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Abstract

ZnS has gained attention as an effective photocatalyst for the photocatalytic degradation method in wastewater treatment.
Photocatalysis is believed to be a promising solution to solve the problem of water pollution and remove organic pollutants.
Apart from other photocatalysts such as ZnO, TiO2 and MoSz, ZnS is a developing photocatalyst in this degradation method due
to its large bandgap energy. This review paper comprehensively considered the preparation (hydrothermal, solvothermal, low
temperature, green synthesis, solid-state reaction, and microwave-assisted synthesis) of ZnS, application, and some challenges
that have been faced by photocatalytic degradation methods. The adsorption and photocatalytic properties of ZnS depend on the
different morphology and size formed by different methods. ZnS modification presents higher decomposition efficiency in
removing organic pollutants.
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Abstrak

ZnS mendapat perhatian sebagai pemangkin cahaya yang terbaik untuk melakukan rawatan terhadap air yang tercemar.
Fotokatalisis dipercayai sebagai penyelesaian dalam menyelesaikan masalah air yang tercemar dan menyingkirkan pencemaran
semulajadi yang terdapat di dalam air. Selain daripada pemangkin cahaya seperti ZnO, TiO2 dan MoS:, ZnS dijadikan sebagai
pemangkin cahaya dalam kaedah pemulihan air kerana ZnS mempunyai tenaga jurang pita yang tinggi. Kertas kajian ini
merangkumi cara penyediaan (hidroterma, solvoterma, teknik suhu rendah, sintesis hijau, tindak balas keadaan pepejal, dan
sintesis berteraskan gelombang mikro) ZnS, aplikasi dan beberapa cabaran yang perlu di hadapi dalam proses rawatan air. Ciri-
ciri penyerapan dan fotokatalitik ZnS bergantung kepada perbezaan struktur permukaan dan saiz yang terbentuk dari perbezaan
penyediaan. Pengubahsuaian ZnS menunjukkan kecekapan penguraian yang tinggi kepada pencemaran semulajadi.

Kata kunci: logam disulfida, pencemar organik, penyingkiran fotokatalitik, pengurusan lestari air
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Introduction

Filtration, chemical precipitation, ion exchange
adsorption, electro deposition and membrane system
are several conventional methods of water treatment.
However, they exhibit slow and non-destructive effects
on some organic contaminants [1]. Application of
advanced oxidation methods such as photodegradation
is significant due to their complete degradation without
leaving any by-product behind. Photocatalysis has been
widely studied because it requires an exceptionally
simple procedure to generate free radicals that can
degrade organic pollutants [2]. Photocatalytic study can
be defined as the ability of some materials to speed up
a certain reaction as a catalyst in combination with
light including sunlight, UV and visible light. The term
‘photocatalytic’ designated reactions accelerated by
light but maintaining the same course as the thermal
reactions [3]. Photocatalytic activity is influenced by
the crystal structure, particle size, band gap,
dispersibility and hydroxyl of the catalyst.
Photocatalytic degradation is a study that is still
currently developing. Semiconductor photocatalysts
play an important role in photocatalytic activities.
Various studies were widely carried out by many
researchers around the globe. Among all
semiconductors, titanium dioxide (TiO) is the most
frequently used photocatalyst in study and research
regarding oxidation of organic pollutants. However, its
high potential for charge recombination has become a
limiting factor of TiO, for sunlight photocatalytic
applications [4].

