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ABSTRACT

Both adsorption and photodegradation are effective methods to treat organic pollutants in water.
Adsorbent materials, such as activated carbon, are generally disposable and difficult to reuse. By
contrast, photocatalysts can be reused to treat organic pollutants in water. However, the slow deg-
radation rate of photocatalysts cannot meet the emergency treatment of contaminants. Therefore,
we proposed a novel WS, /ZnS composite with ZnS as the catalyst, and WS, as the adsorption,
both of which were sulfide. The WS,/ZnS composite was synthesized by a two-part hydrother-
mal method. The crystal structure, surface morphology and pore size of WS,/ZnS were analyzed
by X-ray diffraction, scanning electron microscopy and Brunauer-Emmett-Teller. The experi-
mental results show that the WS,/ZnS composite material was successfully synthesized and had
a rough surface and a high specific surface area (40.6 m*/g). Then, the photocatalytic performance
of WSZ/ZnS was analyzed. The results showed that the WSZ/ZnS composite material could effec-
tively adsorb and catalyze 96% organic materials within 20 min. Repeated experiments have proven
that WS,/ZnS has excellent recyclable properties, and the catalytic performance of the WS,/ZnS
catalyst was still similar to that of the first use after 5 uses. In addition, WS,/ZnS also has excel-
lent treatment ability for complex organic pollutants in water environment that simulates actual
dye wastewater. The results show that the WS,/ZnS composite was a fast, efficient and reusable
adsorption-catalyst that can treat emergency pollution immediately.
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1. Introduction

Environmental pollution is one of the most serious
problems presently faced on a global scale. The increase of
the population and the unabated release of residential and
industrial wastewater have resulted in environmental prob-
lems such as global warming and abnormal climatic changes
[1]. All these pollutants have prompted the development of
environmental remediation technologies. Photocatalysis
which is a kind of inexhaustibly abundant, clean [2,3],
non-hazardous, and economically viable technology, is a
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major advance in this direction [4-6]. Semiconductor mate-
rials with potentially broad designs are prospective photo-
catalysts for the complete elimination of toxic chemicals [7].
ZnS is an important II-VI group semiconductor material.
For the rapid generation of electron hole pairs by photo-
excitation and the highly negative reduction potentials of
excited electrons [8], the photocatalytic performance of ZnS
has been intensively studied. ZnS can be used as an effec-
tive catalyst for splitting water to produce H, [9-11] and
for the photoreduction of CO, [12,13]. Another important
application of ZnS is as a promising photocatalyst for the
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photocatalytic degradation of environmental pollutants
[14]. ZnS has been used for the photocatalytic degradation
of organic pollutants such as methylene blue [15], methyl
orange dyes [16], p-nitrophenol [17,18], and halogenated
benzene derivatives [19] in wastewater treatment. Organic
pollutants could be oxidized into CO, and H,O under light
irradiation on the surface of ZnS, bringing no more other
pollution. However, the application of ZnS in photocatal-
ysis was limited to its efficiency. It would take hours to
eliminate the organic pollutants completely. Therefore,
photocatalysis generally cannot treat emergency pollution
immediately. Conversely, adsorbents such as activated car-
bon [20,21], natural clay [22], and nanosized materials can
deal with pollution rapidly due to their higher specific sur-
face area. However, the problem of pollution could not be
solved fundamentally. Pollution could only be absorbed to
the surface of adsorbents rather than degraded to an inor-
ganic state by photocatalysis. Compared with ZnS, WS,
as a sulfide has a larger specific surface area and stronger
adsorption performance [23]. In addition, the unique band
position of WS, could also play a role in separating carri-
ers. This will be beneficial to the improvement of photo-
catalytic performance.

Here, we designed a new composite material, that com-
bines WS, with high adsorption performance and ZnS with
high photocatalytic performance. The rhodamine B deg-
radation performance, repeatability test, a variety of dye
degradation experiments of the WS/ZnS catalyst were
investigated. The results showed that a novel catalyst (WS,/
ZnS) with high efficiency and green treatment of pollutants
in water was obtained.

2. Experimental section
2.1. Catalyst preparation

WS, was obtained by the following method: 1.19 g tung-
sten chloride and 1.13 g thioacetamide were dissolved in
80 mL deionized water. The mixed solution was fully stirred
and transferred to a hydrothermal reactor. The hydro-
thermal reactor was placed in an oven at 235°C for 24 h.
Then, the samples were washed repeatedly with deionized
water and alcohol and centrifuged and dried at 60°C in a
vacuum oven.

