shows the potential of
photocatalytic technology for the treatment of industrial
mixed wastewater.

The effects of catalyst dosage on the removal of organic
pollutants and Cr(VI) from the mixed solution were
investigated (Fig. S11). The removal efficiencies of RhB
(from 97.7% to 99.9%), TCH (from 76.8% to 98.7%) and
Cr(VI) (from 76.9% to 99.9%) from the mixed solution
were significantly improved by increasing the dose of
catalyst because of the increased number of active sites on
the Bi,WO¢/CuS-3 surface and enhanced photogenerated
electrons and holes.

In the mixed solution, pH has a strong impact on the
oxidation potential, adsorption capacity, distribution of
active sites on the catalyst surface, oxidation of organic
pollutants, and reduction of Cr(VI). Table S4 shows that
the initial pH was lower than the final pH in acidic
conditions, but that the opposite was true in alkaline
conditions, demonstrating that the process of photocataly-
tic reaction consumed hydrogen ions and hydroxide ions,
The reduction of Cr(VI) consumed most of the H" (Liang
et al., 2015). The degradation efficiencies of organic
pollutants and Cr(VI) under acidic conditions were higher
than under alkaline conditions (Fig. S12), which is
ascribed to the increased oxidation of Cr(VI) in acidic
conditions to promoting the efficient separation of
electrons and holes. Usually, when the pH exceeds 6, Cr
(OH); is deposited on the Bi,WO¢/CuS-3 surface, cover-
ing active sites and reducing the photocatalytic efficiency
(Li et al., 2018a).

In natural environments, DOM, such as glucose, is
ubiquitous. DOM contains some functional groups such as
carboxyl and hydroxyl groups, that can indirectly and
directly connect on the Bi,WO¢/CuS-3 surface and form
complexes with Cr(VI). Figure S13 shows the impact of
glucose concentration on the photocatalytic treatent of the
mixed solution. The photocatalytic performance improved
with increasing glucose concentration. The optimal
glucose concentration of 0.03 mol/L resulted in a
remarkable improvement in the removal of RhB, TCH
and Cr(VI) from 97.7%, 77.7%, and 76.9% to 98.1%,
87.2%, and 97.5%, respectively. The main reasons are as
follows: 1) glucose contains an abundance of carboxyl and
hydroxyl groups, which create an acidic environment for
photocatalytic reactions (Zheng et al., 2014); 2) organic
functional groups of glucose improve surface complexa-
tion to enhance the utilization rate of photogenerated
electrons; 3) under visible-light irradiation, organic func-
tional groups of glucose produces radicals that accelerate
the removal of contaminants.

3.5 Possible photocatalytic mechanisms

Based on the above results, the probable photocatalytic
mechanism by which Bi, WO,/CuS-3 degrades RhB, TCH,
and Cr(VI) was proposed (Fig. 9). The photoexcitation
under visible-light irradiation of Bi, WO4/CuS-3 generates
electrons and holes. The photoelectrons jump into the CB,
leaving the holes in the VB. Because of the p-n
heterojunction construction and close contact with Cu—O
bonds, the band gap of Bi, WO¢/CuS-3 shortens to 2.15 eV
from 2.89 eV (Fig. 4(b)). The CB potential of CuS is more
negative than Bi,WOy, resulting in the transfer of excited
electrons from CuS to the CB of Bi,WOg, while the
resulting holes in the VB of Bi, WOy are transported to that
of CuS. This promotes the effective separation and
migration of photogenerated charges. Because the CB
potential of Bi,WOg (+ 0.41 eV vs NHE) is more positive
than the reduction potential (—0.046 €V vs NHE) of O,/O*
and the VB potential of CuS is more negative than that of
-OH/H,0, the photoinduced electrons in the CB of
Bi,WOg can not be trapped to from O, and holes are
unable to oxidize H,O to produce -OH. Hence, the
photogenerated electrons-holes can transfer to the surface
of Bi,WO¢/CusS to remove contaminants directly.