Meanwhile, the single semiconductor which is the
photocatalyst only consists of one medium of
photocatalyst to degrade organic pollutant that shows
ineffective degradation rates, such as bismuth vanadate
(BiVOy), zinc oxide (ZnO) and cadmium selenide
(CdSe) [5]. ZnS is a 1I-VI semiconductor material that
exhibits a high excitation energy which is
approximately 40 meV. ZnS also has a band gap
energy of 3.7 eV and ZnS can be used as
semiconductor photocatalyst to degrade pollutants due
to its non-toxic nature, highly negative reduction
potential of excited electrons and high rate of

formation of electron-hole pairs that leads to higher
conduction band position in aqueous media [6,7]. A
study reported that ZnS is an important inorganic
material for various applications such as solar cell,
field effect transistor, photoconductors, sensors, light-
emitting materials and optical coating [8]. Moreover,
ZnS is chosen to be a photocatalyst because of its
direct wide band gap (e.g., = 3.7 V), good mechanical
stability, highly efficient conductivity, and high
electron transfer ability, aside from the ZnS
nanoparticle having a high rate of success when doped
with the polyaniline matrix [6,5]. Thus, this mini
review aimed to examine the recent preparation
technique of ZnS and its application as a photocatalyst
in water remediation.

Fundamental of photocatalytic degradation
Photocatalytic degradation technology is one of the
advanced oxidation processes (AOP) that involves
semiconductor photocatalyst and oxygen to produce
radicals in which the activity is influenced by the
crystal structure, particle size, band gap, dispersibility
and hydroxyl of the catalyst. The basic principle of
photocatalyst activation mechanism can be seen in
Figure 1. During this reaction, these photons contribute
to the excitation of electrons (e?) on the surface of
photocatalyst in the valence band when the energy of
the photons is higher than the band gap which makes
the e* rise up into the conduction band and causes the
production of a hole (h*) in the valence band. These
separated holes and electrons can recombine and
release the absorbed energy to form heat. The excited
electrons that are now in the conduction band (ecg)
will react with oxygen (O2) to form superoxide radicals
(O2) or hydroperoxide radicals (HO,). Next, these
reactive oxygen species will be wused for the
degradation of pollutants into water (H»O) and carbon
dioxide (CO2). Oz can be further used again in
secondary degradation steps where these reactions
could result in the oxidation of water molecules at the
positive hole in the valence band (h*vg) that produces
hydroxyl radicals (OH) and hydrogen ions (H*). Lastly,
the OH would react with pollutants and result in H.O
and CO; [9,10].
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Figure 1. Basic principle of photocatalysis [9]

Many studies have been carried out to test a variety of
light sources and mostly focused on the
implementation of UV light because this light provides
enough photons to generate electron hole pairs within
the catalyst. Thus, it could perform efficiently in the
production of radicals and the oxidative degradation of
the toxic and dangerous pollutants [11]. Photocatalytic
processes can use artificial UV lamps and sunlight as
the radiation source in photocatalysis. Mostly used
artificial UV lamps that were mercury lamps that can
be divided into low pressure, medium pressure and
high pressure. Moreover, sunlight also has been used in
this reaction as nearly 4 to 5% of the sunlight that
reaches the surface of earth is-in the range of 300 to
400 nm. ZnS is powerful as a photocatalyst in UV
range compared to visible range [12]. Furthermore,
sunlight has its own limitation because of its graphical
variation when compared with artificial UV lamps
[13]. Munawaroh and co-author stated that zinc
oxide/graphene oxide (ZnO/GO) had high adsorption

capacity and GO addition made the band gap narrower,
which prevented the recombination of electron and led
to high electron transfer on the ZnO [14]. The
photocatalytic activity of ZnO/GO is performed in
different irradiation times which are 15, 30, 45 and 60
minutes and the maximum wavelength is 665 nm.
Figure 3 shows that UV light is involved to activate the
photocatalytic properties of the material to form radical
species that lead to degradation of the methylene blue
dye into green compounds. From Figure 2, it is proven
that the longer the contact time, the more electrons
would be excited which contribute to production of
more h*. Mechanisms (1) to (6) show the formation of
h* which contributes to formation of hydroxyl radicals
in the photocatalytic degradation. More production of
h* would increase the photocatalytic degradation. The
percent efficiency of degradation based on formula (7)
in methylene blue with ZnO/GO 1:2 is 94.05% [14].

