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Surface water pollution consists of various pollutants like heavy metals (Cu, Cr,
Pb, and Ni), metalloids (Se, As, and Ag), and organic pollutants (dyes, antibiotics,
pharmaceuticals, pesticides, and phenolic compounds). The escalating issue of
water pollution requires innovative solutions formitigation and climate resilience.
Although various advanced techniques are being developed for removing organic
pollutants from surface water, nanoparticles (NPs) for the treatment of toxic dyes,
antibiotics, and other organic pollutants are not yet efficiently used. In recent
years, ZnO NPs have been studied for photocatalytic degradation of dyes and
other organic pollutants. In the present review, efforts have been made to
understand the role of ZnO NP in the area of treating contaminated surface
water due to dyes and organic pollutants, aligning with the United Nations’
Sustainable Development Goals for clean water and sanitation. The review
starts with the bibliographical analysis of the last 10 years from 2015 to June
2025, retrieved from the SCOPUS database. Based on the bibliographic analysis,
an increasing trend has been noted in scholarly interest and publications related
to ZnO NPs in the last decade. The review offers a detailed understanding of the
role of ZnO NPs in removing organic pollutants and dyes from surface
wastewater. The mechanisms of degradation, adsorption, and photocatalysis
are discussed alongside environmental consequences due to the use of ZnONPs.
Additionally, challenges and future directions for enhancing the environmental
performance of ZnO-based nanomaterials are explored. In conclusion, ZnO NPs
play an important role in surface water purification; however, further research is
needed to fully understand their long-term environmental impacts.
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1 Introduction

Rapid industrial and population growth raises the demand for
water, putting immense pressure on freshwater resources, resulting
in poor-quality and deteriorated water resources (Sharma et al.,
2024). Access to clean water has become a major challenge and
global concern today. Fresh and clean water is both a resource and a
foundation for agriculture, economic stability, disease-free life,
community, and public health. Among various pollutants,
pharmaceuticals, pesticides, synthetic dyes, and industrial solvents
represent a significant threat due to their persistence, toxicity, and
resistance to conventional treatment methods. Synthetic dyes,
widely used in the textiles, leather, and plastic industries,
contribute to the discoloration and oxygen depletion of aquatic
ecosystems, thereby affecting photosynthetic activity and
biodiversity. These synthetic dyes are often resistant to
degradation, intensely colored, and toxic even at low
concentrations (Alegbe and Uthman, 2024; Islam et al., 2023).
They can obstruct sunlight penetration, disrupt photosynthesis in
aquatic plants, and interfere with oxygen levels in the water.

Industrial chemicals such as phenols and surfactants further
exacerbate these impacts by introducing carcinogenic and
endocrine-disruption effects (Puri et al., 2023). These issues pose
serious long-term risks to both environmental and human health.
For this purpose, researchers, scientists, and engineers are working
together to develop sustainable purification technologies.

One of the sustainable solutions is ensuring the removal of
organic pollutants and purification of wastewater through
photocatalytic processes. Organic pollutants like dyes, antibiotics,
and pesticides are highly toxic, nonbiodegradable, and persistent
pollutants and are not completely removed from wastewater by
simple treatment processes. Thus, new technologies like solar
photodegradation and photocatalysis with the help of
nanoparticles (NPs) are being explored on a larger scale due to
their ability to eliminate organic pollutants from wastewater and
increase the reclamation and reuse of water resources for a longer
time. Industries like textiles and power generation consume large
quantities of water in their production and operations and release
large quantities of effluent (Azanaw et al., 2022; Ip et al., 2009).

Over the past 30 years, India has emerged as a major
manufacturer of dyes, supplying not only the textile industries
but also sectors like printing, plastics, paints, rubber, paper, food,
leather, cosmetics, and pharmaceuticals (Purkait et al., 2005). The
effluent discharge from these industries has strong colors, high or
low pH, and high chemical oxygen demand (COD). The wastewater
is also highly polluted with heavy metals, unconsumed dyes,
chemicals, and surfactants that can be toxic, mutagenic, and/or
carcinogenic, impacting human health, aquatic life, and
deteriorating ecosystems (Berradi et al., 2019; Hachem et al.,
2001; Fosso-Kankeu et al., 2015; López Cisneros et al., 2002). The
release of such effluents into the nearby water resources is currently
one of the major concerns globally for both economic and ecological
environments.

