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Abstract

Pure Bi2Ss, ZnS, and different ratios of Bi2S; to ZnS, and ZnS to Bi2S; have been prepared by hydrothermal method to
investigate their efficiency in the adsorption of a toxic cationic methylene blue (MB) dye from synthetic aqueous solutions,
and to prove that the heterojunction addition of zinc sulphide to bismuth sulphide and bismuth sulphide to Zinc sulphide with
different ratios (1.0, 3.0, 7.0 wt%) significantly improved their photocatalytic activity and methylene blue dye removal.
Photodegradation time, initial dye concentrations, and adsorbent doses respectively have been studied. The optimum
conditions of methylene blue (MB) dye adsorption were at a contact time of 120 min, 0.05 g/L of pure Bi2Ss, pure ZnS, 1 wt%
Bi2S3/ZnS, and 1 wt% ZnS/ Bi2S3) in an aqueous solution of pH=7, at room temperature, and the %removal of the dye under
these conditions reached about (70%, 60%, 95%, and 91%) respectively, and the dye adsorption kinetic process has been
analysed using pseudo-first-order kinetic models. The results presented that the adsorption kinetics of methylene blue (MB)
dye followed a pseudo-first-order model very well. FTIR, XRD, XPS, and TEM techniques have been conducted to illustrate
the properties and characterizations of the prepared photocatalysts. The noticeable improvement we found in the properties
and photodegradation rate of heterostructured photocatalysts compared to single photocatalysts hold considerable promise for
the development of the novel as well as for the remediation of the environment.
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solubility in water, and before being released into
public sewage systems or surface waterways,
industrial wastewater must undergo chemical
treatment to remove harmful compounds and meet

1. Introduction

One of the most significant environmental obstacles
to the development of various businesses,
particularly the textile industry, is wastewater. Due
to the numerous varieties of synthetic dyes
employed and the poor fabric absorption of these
dyes, enormous amounts of highly colored effluent
are discharged into the textile sector [1]. Dyeing is
the process of coloring materials with colored
compounds that give them their unique tints and
make them resistant to washing, light, air, acids, and
bases[2]. Industrial dyes are one of the most
common types of water pollutants due to their high

legal limitations|[3].

Using processes including adsorption, filtration,
sedimentation, ion exchange, and others to remove
dyes from wastewater and render them useable
while continuing to create new technical systems to
remove organic contaminants found in water, such
as dyes and heavy metals, from their aqueous
solutions [4]. In the last few decades, environmental
remediation and  water  treatment  using
semiconductor material have drawn remarkable
attention. For degradation of environmental
pollutants and production of hydrogen[5]. Surface

*Corresponding author e-mail: abindary@du.edu.eg (Ashraf A. El-Bindary)
Received date 21 November 2022; revised date 19 December 2022; accepted date 22 December 2022

DOI: 10.21608/EJCHEM.2022.173941.7212

©2023 National Information and Documentation Center (NIDOC)