Excitation: Photon (hv) + Semiconductor — e cg + h* va )
Recombination: e” + h* — energy (2
Oxidation of H,0: H,0 + h* yg — e¢OH + H* 3)
Reduction of adsorbed O,: O2 + & = Oz0° 4
Reaction with H*: O,e"+ H* - eOOH (5)
Electrochemical reduction: € OOH + ¢ OOH — H,0; + O, (6)
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Figure 2. UV-vis spectra of methylene blue with ZnO/GO (1:2) and under UV illumination [14]

Preparation of zinc sulfide

In general, ZnS can be synthesised via various methods
such as solution-phase reaction, hydrothermal,
solvothermal, exfoliation, high pressure autoclave
processes, physical vapour deposition (PVD) and
chemical vapour deposition (CVD). ZnS can be easily
synthesised with the aid of autoclave at high pressure
and low temperature without the need of a catalyst
[15]. At ambient conditions, ZnS possess two crystal
structures which are zinc blend (cubic) and wurtzite
(hexagonal), meanwhile at high pressure “rock salt”
crystalline shape can be achieved but only in case of
nanostructures of ZnS [15].

Hydrothermal method

Hydrothermal method refers to the heterogeneous
reactions for synthesising inorganic materials in an
aqueous media above ambient temperature and
pressure which is used to obtain nanoparticles,
generally at relatively high temperature which is
around 200°C by using an autoclave reactor and high
pressure. In order to get the desired size and shape of
ZnS, a capping agent is applied to control the size and
shape of ZnS such as surfactants, ligands, dendrimers
and polymers [16]. In hydrothermal synthesis, this
capping agent is used to control the nanometre size of
ZnS. Thioglycolic acid (TGA) is a common capping

agent that has been studied for synthesising ZnS. It is
proven that 2ZnO/ZnS nanocable, ZnS/organic
composite nanoribbons and ZnS nanotube arrays have
been successfully synthesised by using TGA. In the
previous study, TGA was used to prevent the
chalcogenide nanocrystal accumulation which is
known as stability agents. Thus, TGA is a perfect
choice during the hydrothermal process as a capping
agent for self-assembly and crystal growth of ZnS
crystal to cluster. In this process, the temperature of
105°C is maintained during the autoclave for 7 hours.
Based on the transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) in the
range of 50 to 150 nm as shown in Figure 3, the
morphology of ZnS crystal forms some loose spheres
by accumulation of small particles. Most of the organic
molecules are degraded because of the temperature that
took place during the process. The ZnS nanocluster is
formed at the final process due to only a part of the
TGA molecule which is diffused into the ZnS
nanoparticle. The SAED pattern also shows sharp rings
of (111),(220)and (31 1) planes of cubic zinc
blended ZnS that corresponded to the XRD study
Figure. 4. The size of the nanocrystals based on the
Scherrer formula (D= 0.89A/B cos 0), estimated from
the full width at half maxima (FWHM) of the (1 1 1)
diffraction peak is about 4 nm for synthesised
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nanoparticles which are much smaller than the
spherical diameters. This indicates that the clusters are
formed from nanocrystal mass assembly. It is fair to
assume that the TGA-assisted hydrothermal process
provides a great opportunity to scale-up other
chalcogenides morphology preparation [17]. Based on
a previous study, a composite of SnO2/ZnS prepared by
hydrothermal method at 180°C showed the highest
photocatalytic activity to degrade RhB [18]. The

photocatalytic degradation of 95% is reached at the 1
g/L SnOy/ZnS dosage with 10 mg/L initial RhB
concentration, 4.59 initial solution pH and 23°C. The
photocatalytic degradation of the RhB really fitted to
the first-order kinetic model and it is also showing the
decrease of initial RhB concentration with the increase
of Sn0O./ZnS dosage. The composited SnO,/ZnS that
are prepared by hydrothermal method also showed a
stable performance during 5 runs “of reuse [18].