The WS,/ZnS catalyst was obtained by the following
step: 0.22 g zinc acetate and 0.30 g thiourea were weighed
and dissolved in deionized water and ethylenediamine with
a volume ratio of 1:1. The solution was stirred thoroughly
on a magnetic stirrer to completely dissolve. Then, 0.3 g WS,
prepared according to the above method was added to the
above solvent and stirred to fully mix it. The solvent was
put into a high temperature reaction kettle and placed in
a drying oven at 200°C for 12 h. The samples were washed
repeatedly with deionized water and alcohol, and then,
centrifuged and dried at 60°C in a vacuum oven.

To compare the performance of WS/ZnS catalysts,
pure ZnS materials were also prepared by the solvothermal
method. A total of 1.83 g zinc acetate and 1.34 g thiourea
were weighed and dissolved in 50 mL deionized water.
The solution was stirred thoroughly on a magnetic stir-
rer to completely dissolve. The solvent was put into a high

temperature reaction kettle and placed in a drying oven at
200°C for 12 h. The samples were washed repeatedly with
deionized water and alcohol. Then, the ZnS material was
obtained by centrifuging and drying at 60°C in a vacuum oven.

2.2. Characterization of catalysts

The crystal structure of the as-prepared WS /ZnS sam-
ples were characterized by X-ray diffraction (XRD, Rigaku
D/max-2500, Japan). The surface topographies were obtained
with scanning electron microscopy (SEM, JSM-6010LA,
Japan). The specific surface area of the sample was mea-
sured by the specific surface area and pore size analyzer
Brunauer-Emmett-Teller (BET, BK123F, China). The optical
properties of the samples were tested by an assembled pho-
toluminescence system.

2.3. Photocatalytic properties test

WS,/ZnS prepared by the above step was dispersed in
100 mL of 10 mg/L rhodamine B solution. The mixed solu-
tion was stirred for 20 min in the dark to attain adsorp-
tion—desorption equilibrium. Then the photo-degradation
experiments were performed under UV-visible light illu-
mination (Philips HPA 500S, 500 W). The liquid level was
50 cm away from the ultraviolet light illumination. The
rhodamine B solutions were then centrifuged to investi-
gate the concentration by a UV-Vis spectrometer (UV-2501,
Shimadzu) every 20 min. In addition, we simulated a com-
plex water environment similar to actual water pollution by
mixing three dyes (thodamine B, methylene blue, crystal
violet) in the same proportions so that the dye concentra-
tion was 10 mg/L. The ability of the WS,/ZnS composite to
treat organic pollutants in a complex water environment
was tested according to the above photocatalytic exper-
iment process test. All photocatalytic experiments were
repeated three times for each sample.

3. Results and discussion
3.1. Characterization of crystal structure and surface morphology

XRD analysis was used to investigate the material com-
position of WS,/ZnS. As shown in Fig. 1a, the blue and red
patterns are the XRD spectra of pure WS, and ZnS prepared
by the solvothermal method. All the diffraction peaks can
correspond to PDF cards (No. 08-0237 and No. 36-1450).
The black pattern can be attributed to the XRD pattern of
the WS,/ZnS composite material. The XRD diffraction peaks
contain the basic characteristic peaks of WS, and ZnS. The
results show that the WS,/ZnS composite material could be
obtained by the hydrothermal method. To study the mor-
phology of the composites, the ZnS, WS, and WS,/ZnS com-
posites were characterized by SEM (Fig. 1b—d). Fig. 1b shows
the SEM of ZnS prepared by the hydrothermal method.
ZnS appears to be a 3-6 um sphere with a smooth surface.
Fig. 1c shows that the WS, materials prepared by us are
hollow spheres with a diameter of less than 1 pm. It can be
inferred that WS, had a large contact area with pollutants and
excellent adsorption performance. Fig. 1d shows the SEM
image of WS,/ZnS, and the size of the composite material
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Fig. 1. (a) XRD spectra of WS,, ZnS, and WS,/ZnS composite materials, (b) SEM image of ZnS prepared by solvothermal method,

(c) SEM image of WS, and (d) SEM image of WS,/ZnS.

is basically the same as that of ZnS. However, the surface
morphology of WS,/ZnS is rough. By comprehensive com-
parison of three XRD patterns and SEM images, we can infer
that the main sphere of the WS,/ZnS composite was mainly
the ZnS material, while the rough particles on the surface
were WS,