mailto:abindary@du.edu.eg

294 A.A. El-Bindary et.al.

sensitization, nonmetal, and metal doping are
methods that have been explored to enhance
photocatalytic  activity. ~ Unfortunately, these
methods greatly diminish the efficiency of
photodegradation due to the high possibility of
recombination between photogenerated electrons
and dopant holes [6].Another method was
investigated to increase the photocatalyst's
efficiency inside the visible light range. Mixing a
narrow band gap semiconductor with metal and/or
other semiconductors creates some unique
semiconductor heterojunctions [7]. These
semiconductor heterojunctions have demonstrated
remarkable efficiency in reducing the rate of
photogenerated electron and hole recombination,
enhancing thermal stability, and eventually
enhancing photocatalytic activity [8]. Recently,
there are many important semiconductor
heterojunctions have been reported, Metal sulfides,
in particular ZnS, have been extensively studied in
photocatalysis due to their different catalytic
characteristics compared to metal oxides [9]. Under
light irradiation, ZnS significantly impacts the
photodecomposition of organic contaminants and
the production of hydrogen from water [10].
Unfortunately, the use of ZnS as photocatalysts is
constrained by three fundamental issues. First, Due
to its unusually wide band gap size of 3.66 eV, ZnS
can only escape under UV light. The second factor
that restricts the conversion of light energy is the
photogenerated electron-quick hole's recombination.
Third, poor chemical stability could lead to airborne
oxidation by oxygen [11]. Therefore, to solve these
issues, we must increase the spacing of
photogenerated carriers and broaden the reaction
range to visible light [12]. Bi,S; is another attractive
semiconductor that has drawn attention due to its
narrow band gap of 1.3 eV. Bismuth sulfide is a
strong light absorber because of its high coefficient
of light absorption (approximately 104-105 cm™)
[13]. Due to the high rate of electron-hole pair
recombination and the inefficient separation of
electron-hole pairs, Bi,S; photocatalytic activity is
relatively low [14]. By creating a photo-absorption
wavelength  red-shift  that  increases  the
semiconductor's oxidation-reduction capacity, Bi»S;
can act as a coat on another semiconductor,
enhancing its capacity to absorb visible light and
enhancing the photochemical stability of the
semiconductor, enhancing its capacity to absorb
visible light and enhancing the photochemical
stability of the semiconductorAdditionally, the
valence band of Bi»S3 is more electronegative than
that of ZnS, while the conduction band of Bi,S; has
a smaller electropositive than that of similar ZnS
[15].
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To effectively increase the quantum yield, this study
aims to prepare a BiyS3/ZnS heterojunction
composite with efficient separation capacity,
facilitate the transfer of photogenerated carriers, and
restrict the recombination of photogenerated carriers
The structural properties and photocatalytic activity
of pure ZnS, pure Bi,S;, ZnS/Bi,S;, andBi,S3/ZnS
composites must be further discussed and
investigated. As a result, ZnS and a semiconductor
with a small band gap Bi,S;, we design and
construct a Bi,S3/ZnS composite to further increase
the catalytic effectiveness of photocatalytic
materials using visible light [16]. Using XRD,
TEM, FT-IR, and XPS, the Bi,S;/ZnS and
Bi,S3/ZnS heterojunctions were examined and
evaluated. To assess the photocatalytic activity of
the samples when exposed to visible light,
methylene blue dye was chosen as the pollutant
[17].

2. Experimental
2.1. Materials

Bismuth Nitrate Bi(NO3)3.5H,O, sodium sulphide
(Na,S), zinc acetate Zn(CH3CO0),.5(H,0)s, ethylene
glycol (HOCH>CH,OH) purchased from ADWIC.
The reagents and methylene blue dye were acquired
from Sigma Aldrich and utilized directly without
purification.

2.2. Preparation of photocatalysts

2.2.1. Preparation of Zinc Sulphide

Pure zinc sulfide is synthesized by dissolving
2.253 g zinc acetate in 20 mL of distilled water.
Subsequently, sodium sulfide 0.85 g was dissolved
in 20 mL of distilled water, which was gradually
added to the initial solution. and allowed to stir for
four hours at room temperature. The resulting white
precipitate was centrifuged, repeatedly washed with
distilled water, and dried at 80 °C [18].

2.2.2. Preparation of Bismuth Sulphide

0.97 g of bismuth nitrate is completely dissolved in
20 mL of distilled water. Furthermore, the solution
of sodium sulfide was 0.455 g in 20 mL distilled
water, which was added drop by drop and then left
for 1 h to stir at 90 °C. Finally, the resulting black
precipitate of Bi,S; nanoparticles was centrifuged,
multiple times rinsed with distilled water, and then
dried for 8 hours at 100 °C [19].
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2.2.3. Preparation of Bi2Ss/ZnS heterostructure

Bi,S3/ZnS composite was prepared by hydrothermal
method. (Bi2S3)1«(ZnS)« heterostructure where (X =
1.0, 3.0, 7.0 wt%) were prepared by reaction 2.96
m.mol  sodium  sulfide, 024 m.mol of
Zl’l(CH3COO)2.5(HzO)2 and 1.2 for Bi(NO3)3.5H20
were dissolved in 50 mL of ethylene glycol, then the
solution allowed to stir for 1 h at 90 °C.
Furthermore, the solution was transferred into a 40
mL Teflon-lined stainless-steel autoclave. Then, the
entire mixture was sealed and kept at 130 °C for 8
hours. After centrifuging the resulting dark brown
solid product, it was collected and properly cleaned
with distilled water. Finally, the precipitate
overnight dried at 100 °C [20].