(b)

LSl

Intensity {a.u.)
(220)

0 20 & €
1 Thota (degree)

Figure 3. (a) TEM image of ZnS nanocluster; (b) Figure 4 XRD pattern of as-prepared ZnS nanocluster [17]

Solvothermal method

Solvothermal process refers to a heterogeneous
reaction involving the thermal decomposition of metal
complexes using the solvent mineraliser either by
boiling the contents in an inert atmosphere or in a
sealed vessel (autoclave). Solvothermal method
possesses  advantages including less  energy
consumption and simple and also some disadvantages
including need for expensive autoclaves and Teflon
liners in stainless steel, which can lead to safety
problems during  reaction processes and the
impossibility of studying in-situ reactions due to their
closed system [19]. Unlike hydrothermal route which
needs a surfactant, toxic template or capping agent to
control the size of ZnS morphology, solvothermal
method is without surfactant and needs propylene
glycol solvent at 140 °C for 12 hours to produce the
ZnS nanoplates. The SEM image in Figure 4 (a) of ZnS
exhibits flower-like morphology and a large amount of
quasi hexagonal plates which were produced via
solvothermal method.

However, in the solvothermal method, the right choice
of temperature is crucial. As can be seen in Figure 4
(b), higher temperature at 160 °C yielded non-uniform
and amorphous nature of ZnS. Obviously, this
condition via solvothermal technique did not favour the
synthesis of ZnS. This is due to the decreasing
crystallisation temperature which can be attributed to a
slight increase in photocatalytic activity, hence
temperatures higher than 140 °C mostly do not support
this method [20]. Song and co-worker carried out the
preparation of a ternary photocatalyst of zinc cadmium
sulphide by this method which was synthesised at a
maintained temperature of 120-140 °C for 3 hours [21].
The methylene blue (MB) was degraded by the
photocatalytic activity of zinc cadmium sulphide. 0.4 g
zinc cadmium sulphide photocatalyst was dispersed in
250 mL of MB solution. In this study, after a 1-hour
reaction time, at 120 °C the photocatalytic activity
showed the best photocatalytic activity compared to
140 and 130 °C as shown in Figure 5 below due to 120
°C being the lowest temperature so it is suitable for the
solvothermal method.
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Figure 5. UV-vis absorbance spectra of sample treated at 120-140 °C [20]

Low temperature method

This method basically involves low temperature (below
100°C) by a chemical reaction that occurs between zinc
ions and reduces sulphide ions in ethanol as a reaction
medium. This method requires a strong reducing agent
to have a better control reaction such as hydrazine
hydrate to have better control to convert elemental
sulphur (Sg) to reactive sulphide ions (S%) by in-situ
reduction. The sulphide ions then react on impulse with
zinc ions, since zinc chloride and elemental sulphur
were used separately as sources of zinc and sulphur
[22]. Low temperature method exhibited preferable
characteristics as it is less toxic, less time consuming,
low cost and needs low temperature without any
solvent release, low waste and environmentally
friendly [22]. The less time consumption can be
observed when the reduction of Sg into S took place in

a very short time. The reaction can be represented in
Equation (7) [20].

Equation (7) showed a rapid process as it only takes a
few seconds (30-40 seconds) of the elemental sulphur
reduction to happen. The concentration of zinc before
and after reaction was calculated to know the yield of
the reaction by using an ICP-OES spectrometer. The
reading of the ICP-OES spectrometer showed 99%
consumption of zinc precursor in the reaction which
means a very high conversion yield of the precursor to
the final product was obtained. Study of the reaction
time impact showed that longer reaction times lead to
agglomeration of less particles to bigger ones. Hence,
the reaction time should be adjusted to form the
particles as soon as hydrazine hydrate has been added.
Figure 6 (a) shows UV-Vis absorption spectra of ZnS
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quantum dots at 60 °C with different reaction times of
2, 3,5, 7 and 12 minutes which displayed that the size
of ZnS quantum dots were almost the same and that
longer time which was up to 60 minutes at 60 °C did
not influenced the particle size with absorption peak at
~257 nm. Meanwhile, Figure 6 (b) shows UV-Vis
absorption spectrum of ZnS quantum dots at 120 °C for
60 minutes. An absorption peak at 277 nm was