Many traditional treatment methods, like coagulation,
flocculation, filtration, sedimentation, activated carbon
adsorption, and/or chlorination, have been applied in the analysis
of the effect of alterations and LA on antioxidant systems and the
removal of organic pollutants, but these processes are not able to

control microorganisms and other inorganic compounds present in
surface or ground water sources. Thus, novel water treatment
processes like advanced oxidation processes and UV disinfection
techniques are being further developed to treat surface or ground
water. In addition, the photocatalysis process is also explored by
researchers by adopting a number of NPs, including zinc oxide
(ZnO), on a larger scale due to its specific application and tendency
to remove persistent organic pollutants from the wastewaters. NPs
have unique properties, such as high surface area, reactivity, and
photocatalytic activity, making them ideal for water purification
applications (Awasthi et al., 2013; Kaur et al., 2024; Singh et al., 2020;
Taghipour et al., 2019). These properties enable NPs to effectively
remove contaminants, including organic pollutants, heavy metals,
etc., from water, providing a promising solution for addressing
global water pollution challenges.

Depending upon the requirements, different types of NPs with
distinct characteristics are used for purification. Nanomaterials such
as ZnO, graphene-based composites, titanium dioxide (TiO2), iron
oxide nanoparticles (Fe3O4), and silver nanoparticles (Ag NPs) are
used for water purification. In general, if the goal is cost effective,
scalable UV-driven degradation of organic pollutants, ZnO NPs
(especially doped or immobilized forms) generally provide better
performance than other types of NPs. For visible light or sensitive
environments, TiO2 hybrids are preferable despite higher costs.

Due to the rise in water pollution from dyes and chemicals, and
the fast progress in using ZnO NPs for treatment, there is a need for
an overview of the use of ZnO NPs as a water purifier. This review
brings together the latest research, compares different approaches,
and points out what still needs to be done for safer, cleaner water
solutions. In the present review, the main objective of this current
research is to evaluate the importance of ZnO NPs as photocatalysts
to treat the organic pollutants in wastewater. The review starts with
the bibliographic analysis of ZnO NPs for the last 10 years. After
that, the techniques of ZnO NPs for the purification of water are
discussed, followed by their mechanisms. Different modification
methods for the treatment of wastewater, including pure, doped,
immobilized, and biosynthesized forms of ZnO NPs, are discussed,
providing researchers with different fabrication and perception
toward the photocatalysis activity of ZnO when integrated into
water treatment systems targeting different organic pollutants.

2 Bibliometric analysis for computing
key research trends and geographic
distributions

The flow diagram in Figure 1 illustrates the systematic process of
selecting relevant journal papers for bibliographic analysis. A total of
535 records were initially identified through SCOPUS database
searches using the keywords “ZnO nanoparticles, Dye, and
Organic pollutants” on 5 August 2025. The results were screened
by applying a publication year filter from 2015 to 2025, and
509 records remained. Subsequently, conference papers, book
chapters, and retracted articles were excluded, narrowing the
selection to 475 journal articles. Further screening was done by
removing non-English language papers, resulting in a final set of
473 English-language journal articles. These 473 papers were
considered relevant for bibliographic analysis and are presented
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in Figure 2. A significant increase in research is observed, as shown
in Figure 2A. The average cumulative growth was 254% with respect
to the year 2015. More articles may be published in the second
6 months of 2025, which will increase the average
cumulative growth.

Geographic contributions are shown in Figure 2B, indicating that
the research in this field shows strong global participation, with major
contributions from India, China, Saudi Arabia, Pakistan, Iran, South
Korea, and several others, clearly reflecting a shared international
effort and growing interest in tackling these important issues. The top
5 key publishing journals included RSC Advances, Ceramics
International, Environmental Science and Pollution Research,
Chemosphere, and Journal of Environmental Chemical
Engineering (Figure 2C). These publications clearly indicate the
growing significance, high impact, and global recognition of
research in environmental sustainability and material science that
highlights their interdisciplinary nature.

The bibliographic analysis revealed that researchers are showing
increasing interest in the use of ZnO NPs for the treatment of
wastewater, particularly in removing dyes and organic pollutants,
highlighting their promising role in sustainable water purification
technologies. Studies from various countries and research groups
highlight the promising potential of ZnO NPs in environmental
remediation, particularly due to their photocatalytic properties and
versatility in different forms such as pure, doped, immobilized, and
biosynthesized NPs. This expanding interest underscores the
importance of understanding the underlying processes by which
ZnO NPs interact with and break down harmful organic
compounds. Hence, in the next section, the mechanism of ZnO
NP degradation and how it works to make water treatment more
effective are discussed.