2.2.4. Preparation of ZnS/Bi2Ss heterostructure

ZnS/Bi,S3 composite was prepared by hydrothermal
method. (ZnS);«, (Bi2S3)x heterostructure where (X
= 1.0, 3.0, 7.0 wt%), 2.96 mmol sodium sulfide,
0.24 mmol of Bi(NO;3);.5H,O and 1.2 for
Zn(CH3C0OO0),.5(H20), were dissolved in 50 mL of
ethylene glycol and agitated for 60 minutes at 90
°C. In addition, the mixture spent 8 hours sealed at
130 °C in a stainless-steel autoclave with Teflon
lining. After that, a centrifuge was used to separate
the dark brown solid result, which was then
thoroughly rinsed with distilled water. The
precipitate was then dried for 8 hours at 100 °C [21].

2.2.5. Material characterization

Power XRD PW 150 instrument (Philips) at a high
angle employing Cu K irradiation source, with a Ni
filter, is used to analyze the crystal structures of all
collected samples. The instrument was run at a
voltage of 40 kV and a current of 45 mA. A Nicolet
550 FTIR spectrometer was used to measure the IR
spectra in the 400-4000 cml region. TEM
imagesand particle size was collected using a
Japanese JEOL-JEM-2100 transition electron
microscope that ran at 200 keV. The fine sample
powders were suspended in alcohol and then
dropped onto a copper grid covered in holey carbon
foil to prepare the TEM samples. The grid was then
dried at room temperature. Thermo-Fisher Scientific
ESCALAB 250 was wused to collect X-ray
photoelectron  spectroscopy  (XPS) data to
investigate the surface elements and chemical states
of materials using a monochromatic Al K source.

2.2.6. Measurement of photocatalytic activity

The photocatalytic activities of the samples were
evaluated by monitoring the degradation of
methylene blue dye under UV/visible light
irradiation. A Hg lamp was purchased from
Westinghouse, UAE, and the reaction temperature
was kept at 35 °C. The degradation of methylene
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blue dye with a concentration of 10 mg/L using 0.05
g/L photocatalysts concentration of (Bi.Ss;, ZnS,
BixS3/ZnS, and ZnS/ Bi»S3). The suspension was
magnetically stirred in the dark for 30 minutes to
reach adsorption-desorption equilibrium. At given
time intervals through the irradiation, 1.0 mL of the
sample was diluted 10 times with distilled water and
then centrifuged until complete separation was
achieved. On a UV/visible/NIR spectrophotometer
(V-570), manufactured by JASCO in Japan the
samples were analyzed at the wavelengths (Amax)
664 nm for methylene blue dye.

3. Results and Discussion
3.1. X-ray diffraction

Fig. 1displays the XRD patterns of the Bi»S; and ZnS
nanoparticles, as well as the composites of 1 wt%
ZnS/Bi:S; and 1 wt% Bi»S3/ZnS. The results of the
experiment demonstrate that producing too many
sulfur ions helps produce Bi,S;. Furthermore, the
products' distinct peaks demonstrate that the
hydrothermal reaction conditions are ideal for good
crystallization[22].

As can be seen, the generated ZnS nanoparticles
exhibit peaks at 20 angles at 28.4°, 47.8°, and 56.8°,
respectively, which correspond to the (111), (220),
and (311) planes.

Three peaks are produced by the cubic of the ZnS
phase with the cell parameter. For ZnS nanoparticles.
The orthorhombic Bi,S; peaks at (310), (211), (221),
(440), and (360) may be precisely indexed to the
diffraction peaks at 20 angles of 25.9°, 28.9°, 31.8°,
45.5°, and 54.7°. However, no contaminant
diffraction peaks were seen in these samples,
indicating that they were manufactured without
impurities [23].

The XRD patterns of ZnS, Bi>Ss, 1.0% wt. Bi,S3/ZnS,
and 1.0% wt. ZnS/ Bi»S; composite is displayed.

The XRD patterns of the following materials are
shown: ZnS, Bi,S31.0% wt. Bi2S3/ZnS, and 1.0% wt.
ZnS/ Bi,S3 composite.