CoHyOH 60°C

1
ZnCly + oo+ NoHp H0 =205

= ZnS + 2HCI + Nyg Hyg + H20

observed which is red shifted as compared to the
absorption peak at 60 °C, displaying an increase in size
[22]. The photocatalytic activity of ZnS synthesised by
this method can be observed on the removal of MB
with a photocatalyst of ZnS under UV irradiation. This
study showed that ZnS succeeded in achieving removal
efficiency of 75% during photocatalytic degradation of
MB [23].
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Figure 6. (a) UV-Vis absorption spectrum of ZnS quantum dots at 60 °C for reaction time 2, 3, 5, 7, 12 minutes ()

at 60 °C for reaction time 30 and 60 minutes (b) at 120 °C for 60 minutes [22]

Green synthesis method

Green synthesis method is a biological synthesis of
nanoparticles that basically uses plants or plant extract
which is low cost, nontoxic and environmental friendly
method. A study on glucose was used as both stabilizer
and capping agent while latex solution prepared from
Jatropha curcas L. In the Jatropha curcas L there were
curcacycline A (an octapeptide), curcain (an enzyme)
and curcacyline B (a nanopeptide) equipped inside as a
potential - stabilizing and reducing agent [24,25].
Glucose is.a monosaccharide that present in the plants
with five hydroxyl groups are arranged in its own
manners along its six-carbon backbone and it is
renewable, natural, large quantity and biodegradable.
Glucose is used in this method while zinc nitrate and
sodium sulfide as zinc and sulphur source respectively.
In this method, the resulting solution was heated at
70 °C up to 6 hours. The final product of this synthesis,
can be observed in the Equation (8). The ZnS that

obtained via this method, exhibited crystallinity peak at
28.38°, 47.73° and 56.50° as shown in Figure. 7. The
peaks were assigned to the cubic of ZnSas (11 1),
(220)and (3 11). The broad peaks in XRD indicated
the formation of nanoparticles. Thus, it proved that
ZnS nanoparticles succesfully synthesized by green
method by using glucose as capping agent [24].

This method can be observed in its photocatalytic
activity in a study by Kannan et al. (2020) involving
ZnS that had been synthesised using plant extract of
Tridax procumbens (T:ZnS). Biosynthesised T:ZnS
(40 mL) nanoparticles displayed high surface area
which was 131.84 m?/g and also exhibited larger pore
size which was 12.15 nm. This high surface area was
able to promote more active sites, hence increasing the
photocatalytic ability to degrade MB achieved 98% of
degradation efficiency under visible light irradiation.
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Figure 7. XRD spectra of ZnS nanoparticles [23]

Solid-state reaction method

Solid state reaction method is a simple reaction for the
preparation of ZnS nanorods. This method utilises
simple techniques such as melting or grinding together
the starting materials or simply applying heat to a
mixture of starting materials and also without any
metal catalyst, solvent or templates. The nanoparticles
were prepared by one-step, typically solid-state
reaction of zinc chloride and sodium sulphide as zinc
and sulphide sources, respectively which will be
ground with mortar and pestle at ambient temperature

in sodium chloride flux. This method, however, needs
high temperatures because it involves precursors to
synthesise nanotubes by using a furnace at 800 °C for 2
hours for the heat treatment sample. Figure 8 shows
XRD spectra of final nanoparticle ZnS nanorods
fabricated by annealing precursor ZnS nanoparticle in
sodium chloride flux. The synthesised ZnS nanorods
have changed from cubic to hexagonal structure via
solid state reaction method [27].
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Figure 8. XRD spectra of final nanoparticle ZnS nanorods fabricated by annealing precursor ZnS nanoparticle in