3 Different techniques for the
degradation of organic pollutants

Conventional physical and chemical techniques like physical
separation, oxidation, coagulation, and adsorption have been used
extensively to remove a variety of dyes from industrial wastewaters
(Chowdhury and Viraraghavan, 2009). However, these processes
cannot effectively treat a broad range of wastewater containing
dyes, and they are very expensive treatments (Teixeira Tarley and
Zezzi Arruda, 2004). Adsorption and oxidation are the two most
convenient technologies for the removal of dyes from effluents.
Oxidation methods are still a better technique as this process
eliminates organic carbons. Photodegradation techniques adopted
by industries for the treatment of dyes or organic contamination
from water have been extensively explored because of their
advantages of speedy oxidation of organic pollutants and less or
no formation of secondary polycyclic products (Sobana et al.,
2006). Physical methods like flocculation, coagulation, reverse
osmosis, and adsorption are sometimes unable to biodegrade
the dyes; rather, they only change the phase of the
contaminants from one to another or remove suspended
particles and some aggregates of dyes. However, the removal of
soluble or permanent dyes from water is not achieved with high
efficiency (Akyol et al., 2004; Ledakowicz et al., 2001). Chemical
treatments with ozone or chlorine produce better results, but these
methods releases mutagenic and carcinogenic by-products and are
not economically feasible (Robinson et al., 2001; Kunkler et al.,
2005) Several other methods of chemical treatment and filtration
methods like ultrafiltration, microfiltration, nano-filtration, and
reverse osmosis have been developed and are more often used in
other industries, but they have high operational costs and release

FIGURE 1
Flow diagram showing the systematic procedure to select relevant articles for bibliographic analysis.
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toxic contaminants to nearby waterbodies and in ecosystems.
These methods, compared to the advanced oxidation or
nanomaterials (e.g., ZnO NPs), have a lower removal efficiency
but are used due to simplicity, particularly in large-scale municipal
settings (Bal and Thakur, 2022). Hence, conventional methods are
helpful for pre-treatment or primary removal but always require
support with advanced processes such as photocatalysis or others
to meet the maximum degradation of dye pollutants present in
surface waters. For this purpose, many economically effective and
better processes have been developed over the past decade.
Advanced oxidation processes, which contain rational amounts
of hydroxyl radical production, have been developed as a popular
technique that affects water treatment (Glaze et al., 1987).

Photocatalysis breaks down organic pollutants, like dyes, into
harmless components through a mineralization process (Almehizia
et al., 2022; Lachheb et al., 2002; Tanaka et al., 2000). The removal of
organic pollutants through photocatalytic technologies is considered
the most important and cleanest chemical technique, due to their
environmental friendliness.

Semiconductor photocatalysts have sparked considerable
interest in providing solutions to the water pollution problem.
This technology can efficiently degrade organic pollutants that
have stable organic structures, as such pollutants are difficult to
decompose. Process involves the use of SnO2, ZnO, and TiO2, which
are semiconductors and are inexpensive, non-toxic, and largely
available as photo catalysts. The effectiveness of semiconductors
as photocatalysts depends on how well the wavelengths in which the

emission wavelengths are used match the stimuli of gang splitting in
the semiconductor. Heterogeneous photocatalytic oxidation
processes are the target methods of nanotechnology and are
currently under investigation (Ahmad et al., 2015; Meng et al.,
2014; Meng and Ugaz, 2015). In recent decades, the use of ZnO as a
photocatalyst for the decomposition of dyes in wastewater has been a
more effective catalyst than other semiconductors (Daneshvar et al.,
2004; Gouvêa et al., 2000; Lizama et al., 2002). Because of the similar
energy bandgap of 3.37 eV for ZnO compared to TiO2, its
photocatalytic behavior is well matched with that of TiO2(Chun
and Yizhong, 1999). Many studies have confirmed that ZnO has
better efficiency than photocatalyst TiO2, which dismantles several
dyes, even in aqueous solutions (Sharma et al., 2017; Daneshvar
et al., 2004). ZnO is an inexpensive catalyst. These nano-catalysts
have been developed as important therapeutic tools in many
environmental applications (Danwittayakul et al., 2015). Some of
the transition metals, such as Cu2+, Mn2+, and Fe2+, have also been
added to ZnO catalysts, indicating improved reactions in
photocatalytic decomposition.