3.2. Analysis of specific surface area

The BET of the three materials were tested to analyze
the surface adsorption capacity. The experiment shows that
the BET of ZnS was small, only 15.2 m?/g. While the spe-
cific surface area of WS, was the largest at 74.0 m*g. The
area of the WS /ZnS composite was in the middle, approxi-
mately 40.6 m?/g. The adsorption-desorption curve of WS/
ZnS composite materials is shown in Fig. 2a, which belongs
to the type IV isothermal curve. When P/P, is less than 0.8,
the isothermal curve shows a linear relationship, which
indicates that the adsorption was caused by the adsorption
of monolayer molecules within the range of 0~0.8 relative
pressure. When the relative pressure ratio is greater than
0.5, the adsorption curve increases obviously, indicating
that there was multi-molecular layer adsorption or capillary
condensation in the material. Fig. 2b shows the pore-size
distribution of WS,/ZnS. The two pore size peaks indicate
that the pore sizes of the composite materials are mainly

2.2 nm micropores and 57.9 nm mesopores. These results
suggest that the material contained micropores and meso-
pores which can promote the surface adsorption of organic
molecules.

3.3. Photocatalytic performance test

We tested the photocatalytic properties of the three
materials (WS, ZnS and WS,/ZnS), which are shown in
Fig. 3a. ZnS had good photocatalytic performance. However,
the rate of degradation was not particularly fast. It took
140 min to degrade rhodamine B to the original concentra-
tion of 53%. The adsorption performance of pure WS, had
a good behavior, which could absorb large amounts of pol-
lutants (90%) before illumination. However the photocat-
alytic efficiency of WS, was poor. The WS /ZnS composite
material prepared by us had the advantages of both WS,
and ZnS, which could dispose of 96% organic pollutants in
water in 20 min. This indicates that the speed of WS /ZnS
treatment of organic pollutants is approximately 3-6 times
that of traditional photocatalysts, such as Fe,O,/TiO, [24],
and RGO/Cu [25]. It is suggested that WS,/ZnS composite
materials can be effectively applied in the treatment of emer-
gent organic pollutants. Although there was no significant
change in the rhodamine B concentration after illumination
for 20 min, we believe that ZnS would degrade rhodamine
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Fig. 2. (a) Adsorption-desorption isotherms of WS,/ZnS and
(b) pore-size distribution of WS,/ZnS.

B, which had already been absorbed by WS,. The catalyst
reuse experiment proved our point. As shown in Fig. 3b,
repeated photocatalytic experiments prove that ZnS has
low catalytic performance but good recyclability. However,
WS, had poor repeatability in the repeatability experiment,
indicating that adsorption performance was dominant in
the treatment of pollutants of WS,. In contrast, the WS,/ZnS
composite prepared by us had high repeatability. After the
WS,/ZnS catalyst was recovered and used 5 times, the cat-
alytic activity was still close to that of the first use. In addi-
tion, the ability of the WS,/ZnS composite to treat complex
organic pollutants in water environment (containing three
different dyes, rhodamine B, methylene blue and crystal
violet) was also tested. As shown in Fig. 3c, the WS,/ZnS
composite also has good absorption-catalytic activity for
complex polluted water environments, and can still treat
more than 90% of pollutants within 20 min. The results show
that the WS,/ZnS composite material designed by us had
high performance of adsorption-photocatalytic treatment
of organic matter in water and efficient recovery and reuse
performance.

3.4. Characterization of optical properties

From the above photocatalytic experiment, the ZnS
material played a catalytic role in the composite materials,
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Fig. 3. (a) Photocatalysis efficiency (1) of rhodamine B by ZnS,
WS, and WS,/ZnS, (b) photocatalytic properties of the three
materials for recycling and (c) photocatalysis efficiency (1)
of the dye mixture by WS,/ZnS.
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Fig. 4. (a) Photoluminescence spectra of WS,/ZnS and ZnS and
(b) energy band and electron transfer diagram of WS, and ZnS.

while WS, mainly played a role in absorbing pollutants.
To analyze whether WS, played other roles, we tested the
photoluminescence spectra of WS /ZnS and ZnS. It can be
clearly seen from Fig. 4a that the ZnS material had strong
luminescence peaks at 403 and 524 nm, which were mainly
attributed to the radiation recombination of non-equilibrium
carriers caused by the sulfur vacancy and zinc vacancy defect
as the recombination center [26]. However, after ZnS was
compounded by WS, the intensity of the two luminescence
peaks decreased significantly. This is because the special
band position of WS, leads the transfer of photogenerated
carriers. As shown in Fig. 4b, the semiconductor heterojunc-
tion was formed after WS, contacts with ZnS. According to
the minimum energy principle, the photogenerated holes
generated by ZnS would be transferred to the valence band
of WS, with lower energy. The transfer of carriers could
effectively achieve the separation of electron holes, thus
improving the life of photocarriers, and finally achieving the
improvement of photocatalytic efficiency.

