
331 مـجــلــة الدراســات التربـويـــة والعـلمـيـــة - كلـيــة التـربــيــة - الــجـامـعــة العراقـيــة
مـجـلــة الـدراســات التربــويــة والعـلـمـيــة - كلـيــة الـتــربـيــة - الجــامـعـة العـراقـيــةالعدد الرابع والـعشرون - المجلد الرابع - علوم الكيمياء - تشرين ثاني 2024 م

العدد الرابع والعـشـرون - المجلد الرابع - علوم الكيمياء - تشرين ثاني 2024 م

d o i . o r g / 1 0 . 5 2 8 6 6 / e s j . 2 0 2 3 . 0 4 . 2 4 . 2 2

A Review Article: Progress in Nanostructures Based on Zinc Sulfide 
as Photocatalysts for Wastewater Treatment and Antimicrobial Effectiveness

1Ali F. Ismail        ,        2Entisar E. Al-Abodi
1,2Department of Chemistry, College of Education for Pure Sciences, Ibn Al-Haitham, 

University of Baghdad, Iraq
1ali.fadel2205p@ihcoedu.uobaghdad and corresponding author;2entisar.a.1@ihcoedu.uobaghdad.edu.iq 

Abstract: 
The incessant growth of the world’s population has resulted in a persistent escalation of environmental 

pollution, which poses a significant threat to human health. Various industries, such as textiles, leather, phar-
maceuticals, and plastics, discharge harmful, non-biodegradable, and persistent organic pollutants, including 
dyes, pharmaceuticals, and pesticides, into water bodies. Consequently, the purification of industrial wastewa-
ter using environmentally friendly technologies has become a crucial focus for global research. Photocatalytic 
technology, a pioneering approach rooted in AOP (Advanced Oxidation Processes), emerges as a sustainable 
solution to address the escalating environmental challenges. In the field of photocatalysis, the photocatalyst 
is a crucial component, typically composed of a semiconductor material with high solar light absorption ca-
pacity and conductivity for photogenerated charge carriers. Zinc sulfide (ZnS), an n-type semiconductor with 
diverse morphologies and band gap energies (Eg = 3.2–3.71 eV), has been identified as a particularly promising 
photocatalyst for the removal of organic pollutants from wastewater, especially under (UV, Vis) and sunlight 
irradiation during wastewater treatment. This review comprehensively examines the impact of various synthe-
sis parameters, such as the type and concentration of precursors, dosages of capping agents, reaction time and 
temperature, metal doping, ZnS concentration in heterostructures, etc., and properties, including particle size, 
morphology, band gap energy, and surface properties, on the photocatalytic efficacy of ZnS-based photocata-
lysts in degrading diverse organic pollutants. Zinc sulfide (ZnS) nanoparticles were systematically evaluated 
for their antimicrobial properties against four pathogenic strains. The discussion is structured to offer a compre-
hensive understanding of the intricate interplay between synthesis conditions and resulting properties, with the 
aim of advancing the optimization of ZnS-based photocatalysts for effective wastewater treatment applications. 
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مستخلص:
أدى النمــو الســكاني المســتمر في العــالم إلى تصاعــد مســتمر في التلــوث البيئــي ممــا يشــكل خطــرا كبــرا عــى صحــة الإنســان. 
تقــوم الصناعــات المختلفــة مثــل المنســوجات والجلــود والأدويــة والبلاســتيك بإطــاق الملوثــات العضويــة الضــارة وغــر القابلــة 
للتحلــل والملوثــات العضويــة الثابتــة بــا في ذلــك الأصبــاغ والأدويــة والمبيــدات الحشريــة إلى المســطحات المائيــة. ونتيجــة لذلــك، 
أصبحــت تنقيــة ميــاه الــرف الصناعــي باســتخدام تقنيــات صديقــة للبيئــة محــورًا حاســاً للأبحــاث العالميــة. تظهــر تقنيــة التحفيــز 
الضوئــي، وهــي نهــج رائــد متجــذر في AOP )عمليــات الأكســدة المتقدمــة( كحــل مســتدام لمواجهــة التحديــات البيئيــة المتصاعــدة. 
ــة عــى  ــة ذات قــدرة عالي ــا حاســاً ويتكــون عــادةً مــن مــادة شــبه موصل ــي مكونً ــي، يعــد المحفــز الضوئ ــز الضوئ في مجــال التحفي
امتصــاص الضــوء الشــمسي وموصليــة لحامــات الشــحن المولــدة ضوئيًــا. تــم تحديــد كبريتيــد الزنــك )ZnS(، وهــو أشــباه 
الموصــات مــن النــوع n مــع أشــكال متنوعــة وطاقــات فجــوة النطــاق )عــى ســبيل المثــال = 3.2–3.71 فولــت(، باعتبــاره محفــزًا 
ــا واعــدًا بشــكل خــاص لإزالــة الملوثــات العضويــة مــن ميــاه الــرف الصحــي، خاصــة تحــت )الأشــعة فــوق البنفســجية،  ضوئيً
ــر  ــامل تأث ــكل ش ــة بش ــذه المراجع ــث ه ــي. تبح ــرف الصح ــاه ال ــة مي ــاء معالج ــمس أثن ــعة الش ــعيع أش ــي( وتش ــوء المرئ والض
معلــات التوليــف المختلفــة مثــل نــوع وتركيــز الســائف، وجرعــات عوامــل الســد، ووقــت التفاعــل ودرجــة الحــرارة، ومنشــطات 
المعــادن، وتركيــز ZnS في الهيــاكل المتغايــرة، ومــا إلى ذلــك، والخصائــص، بــا في ذلــك حجــم الجســيمات، والتشــكل، طاقــة فجــوة 
النطــاق، وخصائــص الســطح، عــى فعاليــة التحفيــز الضوئــي للمحفــزات الضوئيــة المعتمــدة عــى ZnS في تحلــل الملوثــات العضويــة 
المتنوعــة. تــم تقييــم الجســيمات النانويــة مــن كبريتيــد الزنــك )ZnS( بشــكل منهجــي لخصائصهــا المضــادة للميكروبــات ضــد أربــع 
ســالات مســببة للأمــراض. تــم تنظيــم المناقشــة لتقديــم فهــم شــامل للتفاعــل المعقــد بــن ظــروف التوليــف والخصائــص الناتجــة 