Diffraction peaks at 20 of 25.9°, 28.9°, 31.8, 45.5°,
47.7°, 54.7°, and 56.5°, which correspond to the
indices of the orthorhombic Bi,S; and cubic ZnS
planes (111), (211), (220), (221), (311), (360) and
(440) [24].
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Fig. 1. XRD patterns for ZnS, Bi,Ss, (1%) Bi»S3/ZnS
and (1%) ZnS/Bi,Ss.

3.2. FTIR analysis

The FTIR spectra of the produced ZnS particles
in the frequency range (300-4000 cm™) are
shown in Fig. 2, and they demonstrate IR
absorption caused by the various vibrations
involved. Bi,S; microsphere, which exhibits
different signal peak shapes and locations (25].
The interaction between too much S** and the
Bi,S; during the synthesis process, which caused
the peaks to slightly shift, can be seen [26].
According to Fig. 2, the medium intensity
stretching vibration appears at 875 cm™', and 465
cm’ can be assigned to Bi bond vibration. The
weak stretching vibration at 634cm™ and 715cm’
! is corresponding to C-S bond vibration. Thus
the existence of Bi and S can be confirmed '
[27].
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Fig. 2. FTIR spectra of ZnS, Bi,S3, (1%)Bi2S3/ZnS

and (1%)ZnS/Bi»Ss.

3.3. TEM analysis

TEM analysis was used to examine the surface
morphologies and particle sizes of prepared samples.
Bi,S3 exhibits a remarkably uniform Nano rod size
distribution with considerable aggregation, a width of
roughly 50 nm, and a length between 150 and 200
nm. After the heterojunction process, the typical
nanorods structure of Bi,S; was intact, and no
significant changes in original morphological
appearances were observed [28]. displays the ZnS
nanoparticles under a TEM microscope. As
demonstrated in the figure, The particle size
distribution of ZnS nanoparticles is constrained [29].
According to Fig. 3, which displays a picture of ZnS
nanoparticles taken with an HR-TEM, the usual
particle size of ZnS nanoparticles is around 40 nm.
According to the HR-TEM picture, the d-spacing of
the (111) planes correspond to the lattice spacing of
0.312nm. to further corroborate the identification of
the Bi»S; nanorods and the production of composites,
TEM images of 1 wt% ZnS/BixS; and 1 wt%
Bi,S3/ZnS nanocomposite were collected in Fig. 3
[30]. According to theforegoing findings, the
heterojunction not only reduced aggregation of Bi,S;3
nanorods but also decreased their diameters and
provided active sites for dye adsorption on the
surface. As a result, it is anticipated that the
nanocomposite will exhibit improved photocatalytic
properties for the breakdown of contaminants [31].

(b)

(©)
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Fig. 3. TEM images of (a) Pure Bi,S3, (b, ¢) 1 wt% ZnS/Bi,S;, and (d) 1 wt% Bi,S3/ZnS

3.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) was used to
confirm the formation of (Bi»S3, ZnS, Bi»S3/ZnS, and
ZnS/Bi,S3) Fig. 4 shows the results of an XPS survey
of ZnS nanoparticles. Because of spin-orbit coupling,
ZnS is responsible for splitting Zn 2p electron levels
are separated into Zn 2p3, (1023.0 eV) and Zn 2pi.
(1046.0 eV) components Sulfur that exists as sulfides
is represented by a single peak at 162.2 eV binding
energy value in the S 2pelectron level spectra of the
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ZnS sample depicted in Fig. 4 [32]. Furthermore, the
primary components of bismuth sulfide, Bi and S,
were also detected in the survey XPS spectrum,
supporting the production of Bi,S; nanorods (Fig. 4).
Characteristic two prominent peaks at 158.1 eV
and 163.4 eV with 5.3 spacing are found in the
high-resolution XPS of the Bi 4f area, and they
are Bi 4f;, and Bi 4fs;, respectively, inconsistent
with the typical Bi*" valance state in BisSs.
Additionally, the two peaks at 162.0 and 160.9 eV
found between Bi 417, and Bi 4fs/; were assigned to S
2pi2 and S 2p3j, respectively [33].
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Fig. 4. (a) XPS of (1%)ZnS/Bi,S;composite, (b) HR-XPS of Bi 4f, (c) HR-XPS of Zn 2p,
(d) HR-XPS of O 1s and (e) HR-XPS of S 2p.