4 Mechanisms of how ZnO NPs
degrade organic pollutants

Photocatalysis is the mechanism that accelerates photoreaction
in the presence of sunlight and a catalyst. The induction of light or
absorption of photons excites the electron (e−) from the valence

FIGURE 2
Bibliometric analysis focuses on the research trends in the area of ZnONPs for the treatment of water contaminatedwith dye and organic pollutants.
(A) Article trends between January 2015 and June 2025, (B) Articles from the top 10 countries, and (C) Top 10 journals.
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band to the conduction band of the semiconductor catalyst, creating
a hole in the valence band. Thus, the radicals or electrons produced
by the photo-generated catalyst remove the dye radicals and
undergo chemical reduction to produce a superoxide radical
anion (O2

−). This type of reaction can be stimulated by the
absorption of light with sufficient energy (Abou Zeid and
Leprince-Wang, 2024; Sharma et al., 2016). At room
temperature, ZnO has a significantly large direct band gap width
of 3.37 eV, a large-scale proposed binding energy of 60 MEV, and
deep purple/boundary-ultraviolet absorption (Figure 3). The various
steps involved during the degradation of organic pollutants are
(Herrmann, 1999) as follows:

a. Absorption of photons: Photons are induced in ZnO by solar
light with photonic energy equal to hv, which is equal to or
greater than the excitation energy. As a result, electrons from
the lower energy-filled valence band are shifted and excited to a
higher energy conduction band. The electron–hole pairs are
produced due to the photo-induced process. The electron–hole
pair migrates to the surface of ZnO and is involved in different
oxidation and reduction reactions.

b. Reactive species generation: The hydrogen reacts with water
molecules and hydroxide ions to produce hydroxyl radicals,
and the electron reacts with oxygen to produce superoxide
radical anions, and then finally, hydrogen peroxide (H2O2).
H2O2 reacts with the superoxide radicals and forms hydroxyl
radicals (OH• and OH−).

c. Degradation of pollutants: These hydroxyl radicals are strong
oxidizing agents that react with organic pollutants that are
adsorbed on the surface of ZnO and produce intermediate
compounds that further change into harmless green
compounds like water (H2O) and carbon dioxide (CO2)
molecules (Rajamanickam and Shanthi, 2016).

ZnO, a highly versatile nanomaterial, can easily be
manufactured in various structures such as nanorods,
nanotubes, nanoplates, nanopellets, nanowires, and nanoflowers
(Figure 4) (Kamal et al., 2023; Lee et al., 2023). This versatility is
one of the reasons that these NP play an important role in the
purification of wastewater. The degradation of rhodamine B dye,
methylene blue, malachite green, and clofibrate acid in wastewater
is from 80% to 98% by using photocatalytic ZnO nanomaterials
(Al-Baghdadi et al., 2022; Bhapkar et al., 2023; Dodoo-Arhin et al.,
2021; Mulmi et al., 2022; Zailan et al., 2020). Researchers are
exploring the potential of various forms of ZnO nanostructures,
like pure, doped, immobilized, and biosynthesized, along with
different structures such as nanorods, nanotubes, nanoplates,
nanopellets, nanowires, and nanoflowers (Kamal et al., 2023;
Lee et al., 2023).

5 Degradation of dyes and organic
pollutants from surface wastewater
using different types of ZnO NPs

Recent advancements in the use of ZnO nanomaterials as
photocatalysts have many advanced structures, including its pure
form, doping, an immobilized form, and biosynthesized (Figure 5).

5.1 Pure ZnO NPs

Pure ZnO NPs are nanomaterials composed of zinc and oxygen
atoms only. These pure ZnONPs carry a wide band gap (approximately
3.2–3.3 eV) and provide a large surface area-to-volume ratio because of
their nanoscale size. These nanomaterials have powerful photocatalytic
properties, making them applicable for the degradation of organic
pollutants in wastewater and other environmental remediation
techniques by breaking complex organic polluting compounds into
simpler non-toxic materials like water and carbon dioxide. In addition,
pure ZnO NPs are cost-effective, easy to synthesize from plants and
microorganisms, and biocompatible.

The photocatalytic degradation of organic pollutants like methyl
orange dye was carried out by ZnO nanomaterial with a size of
200–250 nm under UV radiation. Using hydrothermal parameters,
200–250 nm sized ZnO NPs can be reused for several photocatalytic
processes (Bazrafshan et al., 2019). Crystal violet dye can be removed
from wastewater by ZnO NPs synthesized by decomposition of zinc
acetate NPs (Franco et al., 2019). The Reactive Black 5 (RB5) azo dye is
removed by ZnO nanoparticles under UV and Photo Fenton
(FeSO4.7H2O/UV/H2O2) using heterogeneous advanced oxidation
processes (Hassaan et al., 2019). Recently, researchers have worked
on the degradation of rhodamine B dye, methylene blue, malachite
green, and clofibrate acid in industrial wastewater using pure ZnO
nanomaterials and found the highest degradation efficiency of 80%–
98% in 45 min–120 min (Al-Baghdadi et al., 2022; Bhapkar et al., 2023;
Dodoo-Arhin et al., 2021; Mulmi et al., 2022; Zailan et al., 2020).