بهــدف تعزيــز تحســن المحفــزات الضوئيــة المســتندة إلى ZnS لتطبيقــات معالجــة ميــاه الــرف الصحــي الفعالــة.
الكلمات المفتاحية: الهياكل النانوية ZnS؛ الملوثات العضوية؛ معالجة مياه الصرف الصحي؛ النشاط المضاد للميكروبات.
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1. Introduction 
Nanoscience is a specialized field 

in science that focuses on thoroughly 
studying the properties of materials at 
the nanoscale. The main emphasis is on 
carefully examining the unique charac-
teristics and size-dependent properties 
found in solid-state materials [1-3].

 Various methodologies exist for 
the preparation of nanomaterials, en-
compassing conventional chemical 
approaches as well as environmentally 
sustainable green methods employing 
extracts derived from plant sources 
[4]. The synthesis of nanomaterials in-
volves the manipulation of materials at 
the nanoscale, and the choice of method 
holds significant implications for both 
the efficiency of the process and its eco-
logical impact [5]. Traditional chemi-
cal methods, rooted in well-established 
principles of chemistry, are juxtaposed 
with emerging green approaches that 
leverage the inherent properties of 
plant extracts to foster the synthesis 
of nanomaterials in an eco-friendly 
manner. This duality in methodologies 
underscores the dynamic landscape of 
nanomaterial preparation, where the 
pursuit of technological advancement 

converges with the imperative to miti-
gate environmental impact [6,7]. 