3.5. Photocatalytic degradation of methylene blue
dye

3.5.1. Effect of photodegradation time

When exposed to UV-visible radiation, methylene
blue dye is photo catalytically degraded in the case of
pure and ZnS and pure Bi,S3 resulting in nearly 60%
and 70%, respectively. In the case of the degradation
of methylene blue dye, the addition of ZnS to Bi»S;
enhances the degradation percentage [34].

ZnS was added by different percentages (1.0, 3.0,
and 7.0 wt%), where the optimum sample was 1 wt%
ZnS/Bi,S;  with 91% degradation (Fig. 5a).
Furthermore, the degradation of methylene blue dye
was enhanced by the incorporation of Bi,S3 to the
structure of ZnS. The degradation activity reached the
maximum at 1 wt% Bi,S3/ZnS as illustrated in Fig.
5b. The degradation performance increased to 95%
and then decreased by increasing the dopant, This
could be caused by obstructing the active sites on the
photocatalyst surface [35].
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ZnS/Bi,S; and (b) photocatalytic activity of ZnS
compared with the photocatalytic activity of 1.0, 3.0,
7.0 wt% of BixS3/ZnS on methylene blue dye.
(Conditions: dye concentration = 10 mg/L, pH = 7
and catalyst dose = 100 mg/L at room temperature).

3.5.2. Effect of dye concentration

With various dye concentrations, an experiment was
undertaken, i.e., 5, 10, 20, 30, and 50 mg/L with 50
mg of 1 wt% ZnS/BixS; and 1 wt% BixS3/ZnS
photocatalysts for degradation of methylene blue dye,
According to Fig. 6, the photocatalytic degradation
efficiency dropped as the original dye concentration
increased because less light was being absorbed by
the photocatalyst. A solution with a high dye
concentration makes it harder for light to penetrate
[36]. The photocatalytic degradation mechanism may
be impacted by the number of organic contaminants,
such as dyes. At low concentrations, the typical
mechanism for deterioration involves both the
photoinduced electron and hole [37]. The degradation
mechanism is dependent on the photocatalyst's
contact angle and when compared to the preceding
mechanism, the radical concentration is not as high,
leaving a significant amount of dye behind. This is
because high concentrations of the pollutant or dye
molecules block the active centers on the catalyst
surface, and the radical concentration is lower than it
was in the previous mechanism [38].
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Fig. 6. Photocatalytic degradation at different
concentrations of methylene blue dye (a) Bi,Ss3
compared with 1.0, 3.0, 7.0 wt% of ZnS/Bi,S; and (b)
ZnS compared with 1.0, 3.0, 7.0 wt% of Bi2Ss/ZnS.
(Conditions: dye concentration = 5, 10, 20, 30, and 50
mg/L, volume = 100 mL, pH = 7, and catalyst dose =
50 mg at room temperature).

3.5.3. Effect of catalyst dose

One of the major factors impacting the kinetics of
photocatalytic degradation is the concentration of the
catalyst. The photocatalyst was used in an experiment
at dosages of 0.015, 0.025, 0.050, 0.075, and 0.1 g/L.
As seen in Fig. 7, the photocatalytic degradation of
dyes increased as photocatalyst concentration
increased. Additionally, the number of photons
adsorbed on active sites rose with the concentration
of photocatalyst, and the quantity of adsorbed dye
molecules increased as well [39].
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Fig. 7. Photocatalytic degradation at different
catalyst doses of methylene blue dye
using:(a)Bi,S3; compared with 1.0, 3.0, 7.0 wt%
of ZnS/Bi,S; and (b) ZnS compared with 1.0,
3.0, 7.0 wt% of Bi»S3/ZnS. [Conditions: dye
concentration = 10 mg/L and volume = 100 mL
and pH = 7 at room temperature].

3.6. Stability and reusability of photocatalyst

the upkeep of high photocatalytic activity and the
recyclable nature of the photocatalysts are the two
parameters that are most crucial for practical
applications. Hence, to investigate the stability of
ZnS, Bi,S;, 1 wt% ZIlS/BizS3, and 1 wt% Bi,S3/ZnS
photocatalysts, we conducted tests on the
photocatalytic breakdown of methylene blue dye in
the presence of UV light. The photocatalyst was
centrifuged apart and cleaned with distilled water and
ethanol after each experiment [41).