sodium chloride flux
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The photocatalytic performance is known to be
dependent on the crystallinity, morphology and surface
area that are able to enhance the recombination of
photogenerated electron-hole pairs. Jothibas et al.
(2018) showed the photocatalytic activity of ZnS doped
with nickel (Ni) that was synthesised by this method.
The ZnS doped Ni was used to degrade the MB. It
proved the MB concentration decreases in the presence
of ZnS doped Ni due to destruction of the homo and
hetero-poly aromatic ring present in the MB or the fast
degradation of the dye [27].

Microwave assisted synthesis method

Microwave (MW) assisted synthesis is a heating
method that uses ionic liquids (ILs) as MW absorbing
medium to synthesise the highly crystalline ZnS
quantum dots (QDs). Imidazolium or phosphonium
cations together with many types of anions ranging
from simple anions including halides to more complex
ones included bis(trifluoromethanesulphonyl) amide
based, are two types of ionic liquids that were used in
this method. The QDs that were synthesised as the final
product were less than 5 nm in size and of wurtzite ZnS
type. MW irradiation basically is a heating method
where the dielectric heating mechanism involves
bipolar polarisation and ionic conduction that allows
for faster reactions with higher yields and higher
purities without high vacuum requirements [22]. ILs
are considered as friendly environmental media that
can be replaced with other volatile and toxic organic
solvent. It is also exhibiting some properties of high
polarity, high thermal stability, high ionic conductivity
and a good solvent for both electrolyte and organic
compounds. Hence MW assisted with IL method that
produced via ‘green’ synthesis route to produce the
nanoparticles [23]. The microwave-assisted synthesis
method to produce ZnS nanoballs with an average
diameter of 41.9 nm was composited with graphene
nanosheets (GNS) [29]. These ZnS nanoballs are made
up of many small self-assembled ZnS crystals with an
average size of 3 nm. 0.20 g of ZnS-GNS composite
was used to degrade the MB, resulting in the intensity
of the adsorption peaks of MB which gradually
diminished with increasing exposure time and finally

disappeared after about 32 minutes. This showed a
complete degradation of MB as no new absorption
peaks appeared in the visible and UV region.

Zinc sulfide as photocatalyst in photodegradation of
organic pollutant

Overall, from the syntheses listed above, they show
that photocatalytic performance of photocatalysts can
be influenced by their crystallinity, morphology, size
and surface area. Morphology-controlled synthesis are
increasing in popularity because of the structure that
decides the characteristics. Different sizes, morphology
and structure of materials exhibited different
properties. Scale quantisation of particles with
semiconductors resulted in dramatic shifts of other
essential properties. of the materials. Firstly, the
quantisationof the scale affects the electronics
characteristics of the semiconductor particle, with
ultra-small crystallites made up of a few molecular
units ‘maintaining their subtle HOMOs (Highest
Occupied Molecular Orbitals) and LUMOs (Lowest
Unoccupied Orbital Molecular Orbitals). Next,
chemical and physical properties which are dedicated
to electronic properties of the semiconductor really
depend on the size of the nanoparticles. The band gap
of the semiconductor becomes larger as the particle
size decreases and is related to an absorption shift at
shorter wavelengths hence, the level of valence band is
shifted to lower energy while conduction band are
strongly shifted to higher energies. To summarise,
Table 1 represents comparable methods of ZnS
preparation, properties and their degradation efficiency
towards degradation of pollutants.