Contamination of wastewater with 
non-biodegradable toxic and organic 
pollutants poses a significant challenge 
for both the environment and public 
health, particularly in the context of 
industrial activities such as textiles, 
plastics, paper, food, and cosmetics [8-
19]. 

Approximately 20% of total indus-
trial polluted water is attributed to the 
discharge of industrial wastewater, pri-
marily from the textile sector [20]. 

The presence of even minute con-
centrations of organic dyes in water 
can have adverse effects on the envi-
ronment and human health, including 
skin irritations, respiratory issues, and, 
in severe cases, serious illnesses such 
as cancer [21,22].

A considerable portion of industrial 
dyes, particularly azo dyes with aro-
matic structures, exhibits poor degrad-
ability under natural conditions, neces-
sitating effective wastewater treatment 
before discharge [23,24].

Nanoparticles are employed to en-
hance the intrinsic characteristics of 
specific materials intended for medical 
applications, notably in the realms of 
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anti-cancer and dental materials. This 
utilization involves leveraging the 
unique properties and dimensions of 
nanoparticles to augment the perfor-
mance and efficacy of said materials, 
thereby contributing to advancements 
in medical science and therapeutic mo-
dalities [25,26].

-Nanomaterials possess many opti‏
cal, electrical, and magnetic properties 
that distinguish them from other mate-
rials due to the large surface area that 
these materials possess [27-30].

The escalating consumption of phar-
maceuticals, particularly antibiotics, 
has led to the detection of a significant 
residue in surface water, soil, sewage, 
and wastewater from pharmaceutical 
industries. The prolonged presence of 
pharmaceutical contaminants in water 
systems contributes to the development 
of antibiotic resistance in pathogens 
and various microorganisms, necessi-
tating the removal of pharmaceutical 
products and other organic pollutants 
from wastewater to mitigate environ-
mental and public health risks [31,32].

To address the aforementioned con-
cerns, advanced oxidation processes 
(AOPs) have emerged as a promising 
approach, utilizing highly reactive 

oxidant species such as hydroxyl and 
superoxide ion free radicals to decom-
pose organic pollutants into harmless 
by-products such as water and carbon 
dioxide [33]. 

Photocatalysis, a specific AOP uti-
lizing semiconductor materials as cat-
alysts [34], has gained attention as a 
sustainable and efficient technology 
for environmental remediation. Semi-
conductor-based photocatalysis, par-
ticularly employing metal sulfides 
nanostructures, stands out as a viable 
method due to its simplicity, ecologi-
cal friendliness, low cost, and high ef-
ficiency [35,36].

Among the class of transition met-
al semiconductors, zinc sulfide (ZnS) 
has gained prominence as a photocat-
alyst, possessing attributes such as a 
wide band gap, thermal stability, high 
electronic mobility, water insolubili-
ty, non-toxicity, and cost-effectiveness 
[37-39]. 

Despite its effectiveness under UV 
light irradiation, ZnS nanostructures 
face limitations in visible and sunlight 
due to intrinsic defects and wide band 
gap energies, resulting in suboptimal 
photocatalytic performance [40-43].

Various strategies, including mor-



phology engineering [44,45] doping 
[46,47] defect engineering [48-50], 
dye sensitization [51], and heterostruc-
tures construction [52], have been em-
ployed to enhance ZnS photocatalytic 
efficiency.

This review aims to consolidate and 
update information from the past five 
years on ZnS-based photocatalysts, 
specifically focusing on their applica-
tion in degrading diverse organic pol-
lutants under sunlight irradiation and 
(UV, Vis). The objective is to assess 
the photocatalytic efficacy of ZnS-
based materials in treating of organic 
pollutants, with implications for poten-
tial enhancements in wastewater treat-
ment efficiency.