4. Conclusions

We have presented a novel WS/ZnS adsorption-cata-
lyst, which has a good crystallization quality, a coarse sur-
face morphology, and a high specific surface area (40.6 m?/g).
The WS,/ZnS composite material combines the advantages
of WS,’s high adsorption performance and ZnS’s photocat-
alytic performance to quickly adsorb organic matter to its
surface and then completely degrade the organic pollutants
in water. WS,/ZnS could effectively adsorb and catalyze 96%

rhodamine B (100 mL of 10 mg/L) within 20 min. The WS/
ZnS composite material could be reused, with performance
remaining 98% of the first use after 5 uses. In addition, WS,/
ZnS also had excellent treatment ability for complex organic
pollutants in water environment which was simulated by
dyes. In summary, our results indicate that the WS /ZnS
composite material has great potential for adsorption and
photocatalytic performance, which will have great potential
in the emergency treatment of organic matter in water.

Acknowledgment

This work was supported by the Science and Technology
Department of Jilin Province (20220101030JC), the National
Natural Science Foundation of China (62174015), and the
“111” Project of China (D17017).

Conflicts of interest

The authors declare no competing financial interest.

Data availability

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

References

[1] FEJ. Gomes da Silva, RM. Gouveia, Global Population Growth
and Industrial Impact on the Environment, Cleaner Production,
Springer, Cham, 2020, pp. 33-75.

[2] L. Ma, Y. Chen, ]. Zheng, An efficient, stable and reusable
polymer/TiO, photocatalytic membrane for aqueous pollution
treatment, J. Mater. Sci., 56 (2021) 11335-11351.

[3] V. Maria Vinosel, S. Anand, M. Asisi Janifer, S. Pauline,
S. Dhanavel, P. Praveena, A. Stephen, Enhanced photocatalytic
activity of Fe,0,/SnO, magnetic nanocomposite for the
degradation of organic dye, J. Mater. Sci. - Mater. Electron.,
30 (2019) 9663-9677.

[4] A. Mohagheghian, K. Ayagh, K. Godini, M. Shirzad-Siboni,
Improved photocatalytic removal of acid red 14 by amino-
functionalized of Fe,0-WO, nanoparticles from aqueous
solutions in the presence of UV irradiation, Desal. Water Treat.,
74 (2017) 371-382.

[5] S.Merabet, A.A. Assadi, A. Bouzaza, D. Wolbert, Photocatalytic
degradation of indole—4-methylphenol mixture in an aqueous
solution: optimization and statistical analysis, Desal. Water
Treat., 57 (2015) 1-12.

[6] X. Hian, R. Ji, Photocatalytic degradation of methyl blue by
tourmaline-coated TiO, nanoparticles, Desal. Water Treat.,
57 (2015) 19292-19300.

[7] X. Pang, N. Skillen, N. Gunaratne, D.W. Rooney, PX.]J. Rober-
tson, Removal of phthalates from aqueous solution by
semiconductor photocatalysis: a review, ]. Hazard. Mater.,
402 (2021) 123461, doi: 10.1016/j.jhazmat.2020.123461.

[8] M.B. Wilker, K.J. Schnitzenbaumer, G. Dukovic, Recent progress
in photocatalysis mediated by colloidal II-VI nanocrystals,
Isr.]J. Chem., 52 (2012) 1002-1015.

[9]1 J. Zhang, Y. Wang, ]. Zhang, Z. Lin, F. Huang, J. Yu, Enhanced
photocatalytic hydrogen production activities of au-loaded
ZnS flowers, ACS Appl. Mater. Interfaces, 5 (2013) 1031-1037.

[10] R. Zhang, J. Xie, C. Wang, J. Liu, X. Zheng, Y. Li, X. Yang,
H.-E. Wang, B.-L. Su, Macroporous ZnO/ZnS/CdS composite
spheres as efficient and stable photocatalysts for solar-driven
hydrogen generation, J. Mater. Sci., 52 (2017) 11124-11134.



