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Keywords: percentage than ZnS alone and assisted in the photodegradation of Reactive
ZnS Red 66. Maximum adsorption was found at pH 2 and 5, indicating that the dye
ZnS/ZnO heterostructure removal was strongly pH-dependent. The highest dye removal efficiency under
Reactive Red 66 UV light was 77.7 and 91.7% using ZnS and ZnS/Zn0, respectively. Furthermore,

Photocatalytic degradation the degradation percentage of Reactive Red 66 by ZnS and ZnS/ZnO decreased

to 43.3 and 75.2% under visible light. The enhanced photocatalytic activity of
the ZnS/ZnO heterostructure is attributed to its high absorption of light,
efficient separation of electron-hole pairs, and quick surface reaction in the
heterostructure.

it is necessary to completely convert the harmful
compounds to eliminate their toxicity and
persistence. Photocatalytic processes have gained
attention as a potential solution for environmental
remediation [1,2]. Photocatalytic degradation is an
advanced process that utilizes light absorption to
generate electron-hole pairs, which then initiate
the degradation process [3]. First, the hole in the
valence band oxidizes absorbed water molecules or
hydroxide ions to create hydroxyl radicals. Then,
the electron in the conductive band reduces oxygen
molecules to produce hydroperoxyl or superoxide

1. Introduction

Industrialization has brought immense economic
prosperity but has also led to severe environmental
degradation, including water and air pollution, loss
of natural resources, and climate change. This can
be attributed to the unregulated release of
hazardous contaminants, such as dyes, chemicals,
heavy metals, organic solvents, petroleum
products, and solid wastes, into the environment.
The widespread problem of environmental pollution
significantly impacts human health, living
organisms, and ecosystems. To address this issue,
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radicals [4,5]. During photocatalytic degradation,
these species react with adsorbed
pollutant molecules and convert them to harmless
products [6-8]. In addition to pollutant
degradation, photocatalysts have also been used
for other applications, such as antifouling [9],
anti-fogging  [10], self-cleaning [11], air
purification [12], and wastewater treatment [13].
The photodegradation efficiency of photocatalysts
has been improved in recent years through metal
loading, metal doping, metal implantation, and
heterostructure design [14]. However, the particle
shape, particle size, surface area, crystal structure,
and degree of crystallinity can also affect the
photocatalytic efficiency [15,16]. Hybridizing
photocatalysts is an efficient strategy for designing
and fabricating photocatalysts  with
enhanced photo-response [17]. However, in most
cases, hybrid photocatalysts exhibit visible-light
absorption with a consequent reduction in band
gaps [18,19]. Among various semiconducting
photocatalysts, the two crystalline forms of zinc
sulfide (ZnS) are some of the most important
semiconductors. One crystalline form is cubic
(Sphalerite), and the other is hexagonal (Wurtzite),
with band gaps of 3.72 and 3.77 eV, respectively
[20]. sulfide (ZnS) is an
semiconductor material for  photocatalytic
degradation of pollutants due to its numerous
advantages. ZnS exhibits high photocatalytic
activity and can efficiently absorb light in the
visible range, making it an effective catalyst for
pollutant degradation. Additionally, ZnS s
abundant and relatively inexpensive, making it a
cost-effective option for large-scale applications.
It is also chemically stable and corrosion-resistant,
allowing it to withstand harsh environmental
conditions. Zn$S is non-toxic and environmentally
friendly, making it a safer option compared to
other toxic photocatalysts. Furthermore, ZnS can
be synthesized in forms,
nanoparticles, nanorods, and thin films, making it
versatile for use in different photocatalytic
applications [21]. Recent research has shown that
(ZnO) is capable of performing
photocatalytic degradation of
pollutants. ZnQO's unique properties include low
cost, non-toxicity, and the ability to create
photogenerated holes with high oxidation power to
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destroy environmental pollutants. However, ZnO
has a wide band gap (3.37 eV), which limits its
performance in sunlight. When used as a catalyst,
ZnO can only utilize about 3-5% of the UV light
from solar energy for photocatalytic reactions [22].
Additionally, the fast recombination of
photogenerated electron-hole must be
addressed for its application. Therefore, improving