2. ZnS Nanostructures 
Photocatalysts for Organic 

Pollutants Degradation 
Zinc sulfide (ZnS) is recognized as 

a semiconductor with wide band gap, 
with a band gap energy spanning from 
3.25 to 3.74 eV [53], for the cubic 
structure and 3.52 to 3.64 eV [54], for 
the hexagonal structure. In the hexag-
onal structure, there is a significant ex-
citon binding energy of (40 meV) [55]. 
The reported band gap energy (Eg) for 

ZnS varies from 2.5 eV [56] to 4.64 
eV [57], but the majority of values tend 
to cluster around Eg = 3.21–3.71 eV, 
as depicted in Figure 1. Noteworthy 
is ZnS’s heightened sensitivity to UV 
light absorption (λ < 340 nm), account-
ing for about 4% of total sunlight. 

To expand the applicability of ZnS 
photocatalysts into the visible light 
range (λ ≥ 420 nm) within the solar 
spectrum, efforts have focused on re-
ducing the band gap energy and ad-
justing the positions of the conduction 
band (CB) and valence band (VB) edg-
es. Various strategies have been ex-
plored, including altering morphology 
[56].  doping with metal/nonmetal ions 
[57,58], creating semiconductor nano-
composites [59]., and controlling sur-
face defects [60].
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Achieving modulation of ZnS pho-
tocatalyst characteristics requires a 
thoughtful selection of a straightfor-
ward, efficient, environmentally friend-
ly, and economically feasible synthesis 
method, coupled with easy adjustments 
to operational parameters. Additional-
ly, during the photodegradation pro-
cess, it is crucial to consider several 

key factors. These factors encompass 
the amount of photocatalyst used, the 
type and concentration of the specific 
pollutant targeted, and the attributes of 
the irradiation source, including both 
its type and intensity using hydrother-
mal and refluxing methods for (Methy-
lene Blue, MB and Tropaeolin O, TO) 
[21,61] as presented in Table 1. 

Figure 1. Band gap energy values and the variation with ZnS NPs’ 
morphologies: spheres (a), nanosheets (b), nanotubes (c), random (d), and rod-shape (e). 

Table 1. Organic pollutants degradation in wastewater treatment  
of ZnS-based photocatalysts



2.1. Zero Dimensional ZnS-Based 
Nanostructures 

(0D) nanostructures, encompass-
ing entities like  nanodots,  quantum 
dots, polymer dots, magnetic nanopar-
ticles and fullerene exhibit nanoscale 
dimensions in all three directions, 
primarily manifesting as spherical or 
quasi-spherical particles with a diam-
eter below 100 nm. These materials 
possess structural characteristics, in-
cluding high specific surface areas and 
ultra-small dimensions, resulting in a 
greater number of active sites per mass 
unit  and quantum confinement effects 
within specific dimensions [62].

Given their outstanding optical and 
electronic properties, along with attri-
butes such as non-toxicity, physico-
chemical stability, and cost-effective 
synthesis procedures, ZnS quantum 

dots (QDs) have garnered increasing 
attention as promising photocatalysts 
for removing organic pollutants from 
wastewater. 

To address the challenge posed by 
the wide band gap energy of ZnS QDs, 
researchers frequently employ a strat-
egy involving the doping of ZnS QDs 
with suitable elements, such as metal 
atoms or ions. This approach aims to 
facilitate electronic transitions at en-
ergies corresponding to visible light 
wavelengths [58] as presented in Table 
2. The dopants not only serve as cen-
ters for visible light absorption but also 
function as trapping sites for charge 
carriers (electrons or holes). This dual 
role helps prevent recombination and 
promotes the necessary charge separa-
tion crucial for efficient photocatalytic 
reactions [21,51].

Table 2. The photocatalytic, structural and optical properties 
of undoped and metal doped ZnS QDS’ photocatalysts. 