In addition, RhB can be excited to RhB* states under
visible-light because of photosensitization (Fang et al.,
2019), with the lower redox potential reaching —1.42 V vs.
NHE (RhB*), making it much easier to oxidize (Fig. 9(a))
(He et al., 2014). Because the CB of Bi,WO4/CuS-3 is
more positive than the redox potential of RhB*/RhB™,
electrons from RhB* are transferred to the CB of Bi, WO/
CuS-3, converting RhB molecules to RhB*, which
promotes further oxidation of RhB by h*. During the
oxidation process, a series of N-de-ethylated intermediates
are produced by photosensitization and eventually con-
verted to CO, and H,O. TCH is adsorbed on the surface of
the Bi,WOg4/CuS because of its large surface area and
abundant micropores (Fig. 9(b)). TCH is oxidized directly
by photogenerated holes and produces two intermediate
products by demethylation (Zhu et al., 2019). These
organic intermediates are eventually oxidized to CO,,
H;0, and other species (Fig. 9(c)). Additionally, the
electrons from the CB of Bi, WOy can also directly reduce
Cr(V]) to Cr(Ill) under ambient conditions (Yuan et al.,
2019).

The possible removal mechanisms in the mixture
solution are illustrated in Fig. 9(d) to more clearly show
the simultaneous and efficient removal process. Organic
pollutants and Cr(VI) serve as scavengers for each other
and may consume photoinduced carriers concurrently,
resulting in a synergy between the oxidation of organic
pollutants and the reduction of Cr(VI). This synergy may
significantly improve the migration of photogenerated
electrons and holes and increase the utilization of charge
carriers (Bai et al., 2018). Furthermore, the abundant
organic functional groups of glucose (i.e., carboxyl and
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Fig. 9 Illustration of photocatalytic removal mechanisms of pure (a) RhB, (b) TCH, and (c) Cr(VI), and (d) mixed RhB, TCH, and Cr
(VI) from wastewater by Bi,WO4/CuS-3 under visible-light irradiation.

hydroxyl) with Cr(VI) form complexes attached to the
surface of Bi,WO4/CuS. The glucose likely serves as the
hole scavenger and improves the efficiency of the
transport/separation of photogenerated electrons and
holes (Chong et al., 2014). In addition, glucose can be
oxidized to produce radicals and hydrogen ions, that
promote the degradation of RhB and TCH and create an
acidic environment that increases the reduction of Cr(VI)
to Cr(IIl) (Wang et al., 2019b).

4 Conclusions

Solid state Bi,WO¢/CuS nanocomposites were success-
fully synthesized by a high-yield solvothermal route for
loading CuS on the surface of Bi,WOg_ The Bi, WO4/CuS
showed outstanding photocatalytic performance for RhB,
TCH, and Cr(VI) under visible-light irradiation, with
optimum photocatalytic activity for RhB (10 mg/L,
99.9%), TCH (10 mg/L, 74.7%) and Cr(VI) (15 mg/L,
75.7%) as single contaminants. Subsequently, Bi, WOg/
CuS-3 showed good removal efficiency of RhB (10 mg/L,
97.7%), TCH (10 mg/L, 87.6%) and Cr(VI) (15 mg/L,
95.1%) in mixed solution. The increased photocatalytic
activity in the mixed solution is ascribed to increases in the

number of photoinduced carriers and the migration
efficiencies of photogenerated electrons and holes. The
photocatalytic activity of Bi,WOs/CuS in mixed solution
was only weakly pH-dependent in the pH range studied
(pH = 2-6), suggesting that Cr(OH); was the predominant
species and competed for active sites on the catalyst
surface to hinder the photocatalytic reaction in slightly
alkaline conditions. Surface complexation of the carboxyl
and hydroxy groups present in DOM with Cr(VI)
accelerated the simultaneous and efficient removal of
organic pollutants and Cr(VI). Overall, the performance of
Bi,WO¢/CuS in simultaneously and efficiently removing
organic pollutants and Cr(VI) from mixed wastewater
makes it a compelling candidate for industrial wastewater
treatment.
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