pairs

the photocatalytic performance of ZnO by reducing
its band gap to enable absorption in the visible
region and prevent the recombination of
photogenerated electron-hole pairs has become an
important research topic among universities and
[23]. Several studies have
investigated the photocatalytic activity of ZnS/ZnO
heterostructures for the degradation of various
dyes, such as Methylene blue, Rhodamine B, Congo
Red, and Crystal Violet. For example, Fathi Sanad
et al. synthesized ZnS/ZnO heterostructures using
a sol-gel method. They demonstrated their
enhanced photocatalytic  activity for the
degradation of Methylene Blue under visible light
irradiation [24]. Li et al. fabricated porous ZnS,
ZnO, and ZnS/ZnO nanosheets by thermal
treatment of a Zn$S precursor and applied them in
Rhodamine B dye removal [25]. Sadollahkhani et
al. studied the photocatalytic properties of
ZnS/ZnO core-shell nanoparticles to degrade
Congo Red dye at different pH values [26].
Additionally, Gupta et al. showed that ZnS/ZnO
heterostructures have great potential for
degrading dyes, as they applied a ZnS/ZnO
heterosemiconductor in Crystal Violet dye removal
[27]. Overdall, ZnS/ZnO heterostructures have
shown great potential for degrading dyes through
their enhanced photocatalytic activity under both
visible and UV light irradiation. The specific
photocatalytic mechanism and efficiency depend
on the specific heterostructure configuration and
the type of dye being degraded. The ability to reuse
a photocatalyst is crucial for practical applications
of photocatalysis. Recovering and reusing the
photocatalyst can reduce costs and waste,
enhance performance, and improve the
sustainability and economic viability of the
process. This can be achieved through various
methods such as immobilization, filtration, and
surface modification or regeneration [24]. The
objective of this study is to investigate the potential

research institutes
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of photocatalytic removal of Reactive Red 66 dye
using ZnS and ZnS/Zn0. It is necessary to mention
that the application of ZnS and/or ZnS/ZnO
photocatalysts in the degradation of Reactive Red
66 dye has not been explored before. Also, the
ZnS/ZnO heterostructured
prepared under mild conditions using a one-step
reflux reaction between ZnCl; and NasS in an ethyl
pyridinium iodide ionic liquid media without the
need for calcination [28]. The study examined the

semiconductor was

effect of various experimental parameters on dye
removal, including pH, photocatalyst dosage,

initial dye concentration, and contact time.

Table 1. Properties of Reactive Red 66.

2. Materials and methods
2.1. Reagent and chemicals

All chemicals used in the experiments were of
analytical grade and purchased from Merck Co.
(Germany). The chemicals used in the study
included zinc (ll) chloride (ZnCl;), sodium sulfide
hydrated (NaxS-9H20), ethyl pyridinium iodide ionic
liquid, hydrochloric acid (HCI), and ammonia
(NH4+OH). Reactive Red 66 was obtained from
Nordex International, D.Z.E Dye Company
(Austria), and used as received. Table 1 lists the
properties of Reactive Red 66.

Structure
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SO;Na
CAS registry number 12226-33-4

Physical state Solid

Class Single azo

Color Red-purple

Empirical formula C20H15BrN4Naz0sS2

Molecular weight 629.37 g/mol

2.2. Preparation of ZnS and ZnS/Zn0O

The ZnS and ZnS/ZnO photocatalysts used in this
study were produced according to the procedure
reported in our previous work [28]. In brief, ZnS
nanoparticles were prepared by reacting ZnCl; and
NazS-9H2O in a 1:2 molar ratio under reflux
conditions for 1.5 hours. The ZnS/ZnO
heterostructure was prepared by reacting ZnCl;
and Naz$-9H20 in the presence of ethyl pyridinium
iodide with a 1:4:4 molar
conditions for 4 hours.

ratio under reflux

2.3. Dye removal studies

The removal of Reactive Red 66 dye using ZnS and
ZnS/Zn0O heterostructures was analyzed using UV-
Vis spectroscopy. The percentage of dye removal
was investigated under both UV and visible light. In
brief, 20 mL of a 20 mg/L solution of Reactive Red

66 in water was added to a beaker. Next, 0.02 g of
ZnS and/or ZnS/ZnO photocatalysts were added.
The pH of the solution was adjusted to 2, and the
solution was irradiated under UV light for 30
minutes. The solution was then centrifuged, and
the filtrate was monitored with a UV-Visible
spectrophotometer at a wavelength of 514 nm. The
effect of different parameters, including pH (2-8),
photocatalyst dosage (0.02-0.03 g), dye
concentration (5-60 ppm), and contact time (30-
90 min), was investigated.