5.2 Doped ZnO NPs

Doped NPs are generated by adding various transition metals like
nickel (Ni), manganese (Mn), cobalt (Co), and copper (Cu) to undoped
or pure ZnO nanomaterials that alter their morphological and electronic
characteristics, increasing the ability of ZnO nanomaterials to degrade
organic pollutants (Figure 6). For example, Ni-doped ZnO
nanomaterials, Mn-doped ZnO NPs, and Co-doped nanomaterials
have been shown to increase surface area, crystallite size, and band
gap,making ZnOnanomaterialsmore effective in degrading organic dyes
for environmental remediation. Moreover, the doped ZnO NPs enhance
biocompatibility and antimicrobial efficacy. For example, Co-doped ZnO
NPs and Ag-doped ZnO nanomaterials have shown increased
antibacterial activity against Escherichia coli and Vibrio cholera
pathogens present in wastewater. Ag-doped ZnO NPs under UV
radiation degrade Direct Blue 15 dye and methylene blue up to 75%
under ultraviolet and solar irradiation, and Cu-doped ZnO NPs degrade
the dye with an efficiency of 70% (Ebrahimi et al., 2019a; Rodrigues
et al., 2020).

The enhanced photocatalytic activity of doped ZnO is due to the
transfer of photo-generated electrons from the conduction band of
ZnO to the Ag Fermi level, which in turn, controls electron–hole
recombination and also increases the surface plasmon resonance of
transition metals for efficiently degrading under UV and solar
irradiation (Abdel Messih et al., 2019; Abdel-Aziz et al., 2020).
Doped ZnO nanorods have also been examined for the detection of
different molecules of dyes like rhodamine 6G and pesticides like
methyl parathion, so that water pollution can be better controlled
(AlSalhi et al., 2023; Huo et al., 2021). Rates of 80% decomposition of
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GRL dyes, 86% degradation of methylene blue dye, and 70% of
methyl orange and Direct Blue 15 dye were observed in ZnO/Fe2O3

(0.5 g and 1 g FeCl3) nanocomposites (Dhir, 2020; Ebrahimi et al.,

2019b; Hashim et al., 2019; Prabakaran and Pillay, 2019). Methylene
blue dye and BG dye can also be degraded by gold-doped ZnO NPs
and Mn-doped ZnO, respectively, through photocatalytic
degradation up to 90% (AlSalhi et al., 2023; Bekru et al., 2023;
Bembibre et al., 2022; Ebrahimi et al., 2019a; Nguyen et al., 2022;
Nithya et al., 2020; Selvaraj et al., 2022; Shkir et al., 2022). A 95%
removal rate of methyl orange (40 mg/L) from wastewater within
45 min was achieved by using Cu-Pd doped ZnO nanocomposites
with Cu-Pd 0.5 wt. percent (Sun et al., 2023). Photocatalytic
degradation of Reactive Black 5 (RB5) and cefazolin up to 90%
has been reported within 120 min (Ouriques Brasileiro et al., 2023).

5.3 Immobilized ZnO NPs

Immobilized ZnO NPs fixed onto solid surfaces or within matrices
that enhance their performance, stability, and reusability in managing
organic pollutants in wastewater are a promising advancement.
Immobilization helps separate compounds, prevents nanoparticle
aggregation, and reduces toxicity in water. Pure ZnO NPs
immobilized on many substrates, like glass beads and paper
matrices, demonstrated significant antimicrobial activity against
pathogens like E. coli and showed effective photocatalytic
degradation of certain contaminants like acetaminophen when
exposed to visible light. For example, azo dyes are very difficult to
remove fromwastewater. Researchers studied aUV advanced oxidation
process in which ZnO acts as a catalyst and is immobilized on a stone
surface, where it then helps to degrade acid red 18 dye (Mahdizadeh

FIGURE 3
Mechanism of ZnO NP for the removal of organic pollutants.

FIGURE 4
Different forms of ZnO nanomaterials.
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et al., 2020). The immobilized zinc oxide performs three times better
than pure ZnO NPs under UV light (Durmus et al., 2019). The
degradation of methyl orange under UV radiation was 100% within
150 min, and the degradation of Congo red was 90% within 40 min,
whereas pollutants like aniline and formaldehyde were degraded by
95% and 79%, respectively, using ZnO-Pb (Mano et al., 2020;
Ranjithkumar et al., 2023; Wang et al., 2019).