The samples were then reused for other studies after
dehydrating in a 100 °C oven. As can be shown, the
efficiency of methylene blue dye degradation after
120 min decreased from 70.99% to 63.34%, 66.8% to
59.17%, 94.96% to 82.65%, and 96.5% to 86.66%
after three cycles for ZnS, 1 wt% Bi,S3/ZnS, Bi,S3
and 1 wt% ZnS/Bi,S; respectively as shown in Fig. 8.
Because it is impossible to prevent photocatalyst loss
during cycle processes, the samples' photocatalytic
activity was slightly decreased. The photocatalysts
have a high photocatalytic activity as a result, and
they are durable under UV radiation [42].
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cycles of reusability.

3.7. Degradation kinetics

To measure the impact of different alterations on the
photocatalytic activity of ZnS, BiS;, 1 wt%
Bi,S3/ZnS, and 1 wt% ZnS/Bi,S;, the first-order
reaction kinetic equation In(C/Cy) = —kt was used to
fit the kinetics of methylene blue dye degradation
(where C; and Cy represent the methylene blue dye
concentrations at the start of the experiment and
during it, respectively; k represents the reaction rate
constant, and t represents the reaction time) [43].

Different photocatalysts degrade methylene blue dye
in a pseudo-first-order kinetics manner with a
correlation coefficient. (R?>= 0.99045, 0.99345,
0.96922, and 0.97936) for ZnS, Bi:Ss, 1 wt%
Bi2S3/ZnS and 1 wt% ZnS/Bi,S3, respectively[44].
The first-order equation kinetics that characterizes the
photocatalytic degradation of methylene blue dye is
indicated by the slope of the first-order linear plot, as
shown in Fig. 9. The apparent rate constants for the
degradation process are estimated graphically and are
found to be, -0.00298, -0.01143 and -0.00292 min™!
for pure ZnS, Bi»S;, 1 wt% Bi2S3/ZnS and 1 wt%
ZnS/Bi,Ssrespectively [45].
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Fig. 9. Photocatalytic degradation kinetic curves
of methylene blue dye over (a) BisSs, 1 wt%
ZnS/Bi,S3 and (b) ZnS, 1 wt% Bi,S3/ZnS in

comparison with the photocatalytic activity of
photocatalysts (100 mg/L dye concentration,
0.05 g/Ldosage, and pH = 7) under UV
irradiation.

3.8. Photocatalytic mechanism

Reactive radical capture tests were carried out to
identify the primary active elements in the
photocatalytic degradation of methylene blue dye and
investigate its photocatalytic process. Electron-hole
recombination events were triggered when photons
with energies larger than the semiconductor bandgap
illuminated the photocatalyst [46]. Then, on the
photocatalyst surface, photoactive centers were
produced and electron-hole pairs were separated
[47].

During the irradiation of the photocatalyst, these
photoactive centers created the reactive species ¢, h”,
'OH, and °O, leading to redox reactions that
degraded the dyes. Uncertainty persists over the role
of valence band holes and conduction band electrons
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in the photocatalytic process. understanding the
mechanism of ZnS, Bi;S3, 1 wt% Bi,S3/ZnS, and 1
wt% ZnS/Bi,S; in the methylene blue dye
degradation hinges on determining which reactive
compounds have the greatest impact [48]. The
photocatalytic reaction on the degradation of
methylene blue dye over Bi,S; photocatalyst requires
the separation of photoelectrons and holes as well as
the absorption of light by the samples; the potential
photodegradation mechanism of Bi,S; is depicted in
Fig. 10 (a). Bi,S3; microsphere's 1.3 eV narrow band
gap allows it to absorb visible light [49]. Bi,S;3 is
easily inspired to produce photon-generated carriers
under visible radiation. And generated electrons from
the valence band of the Bi,S; photocatalyst are then
easily transported to the suitable power conduction
band, leaving a lot of holes there [50]. Even better,
the architectures of the samples can successfully stop
photoelectrons and holes from recombining,
increasing photocatalytic activity. Hydroxyl radical
production may be aided by gaps in the
photocatalyst's valence band generated by "OH groups
absorbed on the surface. In addition, the absorbed
molecular oxygen (O) eliminates the electrons to
produce "O, radicals [51]. The radical ions "OH and
‘O, will cause the decomposition of methylene blue
dye. The following equations could be considered the
main reaction steps for the photodegradation of
methylene blue dye under visible-light irradiation
[52].