η* is pollutant degradation efficiency after t min of irradiation.
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2.2. One Dimensional ZnS-Based 
Nanostructures 

In recent years, there has been a 
surge in scientific interest surround-
ing one-dimensional nanostructures 
(1D NSs), which include nanospheres, 
nanorods, nanotubes, and nanowires. 
These structures possess one dimen-
sion exceeding the nano-scale range 
(1–100 nm), while the other two di-
mensions remain within the nanoscale, 
leading to distinctive characteristics. 
The growing fascination with 1D NSs 
can be attributed to their diverse mor-
phologies, chemical compositions, and 
structural variations. Considerable ef-
forts have been dedicated to synthesiz-
ing nanostructured ZnS photocatalysts, 
with a specific emphasis on achieving 
controlled morphologies. These mor-
phologies encompass nanospheres 
[56] nanotubes, nanosheets [63] and 

nanorods [56]. Among the noteworthy 
1D ZnS NSs, nanotubes stand out due 
to their hollow mesoporous structure, 
providing a significant specific sur-
face area. This feature contributes to 
enhancing their optoelectronic prop-
erties, including band gap energy (Eg) 
and electron conductivity. In contrast, 
nanorods exhibit solid structures with 
lengths typically ranging between (10) 
and (20) nm, often featuring hexago-
nal cross-sections. The investigation of 
core-shell nanorod structures has been 
extensive [64].

Figure 1 illustrates a variety of ZnS 
NS morphologies along with the cor-
responding values of band gap energy. 

The schematic representation of 
the photodegradation mechanism for 
Methylene Blue (MB) dye utilizing 
one-dimensional (1D) ZnS nanosheet 
(NS) catalysts is delineated in Figure 2. 

Figure 2. The mechanism of the reaction proposed for MB dye degradation 
under UV irradiation, in presence of  one Dimensional ZnS photocatalyst. 



Upon exposure to UV radiation, 
photo-induced electron-hole pairs are 
engendered on the valence band (VB) 
and conduction band (CB) of the ZnS 
photocatalyst, and these pairs are sub-
sequently conveyed to the surface of the 
ZnS nanoparticles (NPs). The ensuing 
interaction of photogenerated electrons 
(e-) and holes (h+) with adsorbed wa-
ter and oxygen molecules on the ZnS 
NPs’ surface results in the production 
of superoxide anion radicals (O2

–•) and 
hydroxyl radicals (HO•). These highly 
reactive species function as oxidizing 
agents, leading to the decomposition of 
MB dye molecules into carbon dioxide 
(CO2), water (H2O), and another salt 
ions [65].

The influence of capping agents and 
silver (Ag) doping on the morphology, 
photocatalytic and optoelectronic char-
acteristics of ZnS NS photocatalysts 
has been extensively investigated in 
various studies. Notably, recent works 
[57]. have explored the comparative 
photocatalytic activities of ZnS and 
Ag-ZnS catalysts in the degradation 
of different dyes. These investigations 
were conducted under UV and irradia-
tion of sunlight conditions, providing 
insights into the nuanced impact of 

Ag-doping and capping agents on the 
catalytic performance of ZnS NS pho-
tocatalysts.

3. ZnS Nanostructures 
as antibacterial agents 

Antibacterial compounds are distin-
guished by their ability to eliminate 
bacteria in a specific area or hinder their 
growth, all while demonstrating min-
imal toxicity to surrounding healthy 
tissues. Many antibacterial agents 
originate from entirely natural sourc-
es are created through chemical alter-
ations of natural compounds, including 
β-lactams [66-69]. Furthermore, en-
tirely synthetic antibiotics, such as sul-
fonamides, have been formulated for 
their antibacterial efficacy [70]. 