5.4 Biosynthesized ZnO NPs

Biosynthesized ZnO NPs possess antibacterial activity against
pathogens, are biocompatible, sustainable, and non-toxic, and work

even at low concentrations, making them suitable for the
remediation of organic pollutants in wastewater, agriculture, and
photocatalytic degradation of environmental pollutants. These
nanomaterials are also a cost effective, eco-friendly, and greener
method for treating wastewater. A variety of plant extracts and
microorganisms are reported to act as reducing agents and help in
synthesizing ZnO NPs. ZnO NPs from microorganisms like
bacteria, fungi, and green algae have the potential to degrade
pathogens like Aspergillus niger, Bacillus subtilis, Escherichia coli,
and Staphylococcus aureus (Figure 7). Plant extracts contain many
phytochemicals like flavonoids, terpenoids, alkaloids, and
polyphenols that function as reducing and stabilizing agents
during nanoparticle synthesis. During the process of synthesizing
ZnO NPs from plant extracts, a zinc precursor like zinc acetate is
added to the plant extract of Cocos nucifera and a root extract of
Scutellaria baicalensis. Zn2+ ions are reduced to ZnO NPs due to the
action of aromatic hydroxyl groups of photochemicals (Anjum et al.,
2017). Many organic pollutants and dyes like methyl orange and azo
dyes discharged from industries like leather, paper, and textiles are
degraded by biosynthesized ZnO by using a leaf extract of Hagenia
abyssinica andCalliandra haematocephala, with an efficiency of 85%
within 120–270 min (Vinayagam et al., 2020; Zewde and Geremew,
2022). Biosynthesized ZnO nanomaterials prepared from the extract
of Corriandrum sativum, Viscum album, Synadenium grantii, and
Trigonella foenum-graecum plants photodegrade organic pollutants
like methylene blue, indigo carmine, rhodamine B, tetracycline,
Congo red, and biphenyl A in good amounts up to 90% in a
short period of time (Alshehri and Malik, 2019; Basit et al., 2023;
Rafique et al., 2022; Sayadi et al., 2022).

The photocatalytic performance of ZnO NPs is significantly
influenced by parameters such as pH, light source, and pollutant
type (Figure 8). Under acidic to neutral pH conditions
(approximately 5–7), ZnO NPs exhibit increased degradation
efficiency due to improved surface charge interactions with dye
molecules (Mohamadpour and Amani, 2024). However, in highly
alkaline environments (pH > 9), ZnO may aggregate or partially

FIGURE 5
Different type of advanced ZnO nanostructures.

FIGURE 6
ZnO nanomaterial doped with transition metals.
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dissolve, which reduces its catalytic activity. Regarding the light
source, pure ZnO performs optimally under UV light due to its wide
bandgap (~3.2 eV), while doping ZnO NPs, such as Ag-ZnO or
N-ZnO, demonstrates superior efficiency under visible light owing
to bandgap narrowing (Zhang et al., 2022). The type of pollutant also
plays a crucial role; cationic dyes like methylene blue generally
undergo faster degradation due to favorable electrostatic attraction
to the ZnO surface. In contrast, anionic dyes such as methyl orange
may degrade more slowly, particularly under neutral or alkaline
conditions, because of repulsion from the negatively charged ZnO
surface (Halim et al., 2025). These interdependent factors highlight
the need to optimize conditions for maximum efficiency in real-
world wastewater treatment scenarios.

6 Environmental consequences and
regulatory considerations due to the
use of ZnO NPs

While zinc oxide NPs are considered relatively safe, there is still a
risk of their causing secondary pollution or being released into the

environment. ZnO NPs exhibit promising potential for wastewater
treatment through mechanisms like adsorption and photocatalysis
(Figure 9), where electrostatic interactions and surface complexation
enable adsorption, and reactive oxygen species generated under UV
or visible light degrade complex organic molecules into smaller, less
harmful compounds or mineralize them into CO2 and H2O. The
synthesis method, including sol–gel, hydrothermal, or precipitation
techniques, influences particle size, morphology, and surface area,
impacting treatment efficiency (Figure 9). Factors like pH, contact
time, nanoparticle dosage, light intensity, and initial pollutant
concentration also affect performance (Figure 9). While ZnO
NPs show great potential for pollutant removal, their release into
the environment raises concerns about toxicity to aquatic life,
persistence, and bioaccumulation, highlighting the need for
careful consideration of their environmental implications and
sustainable use.

Although ZnO nanoparticles are widely researched and used as
effective for degrading different types of pollutants in wastewater,
their uncontrolled release into an aquatic system can cause serious
environmental and ecological risks. When these particles are
released in water bodies, they interact with the flora and fauna of
the system, like microorganisms, phytoplankton, algae, and small
aquatic animals, leading to oxidative stress, cell or membrane
damage, or the death of cells or tissues due to the generation of
reactive oxygen species. In addition, their small size enables them to
penetrate deep into membranes, disrupting normal physiological
functions. Over time, if not properly recovered, these ZnO NPs have
the potential to accumulate in the aquatic food chain and food web,
raising deep concerns about long-term toxicity and bioaccumulation
in organisms, including fish, amphibians, and reptiles. In
comparison, the traditional techniques like coagulation and
flocculation are safer for the environment, ecosystems, flora, and
fauna but are less effective due to their capacity to remove only
suspended solids and create chemical sludge without thoroughly
degrading complex organic pollutants and dyes.