in the reaction solution of Bi,S; photocatalyst as
shown in Fig. 10 (a). While adding potassium iodide
somewhat reduced the photocatalytic degradation of
methylene blue dye, adding silver nitrate increased
the photocatalytic activity up to 90%. However, the
removal rate is significantly decreased by the addition
of a scavenger for "OH (isopropanol) and "O>" to 35%
and 21%, respectively (benzoquinone). The "OH and
‘O, shown in Egs. (1-8) are the main reactive species
during the photocatalytic breakdown of methylene
blue dye by Bi>S;[53].

The photodegradation of methylene blue dye
over ZnS was studied using silver nitrate as an (e
scavenger), potassium iodide as an (h" scavenger),
benzoquinone as an ("O,” scavenger)and isopropanol
as an ("OH scavenger) in the reaction solution of ZnS
photocatalyst. Adding silver nitrate improved the
photocatalytic  activity of ZnS while the
photocatalytic degradation of methylene blue dye has
been partially slowed down by the addition of
potassium iodide. The removal rate, however, has
significantly decreased to 45% and 29%. The addition
of a scavenger for ‘OH (isopropanol) and ‘O
(benzoquinone). As can be seen, the removal rate
drops when scavengers are present, as shown by the
following pattern: benzoquinone > isopropanol
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>potassium iodide > silver nitrate as shown in Fig. 10
(b) [54].

Therefore, the "OH and ‘O, are the major reactive
species during the photocatalytic breakdown of
methylene blue dye. When ZnS was exposed to UV
radiation, powerful photons caused -electron-hole
pairs to form. The holes were concentrated by
dissolved H,O to make "OH radiation, while the
electrons typically reacted with oxygen to produce
superoxide radiation ("O;") following Egs. (1-8)[55].
Bi,S; is one of the many semiconductors that can
produce photoelectrons and holes when activated by
visible light (light with a wavelength greater than (A >
420 nm). The reconstructed conduction band edge
potential of Bi,S; is therefore greater than that of ZnS
in the ZnS/Bi»S; composite (leaving holes on the
Bi,S; valence band) [56]. It is simple to transfer the
photogenerated holes on the ZnS valence band to the
Bi,S; valence band. The oxygen peroxide radicals
‘O, with significant oxidizing capabilities might be
produced by the photogenerated electrons from Bi»S;.
Therefore, *OH might be produced directly from the
photogenerated holes in Bi,Ss. (Egs. 1-8) provide the
key reactions.

Herein, the effects of different scavengers of
methylene blue dye photodegradation have been
explored. silver nitrate (e~ scavenger), potassium
iodide (h™ scavenger), benzoquinone ("O>~ scavenger),
and isopropanol ("OH scavenger) were added to the
reaction solution containing 1 wt% ZnS/BixS;3
composite. The findings revealed that 13.8% of
methylene blue dye could be broken down by
isopropanol, proving that hydroxyl radicals have a big
impact on photodegradation. On the other hand, in the
reaction systems including KI and benzoquinone,
respectively, 69.7% and 75.3% of methylene blue dye
were photodegraded. These findings suggested that
hydroxyl radicals might encourage methylene blue
dye photodegradation as shown in Fig. 10 (c).

photocatalyst + hv — photocatalyst (h*) +
photocatalyst (e) (1)

H,0 — H' + OH™ )
e +0,>'0, (3)
‘0, +H' > 'HO,  (4)
‘HO, + H" + ¢ — H,0; &)
H,0, +e¢ — OH +'OH 6)
h*+OH —'OH (7)

"OH or ‘O, +Organic pollutants — products — CO,
+H0 ®)
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Fig. 10. Degradation ratio of methylene blue dye over
(a) BizSs, (b) ZnS, and (c) 1 wt% ZnS/Bi,S; in the
absence and presence of 5.0 %wt. various scavengers
(potassium iodide, isopropanol, benzoquinone, and
silver nitrate) under UV irradiation for 30 min (30
mg/L dye concentration, 0.6 g/l photocatalyst
dosage, and pH = 7).