2.4. Recycle ability test

The dye removal efficiency was determined by
measuring the dye concentration before and after
adsorption. After the dye removal reaction, the
photocatalyst was collected and washed with
distilled water. The recovered photocatalyst was
then dried in an oven at 60 °C for 1 h and reused
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under optimal conditions for dye removal. The
effect of three cycles was investigated for the
photodegradation of Reactive Red 66.

3. Results and discussion

In our previous work [28], ZnS and ZnS/ZnO were
characterized using various techniques, including
Fourier transform infrared spectroscopy (FT-IR), X-

ray diffraction (XRD), diffuse reflectance
spectroscopy (DRS), field emission scanning
electron microscope (FE-SEM), and energy-

dispersive X-ray spectroscopy (EDS) mapping. The
application of the prepared compounds in
photocatalytic degradation was mentioned in the
current study.

3.1. Photodegradation using ZnS, and ZnS/ZnO
structures

The photocatalytic degradation process of Reactive
Red 66 using ZnS and/or ZnS/ZnO typically involves
the following chemical reactions. Under UV
radiation, the photo-induced electron-hole pairs
were generated on the valance and conductive
bonds and transferred to the photocatalyst surface
(1). The holes reacted with water molecules and
formed hydroxyl radicals (HO?®) (2).
Photogenerated electrons from the photocatalyst
generated the reduction reaction of O, molecules
to anionic superoxide radicals (O;* 7) (3). Both
radicals were highly reactive and effectively
degraded the dye molecules and transformed them
into COz, H20O, and degraded products.

Photocatalyst + hv > Photocatalyst™(e”, h*)
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Photocatalyst’(h*) + H,O - HO® + H* (2)

Photocatalyst”(e”) + O, » ZnS + O,°~ (3)

The removal of Reactive Red 66 dye in the presence
of ZnS and ZnS/ZnO composite was investigated
through  batch using UV-Vis
spectroscopy. A calibration curve was prepared
based on the characteristic absorbance of the dye.
The dye removal percentage was calculated from
the following equation:

experiments

CO—Ct
R:g b
co

100 )

where Co is the initial dye concentration (mg/L)
and C; is the dye concentration (mg/L) at time t.

3.1.1. Effect of pH

It is well known that the pH of a solution affects
both the form of compounds in water (aqueous
chemistry) and the surface binding sites of
adsorbents [29]. The effect of initial pH on the
degradation of Reactive Red 66 was studied over a
pH range of 2 to 8, with a constant initial dye
concentration of 20 mg/L, an adsorbent dose of
0.02 g, and a UV irradiation time of 30 minutes. As
shown in Fig. 1a and b, high pH values (alkaline
media) decreased the photodegradation
percentage of Reactive Red 66. The maximum
uptake values were 70.7 and 91.7% using ZnS and
ZnS/Zn0, respectively, indicating that dye removal
was strongly dependent on pH. Alkaim et al. [30]
reported that more H* was available in acidic
media, improving the electrostatic attraction.
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Fig. 1. Effect of pH on the degradation of Reactive Red 66 using Zn$S (a) and ZnS/ZnO (b).
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3.1.2. Effect of photocatalyst dosage

The effect of ZnS and ZnS/ZnO dosage (0.02-0.03
g) on the photodegradation of Reactive Red 66 at
a concentration of 20 mg/L of dye was studied. The
results showed that as the photocatalyst dosage
increased, the degradation percentage increased
from 70.1 to 77.7% and from 74.2 to 90.7% using
ZnS and ZnS/ZnO, respectively (Figure 2a, b).
However, it was observed that as the dosage of ZnO
and ZnS/Zn0O increased to 0.032 g and 0.028 g,
respectively, there was a decrease in the dye
removal percentage from 77.7 to 75.9% and from
90.7 to 82%. These results indicate that an excess
of the photocatalyst causes active site saturation.
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3.1.3. Effect of initial dye concentration