To assess the environmental sustainability of ZnO NPs from
manufacturing to disposal, it is important to assess their life cycle.
Conventional synthesis, like sol-gel, precipitation, and hydrothermal
methods, demands extensive energy and requires high temperatures,
in addition to producing chemical waste that must be disposed of.
Whereas green synthesis utilizes low-energy footprints via plant
extracts or microorganisms, is less toxic, and creates minimal waste,
making it more environmentally friendly. During the end-of-life
stage, ZnO NPs, when dissolved or agglomerated in an aquatic
environment, can break down, clump together, or change their form,
which may affect their toxicity or mobility. Risks of ecotoxicological
effects to ecosystems may occur through the accumulation of these
particles in sediments or due to their uptake by aquatic organisms
when particles persist or build up in the environment. To mitigate
these risks, it is essential to develop and implement proper waste
management strategies, such as capturing or recycling these
particles. However, these approaches are still being researched,
and standardized protocols are needed.

Hence, there is a need for a proper framework for engineered
nanomaterials to ensure safe production, usage, and disposal. The
regulatory framework in Europe (Registration, Evaluation,
Authorization and Restriction of Chemicals (REACH)) and the
Environmental Protection Agency (EPA) under the Toxic

FIGURE 7
Biosynthesis of ZnO NPs.

Frontiers in Environmental Science frontiersin.org08

Kaur et al. 10.3389/fenvs.2025.1656031

mailto:Image of FENVS_fenvs-2025-1656031_wc_f7|tif
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1656031


Substances Control Act (TSCA) in the United States provide some
safe handling measures and mandates of reporting production
volume, use patterns, etc. (Chávez-Hernández et al., 2024). The

European Union’s REACH framework mandates detailed
registration and safety assessments for nanoforms, focusing on
toxicity, fate, and exposure. In the United States, the EPA

FIGURE 8
Performance of different forms of ZnO NPs under varying operational conditions.

FIGURE 9
Mechanism, synthesis, and factors affecting the performance of ZnO NPs.
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regulates nanoscale materials under TSCA, requiring pre-
manufacture notices and risk evaluations. However, existing
frameworks often treat nanomaterials like conventional
chemicals, not considering nano-specific risks such as size-
dependent toxicity, environmental persistence, and bioavailability.
There is a need to propose and develop nano-specific regulations
based on the physical characteristics of NPs, toxicity test standards,
and environmental release guidelines, especially for those that are
directly discharged into aquatic systems.

7 Recovery and reusability

The advantages of using ZnO nanomaterials technology to
mitigate water pollution are low cost, greater sustainability, high
efficiency, non-polluting, and eco-friendliness. ZnO nanomaterials
can be produced in greater amounts, reused many times, and
synthesized easily by adopting methods like sol–gel, precipitation,
and hydrothermal methods through different plants and
microorganisms. The reusability and recovery of ZnO-based
arrangements are important for environmental and economic
sustainability. There are several methods used to reuse and
recover ZnO NPs, like coating onto silica, glass beads, or
ceramics, or by the incorporation of NP with Fe3O4, etc., for
magnetic separation after wastewater treatment. Membrane
integration is a method in which NPs embedded into
nanocomposite membranes permit both photocatalysis and
filtration, reducing the loss of nanomaterials. There are certain
limitations to these technologies, such as specific temperature,
pH, and types of pollutants present in wastewater. Future
research may include the study of various factors that affect the
photocatalytic activity of ZnO NPs. It will be important to explore
more of the potential of ZnO NPs for large-scale mitigation of
pollutants present in wastewater. Studies are also underway to test
the toxicity of ZnO NPs for humans and the environment.

8 Challenges and limitations

Despite the promising photocatalytic potential for removing
organic pollutants and dyes from surface wastewater, several
limitations and challenges pose practical concerns and hinder the
large-scale application of ZnO NPs. One major limitation is the
reduced efficiency of ZnO NPs under visible light due to the wide
bandgap, which restricts photocatalytic activation mostly to the
ultraviolet range. Furthermore, sometimes the release of free ZnO
NPs into nearby aquatic systems causes concerns about
nanotoxicity, bioaccumulation in aquatic plants and animals, and
ecological disruption. The rate of recovery of ZnO NPs remains
inconsistent or sometimes becomes inefficient due to particle
aggregation, less activity over cycles, and a lack of advanced
immobilization techniques that also add complexity and cost.
Other challenges and limitations are the difference between
laboratory studies and real wastewater research. Laboratory
studies focus on single or simple pollutants, while real surface
wastewater contains complex mixtures of dyes, heavy metals,
organic pollutants, and pharmaceuticals, requiring more
comprehensive assessments. These challenges must be addressed

properly for this advanced technology to be reliable and
environmentally safe.