On the other hand, many methods have been developed
to remove organic pollutants including
photodegradation ~ with  usage of ZnS as
semiconductor/photocatalyst. Among the
semiconductors/photocatalysts ~ mentioned  above,
degradation efficiency of ZnS also can be enhanced as
in binary and ternary photocatalysts.
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Table 1. Methods of preparation, properties, and their degradation efficiency

Methods of Particle Size Pollutants Source Degradation  References
Preparation and Shape of Light Efficiency
Hydrothermal Clearly observed Methyl Orange UV lamp 70% in 120 [30]
lattice fringes indicate  (MO) min
that the particles are
crystalline.
Solvothermal The shape and size Rhodamine B UV lamp 98% in 90 [31]
are uniform and it is minutes
observed that all the
nanorods are well
dispersed.
Solid-state The orbital MO Visible 88% in 75 [32]
reaction composition of well- minutes
defined particles,
which has spherical
shapes
Green synthesis ~ Revealed the crystal Phenanthrene Visible 82% in 90 [33]
structures and obvious minutes
atomic planes for
single particles
Microwave Looked like 4-chlorophenol UV lamp 100% [34]
assisted agglomerated

spherical clusters with
particle size

Binary photocatalyst

Binary photocatalyst of ZnS is when ZnS is
composited with another filler for example graphene.
This composite (ZnS-graphene) can result in new
properties of photocatalysts. The photocatalytic activity
of ZnS-graphene was observed by degrading
methylene blue (MB) in water [29]. This study used a
graphene nanosheet and the UV-Vis spectrum in the
range of 300 to 800 nm is given in Figure 9. The
characteristic absorption peak of methylene blue
solution at 663 nm was selected as the parameter
monitored to detect the methylene blue concentration.
Figure 9 shows the evolution of absorption spectra of
MB in the presence of 0.20 g ZnS-graphene

10

composites. It was found that the intensity of the
absorption peaks aligned directly to MB which
gradually declined with increasing exposure time and
finally vanished after about 32 minutes. There were no
new absorption peaks pop up in the visible and
ultraviolet region, showing the complete degradation of
MB. In addition, the photocatalytic activity of ZnS-
graphene can be observed to degrade 4-nitrophenol
(4-NP) [34]. The declining of absorption peak intensity
of nitrophenolate ion with ZnS-graphene was recorded
over time under simulated light to observe the
photocatalytic activity of the composite toward
reduction of 4-NP.
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Figure 9. Absorption spectra of a solution of MB with ZnS-graphene [29]

The reduction efficiency of ZnS-graphene and ZnS was
compared under simulated solar light illumination as
indicated in Figure 10 (a) and (b) respectively. The
time used for illumination was 70 minutes to achieve
87% of reduction efficiency with the composite while
it was only 34% with single ZnS under similar
experimental conditions. Hence, based on formula (10)
of reduction rate constant, k shows the results of
pseudo-first order reduction kinetics of 4-NP where the
k of ZnS is 6 x 10° min? while ZnS-graphene
composite is 30 x 10 min. This shows that ZnS-

graphene composite results in better efficiency
compared to ZnS and 5 times higher k than ZnS
because of its synergistic effect between reduced
graphene oxide and ZnS where graphene is responsible
for an efficient photo-induced charge separation and
transportation [35]. Then, the photo-induced electrons
generated in the ZnS nanorod high-band gap pass from
its conduction bands to the 4-NP LUMO level through
the graphene sheets and reduce the 4-NP to 4-
aminophenol [35].
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Figure 10. (a) The comparison of the reduction efficiency versus irradiation time over ZnS and ZnS-graphene (b)
Plot of In (Co/C) for the photocatalysis of 4-NP solution with ZnS and ZnS-graphene composite [34]
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Ternary photocatalyst