54

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

S. Feng et al. / Desalination and Water Treatment 278 (2022) 49-54

G.Wang, B.Huang, Z.Li, Z.Lou, Z. Wang, Y. Dai, M.-H. Whangbo,
Synthesis and characterization of ZnS with controlled amount
of S vacancies for photocatalytic H, production under
visible light, Sci. Rep.-UK, 5 (2015) 8544, doi: 10.1038/srep08544.
R. Zhou, M. Guzman, CO, reduction under periodic
illumination of ZnS, J. Phys. Chem. C, 118 (2014) 11649-11656.
C. Silva Ribeiro, M. Azario Lansarin, Facile solvo-hydrothermal
synthesis of Bi,MoO, for the photocatalytic reduction of CO,
into ethanol in water under visible light, React. Kinet. Mech.
Catal., 127 (2019) 1059-1071.

C.L. Torres-Martinez, R. Kho, O.I. Mian, R.K. Mehra, Efficient
photocatalytic degradation of environmental pollutants with
mass-produced ZnS nanocrystals, J. Colloid Interface Sci.,
240 (2001) 525-532.

M. Sharma, T. Jain, S. Singh, O.P. Pandey, Photocatalytic
degradation of organic dyes under UV-Visible light using
capped ZnS nanoparticles, Sol. Energy, 86 (2012) 626-633.
A.AP. Mansur, H.S. Mansur, EP. Ramanery, L.C. Oliveira,
P.P. Souza, “Green” colloidal ZnS quantum dots/chitosan nano-
photocatalysts for advanced oxidation processes: Study of the
photodegradation of organic dye pollutants, Appl. Catal., B,
158 (2014) 269-279.

H.R. Pouretedal, A.M. Sohrabi, Photosensitization of TiO,
by ZnS and bromo thymol blue and its application in
photodegradation of para-nitrophenol, ]. Iran. Chem. Soc.,
13 (2016) 73-79.

X. Li, C. Hu, H. Liu, J. Xu, B. Wan, X. Wang, ZnS nanoparticles
self-assembled from ultrafine particles and their highly
photocatalytic activity, Physica E, 43 (2011) 1071-1075.

D. Chen, F. Huang, G. Ren, D. Li, M. Zheng, Y. Wang, Z. Lin,
ZnS nano-architectures: photocatalysis, deactivation and
regeneration, Nanoscale, 2 (2010) 2062-2064.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

J. Saleem, U. Bin Shahid, M. Hijab, H. Mackey, G. McKay, Pro-
duction and applications of activated carbons as adsorbents
from olive stones, Biomass Convers. Biorefin., 9 (2019) 775-802.
O.D. Linnikov, I.V. Rodina, LV. Baklanova, A.Yu. Suntsov,
A.P. Tyutyunnik, Sorption of copper(ll) ions from aqueous
solution by activated carbon BAU-A and coal sorbent MIU-S.
The relationship between the structure of sorbents and their
sorption properties, Water Sci. Technol., 85 (2022) 3088-3106.

R. Foroutan, R. Mohammadi, A.S. Adeleye, S. Farjadfard,
Z. Esvandi, H. Arfaeinia, G.A. Sorial, B. Ramavandi, S. Sahebi,
Efficient arsenic(V) removal from contaminated water using
natural clay and clay composite adsorbents, Environ. Sci. Pollut.
Res., 26 (2019) 29748-29762.

H.Dang, L. Chen, L. Chen, M. Yuan, Z. Yan, M. Li, Hydrothermal
synthesis of 1T-WS, nanosheets with excellent adsorption
performance for dye removal from wastewater, Mater. Lett.,
254 (2019) 42-45.

N. Madima, K.XK. Kefeni, S.B. Mishra, A.K. Mishra,
A.T. Kuvarega, Fabrication of magnetic recoverable Fe,O,/
TiO, heterostructure for photocatalytic degradation of
rhodamine B dye, Inorg. Chem. Commun., 145 (2022) 109966,
doi: 10.1016/j.inoche.2022.109966.

H. Safajou, M. Ghanbari, O. Amiri, H. Khojasteh, F. Namvar,
S. Zinatloo-Ajabshir, M. Salavati-Niasari, Green synthesis
and characterization of RGO/Cu nanocomposites as photo-
catalytic degradation of organic pollutants in waste-water,
Int. J. Hydrogen Energy, 46 (2021) 20534-20546.

C.A. Arguello, D.L. Rousseau, S.P.S. Porto, First-order Raman
effectin Wurtzite-type crystals, Phys. Rev., 181 (1969) 1351-1363.



	OLE_LINK13
	OLE_LINK15
	OLE_LINK1
	OLE_LINK2
	OLE_LINK11
	OLE_LINK4
	OLE_LINK3
	_Hlk103090443
	OLE_LINK6
	OLE_LINK8
	OLE_LINK9
	OLE_LINK10
	OLE_LINK16
	OLE_LINK14
	OLE_LINK7
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24