The effect of the initial dye concentration (5-60
mg/L) on Reactive Red 66 removal was examined
(Figures 3a, b). The results that
photodegradation increased at dye
concentrations. The maximum percentage of
photodegradation was 72.1% and 83.5% using Zn$S
and ZnS/ZnO photocatalysts, respectively. The
degradation rate of Reactive Red 66 changed as
the initial dye concentration increased from 5-60
mg/L, with values of 40.7, 67.5, 72.1, 68.5, 65.8,
65.4, and 56.9% using the ZnS photocatalyst. The
dye removal percentages were 71.5, 83.5, 76.7,
66.7, 54.1, 47.3, and 47% using ZnS/Zn0.
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Fig. 2. Effect of photocatalyst dosage on the degradation of Reactive Red 66 using ZnS (a) and ZnS/ZnO (b).
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Fig. 3. Effect of dye concentration on the degradation of Reactive Red 66 using Zn$S (a) and ZnS/ZnO (b).

3.1.4. Effect of contact time

In the next step, the effect of contact time on dye
removal was investigated under optimal conditions
(pH of 2 and 5, photocatalyst dosage of 0.028 and
0.026 g, initial dye concentration of 10 and 20 mg/L
for ZnS and ZnS/ZnO, respectively). The removal
percentage versus contact time was studied in the

range of 30-90 min (Figures 4q, b). The dye removal
percentage of Reactive Red 66 by ZnS significantly
increased up to 30 min, and then the dye removal
slowed until equilibrium was reached. After 30 min,
the maximum dye removal of Reactive Red 66 was
obtained for ZnS (67.4%) and ZnS/ZnO (83%). At
the beginning of the process, the absorption rate
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was high due to the surface absorption of dye
molecules, which gradually decreased with the
occupation of the surface functional groups and
vacant pores. The many empty pores of the
photocatalysts were mainly responsible for the
adsorption, followed by photodegradation.
Therefore, 30 min was chosen as the optimal
contact time in this study.

The dye removal efficiency was determined using
ZnS and ZnS/Zn0O under visible light (Figure 5). The
results showed that the presence of the ZnS/ZnO
heterostructure semiconductor favored the
photodegradation process under visible light, with
a removal efficiency of 75.22% after one week.
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Fig. 4. Effect of contact time on the degradation of
Reactive Red 66 using ZnS (a) and ZnS/Zn0O (b).

3.2. Recyclability of adsorbent

Regeneration and recyclability of the photocatalyst
play an important role from an economic and
practical point of view. In this study, the ZnS and
ZnS/ZnO photocatalysts were
removal The

reused for dye

in three cycles. results of the

adsorbent’s reusability are illustrated in Figure 6. It
is noteworthy that the removal percentage after
three cycles was above 12.2 and 37.7% for ZnS and
ZnS/Zn0O, respectively.
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Fig. 5. Reactive Red 66 removal using ZnS and

ZnS/ZnO  under UV and visible light.
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Fig. 6. Recyclability study of photocatalyst for the
Reactive Red 66 removal using ZnS (a) and ZnS/ZnO
(b).

4, Conclusions

Photodegradation is the most efficient process for
dye removal. In this study, ZnS and a ZnS/ZnO
heterosemiconductor were investigated for
Reactive Red 66 removal from aqueous media.

Several factors, including the pH level of the
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solution, the dosage of the used photocatalyst, the
concentration of dye present, and the duration of
contact time, influenced the extent of dye removal.
The results revealed that the low pH values of the
solution increased the dye removal percentage of
Reactive Red 66. Furthermore, it was observed that
the percentage of dye degradation increased with
an increase in the dosage of the photocatalyst.
However, the percentage of dye removal showed a
decreasing trend as the dosage of ZnO and
ZnS/ZnO was increased to 0.032 and 0.028 g,
respectively. The degradation rate of Reactive Red
66 was found to decrease as the initial dye
concentration was increased to 20 and 30 ppm
when using ZnS and ZnS/ZnO, respectively. The
findings indicated that the ZnS/ZnO photocatalyst
was more effective in removing Reactive Red 66
through the photodegradation process compared
to ZnS alone, exhibiting a high removal efficiency
of 91.7%. The amount of dye removed under visible
light was measured to be 75.2%. The results
demonstrate that the ZnS/ZnO heterostructure has
promising potential as a dye absorbent. In the
future, this composite can be further examined and
evaluated for the removal of other dye pollutants.
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