The sensitivity of bacteria to 
nanoparticles (NPs) extends beyond 
the structural features of the cell wall 
in both gram-positive and gram-neg-
ative bacteria [71]. Instead, bacterial 
susceptibility or resistance to NPs is 
intricately connected to the character-
istics and composition of the nanopar-
ticles themselves. For instance, the re-
sponse to copper oxide nanoparticles 
(CuO NPs) varies among different bac-
terial strains. Specifically, Escherich-
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ia coli (gram-negative) demonstrates 
high susceptibility, whereas Staphylo-
coccus aureus (gram-positive) and Ba-
cillus subtilis (gram-positive) exhibit 
comparatively lower susceptibility to 
CuO NPs [64]. 

The contemporary surge in world-
wide attention towards the antibac-
terial attributes of zinc compound 
nanoparticles, particularly those com-
posed of zinc sulfide (ZnS-NPs), has 
attracted substantial interest [72]. Zinc, 
an essential trace element, assumes an 
indispensable role in nearly all biolog-
ical processes, although bacteria ne-
cessitate trace quantities of zinc for es-
sential functions, an abundance of this 
metal can induce deleterious effects on 
them [73]. 

4. Conclusions 
In recent decades, a variety of ZnS 

and ZnS-based photocatalysts have 
emerged, designed for a range of ap-
plications such as wastewater and air 
treatment, CO2 reduction, and hydro-
gen (H2) production through photo-
electrolytic water splitting. This re-
view specifically concentrates on the 
latest developments in ZnS-based pho-
tocatalysts customized for wastewater 

treatment. It highlights a significant 
increase in scholarly efforts within 
a relatively short span of five years. 
The accumulated research represents a 
valuable source of knowledge for the 
wider academic community involved 
in this specific field. 

Extensive research has been dedi-
cated to enhancing the photocatalytic 
activity of ZnS within the visible light 
range. Various approaches, including 
metal doping, morphology engineering 
and heterojunction construction, have 
been explored. A significant focus lies 
on the crucial task of designing stable 
ZnS-based heterostructures. This is vi-
tal not only for boosting the photocat-
alytic effectiveness of individual ZnS 
photocatalysts, which are inherently 
prone to photo-corrosion, but also for 
extending the photocatalytic response 
into the visible region of the electro-
magnetic spectrum. 

The distinct morphologies exhibited 
by ZnS-based photocatalysts, manip-
ulated through variations in synthesis 
parameters, profoundly impact their 
photocatalytic performance. This im-
pact is evident in the distribution of the 
photogenerated electron-hole pairs and 
the adsorption capacity for reactant 



molecules. Therefore, the preparation 
methods for ZnS-based photocatalysts 
need to be simple, cost-effective, and 
energy-efficient, with feasibility for the 
application in industrial-scale. Prefer-
ably, environmentally benign tech-
niques are favored for their ease and 
economic viability in addressing both 
the removal of organic pollutants and 
the utilization of plant wastes from 
wastewater. 

Crucially, thorough investigations 
into the reusability and photostability 
of ZnS-based photocatalysts are im-
perative. These studies aim to assess 
the catalysts’ ability to undergo regen-
eration over multiple cycles, surpass-
ing four iterations, without a substan-
tial decline in the efficiency of organic 
pollutant photodegradation. 

The evaluation of ZnS nanostruc-
tures’ photocatalytic efficacy in re-
moving organic pollutants from indus-
trial wastewater plays a pivotal role. 
These assessments serve as fundamen-
tal benchmarks for initial comparisons 
and future advancements in diverse 
ZnS-based photocatalysts. The over-
arching objective is the continuous 
improvement of such photocatalysts, 
enhancing the conversion efficiency of 

solar energy for applications in green 
energy production and environmental 
remediation. 

The observed sensitivity of ZnS 
nanoparticles to microorganisms of 
notable concern highlights the vari-
ability in toxicity among different spe-
cies. Additional scholarly investigation 
is crucial to thoroughly examine the 
exact mechanisms of toxicity, thereby 
advancing our comprehension of how 
these nanoparticles affect bacterial 
sensitivity.
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