In Bi»S3/ZnS composites, For the division and
transmission of charge carriers is favorable [57].
When exposed to visible light, both ZnS andBi,S; are
readily  excited, and the accompanying
photogenerated electrons and holes are produced (Eq.
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9). The two semiconductors are nearby, allowing
photogenerated electrons to move from the ZnS
conduction band to the Bi»S; conduction band
effectively. The photogenerated electrons may
interact with the system's already-present electron
acceptors, like O, and reduce them to an anion called
superoxide radical ‘O,” (Eq. 10) Under the influence
of the band energy potential difference,
photogenerated holes in the ZnS valence band can
simultaneously migrate to the Bi»S; valence band
[58]. One way that the photogenerated holes can
function is as a direct oxidant (Eq. 11), Nonetheless,
the photogenerated holes can react with the system's
existing OH/H,O to produce the hydroxyl free radical
‘OH (Eq. 12) [59]. By oxidizing the photo-generated
hole, the decomposition of methylene blue dye can be
completed, the photo-induced Effective separation of
electrons and holes is possible, and electron-hole pair
recombination can be regulated (Eq. 11), superoxide
radical anion ‘O, (Eq. 13) and hydroxyl free radical
"OH (Eq. 14) directly[60].

Bi,S3/ZnS+ hv— Bi»Sy/ZnS (W) + (e)  (9)

O+ (e) = 'Oy (10)
(h*) + organic pollutant — Products (11)
(h*) + H,O — "OH + H* (12)
"0, + organic pollutants — Products (13)
"OH + organic pollutant — Products (14)

Fig. 11 depicts the degradation effect of methylene
blue dye over 1 wt% Bi»S3/ZnS composite with
various scavengers. Without any scavengers, the
breakdown rate of methylene blue dye after 30
minutes of illumination is 96.1%. The degradation
ratio of methylene blue dye reduces noticeably
when benzoquinone is added as a superoxide radical
scavenger, demonstrating the significance of
superoxide radical anion ‘O, in the photocatalytic
activity The degradation ratio decreases noticeably
when isopropanol is added as a hydroxyl free
radical scavenger of "OH, demonstrating that this
radical is also a significant oxidant in the
photocatalytic degradation process The degradation
ratio decreases noticeably when isopropanol is
added as a hydroxyl free radical scavenger of "OH,
demonstrating that this radical is also a significant
oxidant in the photocatalytic degradation process.
According to Fig. 11, adding potassium iodide to
the mixture significantly inhibits the degradation of
methylene blue dye, indicating that photogenerated
hole h* is crucial to the success of the photocatalytic
degradation process. It may be inferred from the
data above that h™ is primarily responsible for the
degradation of methylene blue dye. Meanwhile, the
photocatalytic ~ breakdown  process is also
accelerated by "O,~ and "OH.
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Fig. 11. Degradation ratio of methylene blue dye over
1 wt% Bi,S3 / ZnS in the absence and presence of 5.0
%wt. of various scavengers (potassium iodide,
isopropanol, benzoquinone, and silver nitrate) under
UV  irradiation for 30 min (30 mg/L dye
concentration, 0.6 g/L dosages, and pH = 7).

4, Conclusions

The conclusions section should come in this
section at the end of the article, before the
acknowledgements. The ZnS, Bi2S3, (Bi2S3)«(ZnS)i«
and (ZnS)x(BixS3)1x (x = 1.0, 3.0, 7.0 wt%)
Composites were created using a hydrothermal
process. The samples were analyzed using XRD,
FTIR, TEM, and XPS. Results show that ZnS cubic
and Bi,S; orthorhombic phases are both present,
leading to the creation of composites. By combining
the two materials, Bi;S;/ZnS and ZnS/Bi,S;
composites' absorption and transmittance can be
improved up to 91% and 95%, respectively. We get
to the conclusion that the composites exhibit strong
visible light responsiveness, strong methylene blue
dye adsorption capacity, and strong photocatalytic
activity. The kinetics were also studied, which agreed
with a pseudo-first-order very well.
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