Photocatalytic NPs like ZnO offer high efficiency in degrading
organic pollutants, especially under UV or visible light. However,
this performance comes with environmental trade-offs. Free
nanoparticles may leach into aquatic ecosystems, potentially
causing toxicity to non-target organisms such as algae, fish, and
beneficial microbes. Additionally, smaller particle sizes increase
reactivity but also increase mobility and bioavailability, raising
ecological concerns. While doping and surface modifications
improve degradation efficiency, they may also alter toxicity
profiles, making risk assessment more complex. Immobilized or
composite-based systems reduce release risks but may compromise
photocatalytic activity or regeneration potential. Thus, balancing
performance with environmental safety remains a critical
research challenge.

9 Future scope

There is a good scope to work in the area of ZnO-based
technologies that focus on several areas that enhance their
performance and sustainability. A major focus in the future
should be on enhancing the visible light photocatalytic efficiency
of ZnO nanoparticles due to their wide bandgap. Future
technologies should aim for at least a three-fold increase in
visible light absorption, targeting more than 85% degradation of
certain organic pollutants and dyes within 60–90 min. Improvement
of solar utilization is the other area where development of visible
light-activated ZnO through doping with elements like nitrogen,
silver, or iron is important, and one of the important future scopes in
the area of treating surface water with ZnONPs. Improvement in
charge separation and photocatalytic efficiency is a field that
requires research, in which hybrid and composite materials will
be tested and created with other semiconductor materials. To reduce
the environmental impact and increase biocompatibility, work on
the green synthesis approaches for extraction is also an important
perspective. In future development, the biosynthesis of ZnO NPs
using microorganisms or plant extracts should be standardized, with
a standard level and benchmark for the size of NPs and zeta potential
to ensure uniformity and consistency across batches.

Beyond laboratory studies, more pilot studies should be
conducted for the industrial-level implementation of ZnO NPs,
where more than 1000 L/day wastewater should be treated across
varied seasons to reveal the challenges of complexity and operational
costs. The integration of regulatory guidelines and environmental
safety protocols is very important. Related to this, a comprehensive
life cycle assessment that covers sourcing of raw material and
nanoparticle synthesis, usage, recovery, reuse, and disposal
should also be standardized in future studies for large-scale
adoption and commercialization and to ensure the sustainability
of ZnO NPs.

To tackle the environmental consequences, especially due to the
emission of secondary pollutants directly into the environment,
researchers are working on ways to recover and reuse these particles,
such as using magnetic separation or immobilization on surfaces.
Thorough sustainability evaluation studies are necessary to evaluate
the environmental effects of ZnO NPs. Additionally, smart delivery
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systems that activate under specific conditions can improve
selectivity and reduce environmental effects. Working on these
areas can make NPs more sustainable and can lead to more
efficient, environmentally friendly, and targeted solutions for
various challenges.

10 Conclusion

In conclusion, ZnO NPs have emerged as a promising solution
for mitigating surface water pollution, offering a sustainable strategy
for climate resilience. Their photocatalytic properties enable
effective degradation of organic pollutants, providing a novel
approach for water remediation. This article reviewed the latest
developments of ZnO NPs based removal of organic pollutants.
Removal of various dyes and antibiotics has been summarized using
ZnONPs prepared by different methods. ZnONPs can be used pure,
doped with other components, immobilized, and biosynthesized for
the purification of water. ZnO NPs offer a versatile approach to
modify their structural, functional, and optical properties and
enhance their suitability for large-scale water treatment and a
wide range of other applications, environmental remediation,
biomedical uses, and gas sensing. Ongoing research continues to
address the research gaps and explore the new structures and
complete potential of ZnO NPs in many other technological
domains to develop as a sustainable, non-toxic, and efficient
solution for mitigating water pollutants.

ZnO NPs represent a promising method for the removal of
organic pollutants and dyes from surface wastewater. Continued
research and innovation in synthesis methods, application strategies,
and environmental safety assessments are essential to fully realize
their potential in sustainable water treatment technologies. Using
the influence of nanotechnology to work toward a more sustainable
future is important, and the chances to provide clean water for
generations to come will be bright.
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