Ternary photocatalyst is a photocatalyst that has a
three-system photocatalysis; for example, reduced
graphene oxide-ZnS-TiO; (rGO-ZnS-TiOy). The
photocatalytic activity of ternary photocatalysts of
rGO-ZnS-TiO2 nanocomposite can be observed on its
application for crystal violet dye (CV) removal [36].
This combination is proven to be an effective
photocatalyst for the treatment of wastewater. Through
this study, the result showed that almost 97% CV dye
was removed by adsorption and photodegradation at
temperature of 35 °C with initial dye concentration of
50 ppm and nanocomposite amount of 0.4 g/L. The
study was carried out with varied loadings of catalyst
to decide the optimal amount of rGO-ZnS-TiO;
nanocomposite prepared with the aid of ultrasonic
irradiation. Based on Figure 11, the overall
photocatalytic degradations are 94.83%, 97.02% and
96.30% obtained for 0.3 g/L, 0.4 g/L and 0.5 g/L of

rGO-ZnS-TiO, nanocomposite respectively. The results
also showed that the quantity of nanocomposite
increased from 0.3 g/L to 0.4 g/L. The degradation of
CV was also increased from 94.83% to 97.02%
independently and continuous increase in the
loading of rGO-ZnS-TiO; nanocomposite at 0.5 g/L
exhibited a marginal decline in the degradation, which
was meant to be at 96.30%. rGO-ZnS-TiO,
nanoparticles displayed strong adsorption abilities and
the excessive adsorption reduced the photocatalytic
activity. Hence, the distribution of impudent loaded
nanocomposite will hinder the UV light irradiation and
the restriction can result in an efficient usage of light
resulting in declining photocatalytic degradation of CV
dye. So, the result concluded that the optimal dose of
rGO-ZnS-TiO; is 0.4 g/L with the aid of ultrasonic
illumination to obtain effective degradation of CV dye
[36].

T,
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Figure 11. The effect of catalyst loading on degradation of CV dye [35]
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Table 2. Comparison between binary and ternary ZnS composites in photocatalytic degradation

Types of ZnS Pollutants Source of Degradation References
Photocatalyst Light Efficiency
Binary
ZnS-graphene methylene blue (MB) UV light 98% [29]
RGO-ZnS 4-nitrophenol Solar Light 87% [35]
Cadmium-ZnS Methyl Orange Visible light 90% [32]
ZnS layers of ZnS(en)x ~ Chromium 1V Hg lamp 99% [37]
complex
Ternary
rGO-ZnS-TiO; crystal violet dye UV light 97% [36]
ZnS-TiO/RGO Methylene blue Visible light 90% [38]
ZnO/reduced graphene  Methyl Orange Visible Light 100% [39]
oxide (rGO)/polyaniline
(PANI)
ZnO-ZnS@Pani 2-chlorophenol Visible Light 87% [40]
Ag2S-ZnS loaded on Rhodamine B Visible light 95% [41]
cellulose

Conclusion organic dye and nitrophenols. Future studies can

Based on the overall review towards the application of
ZnS, it can be concluded that ZnS can be successfully
composited with conducting polymers. and other
photocatalysts. ZnS was able to be prepared through
various preparations and methods resulting in different
sizes and morphologies based on their SEM and TEM
images. It is also proven that different sizes and
morphologies of ZnS would result in different reactions
of ZnS towards photocatalytic studies. The smaller the
size of ZnS, the better the photocatalytic degradation of
organic pollutants. Moreover, ZnS can also act as a
photocatalyst  in “different forms including single
semiconductor, binary photocatalyst and ternary
photocatalyst. Ternary photocatalysts proved to be the
better photocatalytic as three media compositions
increased the photocatalytic behaviour of ZnS. This is
because ternary photocatalysts improved the electric
properties of the photocatalyst, hence improving the
photocatalytic degradation of organic pollutants. Last
but not least, it can be proven on the basis of the
analysis that ZnS exhibited a strong photocatalytic
activity to degrade organic contaminants such as

explore whether ZnS is able to act as a photocatalyst
which is a composite with conducting polymer.
Conducting polymer is widely used in applications
such as sensors because of its characteristics including
ease of synthesis, low density and conducting
properties. Conducting polymers show potential as it
can greatly increase conductivity has the advantages of
conventional organic polymers including strength,
plasticity, toughness and flexibility. It is believed that
composited photocatalysts with conducting polymer
increase the effectiveness of degradation because of the
increasing appropriate surface of the photocatalyst.
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