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Abstract:

This review examines the photocatalytic degradation of organic pollutants using nano-
semiconductor photocatalysts, particularly those derived from onion peel extract, as a sustainable
solution for wastewater treatment. It highlights the high catalytic activity, cost-effectiveness, and
solar energy utilization of these materials. Recent advancements in magnetic nano-
semiconductors offer improved separation and reusability, addressing key limitations. Modified
photocatalysts such as TiO: and ZnO it synthesized via sol-gel, microwave, and ultrasonication,
methods, show strong potential for greywater treatment. The integration of photocatalysis with
oxidants like Fe** enhances mineralization efficiency. Operational parameters including pH,
pollutant concentration, and catalyst loading are also discussed for process optimization. This
review identifies promising directions for scalable and efficient photocatalytic wastewater
treatment.

Keywords: Nanotechnology, Green synthesis, Onion Peel, Nanoparticles, Organic Pollutants.
1. Introduction

Water scarcity has become one of the most pressing global challenges, affecting over
two billion people worldwide with limited access to clean water, as highlighted by UNICEF and
the World Health Organization (WHO) [1]. This crisis is exacerbated by factors such as rapid
population growth, industrial expansion, economic development, prolonged droughts, and
pervasive water pollution. In light of these challenges, sustainable and efficient solutions are
critical to meeting the increasing demand for clean water. Among the most promising solutions
is the reuse of greywater, which refers to domestic wastewater excluding toilet effluents.
Greywater recycling offers a viable alternative to reduce reliance on surface and groundwater,
optimizing water use in both urban and agricultural sectors [2]. However, greywater contains
organic pollutants, surfactants, and other contaminants that require efficient treatment to ensure
environmental safety and public health. Photocatalytic degradation, an advanced oxidation
process (AOP), has emerged as a promising technology for treating wastewater, particularly for
removing persistent organic pollutants. This process employs semiconductor-based
photocatalysts, such as titanium dioxide (Ti02) and zinc oxide (ZnO), to degrade harmful organic
molecules into innocuous byproducts under the influence of light. When exposed to UV or solar
light, these photocatalysts generate highly reactive hydroxyl radicals, which mineralize
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pollutants into water, carbon dioxide, and mineral acids, offering a sustainable, cost-effective,
and environmentally friendly method for wastewater treatment. However, despite its advantages,
the application of semiconductor photocatalysts faces significant challenges, including the
recovery and reuse of fine particles and the reduced efficiency of immobilized systems [3]. To
overcome these limitations, recent advancements have focused on the development of magnetic
nano-semiconductor photocatalysts, which combine high catalytic activity with magnetic
separation properties, enabling their repeated use in cyclic processes [4]. Furthermore,
modifications to photocatalyst properties through techniques such as sol-gel, microwave, and
ultrasonication methods, have enhanced their efficiency and applicability. These innovations are
paving the way for scalable and sustainable solutions to tackle organic pollution in greywater and
other wastewater streams. This review delves into the synthesis, mechanisms, and applications of
nano-semiconductor photocatalysts, with a focus on their potential to address existing challenges
and advance wastewater treatment technologies for broader industrial and environmental use [5].

2. Photocatalysis principles

Photocatalysis, a process inspired by natural photosynthesis, involves light-driven
chemical reactions that are thermodynamically non-spontaneous, distinguishing it from
conventional catalysis, where reactions typically occur spontaneously. The use of light as a
reactant to facilitate non-spontaneous reactions expands the scope of photocatalysis, making it
applicable to a variety of processes, including the oxidation of pollutants with high activation
energies [6]. Light activation in these systems enhances reaction rates, aligning with the core
principles of catalysis. Similarly, photoelectrochemical systems, which apply external potentials,
follow similar photocatalytic mechanisms, encompassing both photosynthetic processes and
traditional catalytic reactions [7]. The seminal work of Fujishima and Honda (1972)
demonstrated the feasibility of photocatalysis in a photoelectrochemical cell designed for water
splitting, producing hydrogen and oxygen gases from water using titanium dioxide (TiO.) as the
semiconductor electrode and platinum as the counter electrode under light irradiation , This setup
demonstrates a key principle of solar-to-chemical energy conversion, where solar energy is used
to split water into hydrogen and oxygen—a reaction central to green hydrogen production and
clean energy technologies. (Figure 1).
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Fig. 1 Photoelectrochemical Cell Mechanisms: Electron and Hole Dynamics in Hydrogen
and Oxygen Gas Generation [8].
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This landmark discovery provided a fundamental understanding of photocatalysis, where
light-generated electron-hole pairs drive oxidation and reduction reactions. According to band
theory, when photons with energy greater than the semiconductor's bandgap are absorbed,
electrons are excited from the valence band (VB) to the conduction band (CB), generating
reactive species that drive catalytic processes [9]. Photogenerated holes are responsible for
oxidizing water or organic pollutants, while the electrons reduce oxygen to form reactive
radicals. Among these radicals, hydroxyl radicals (OHe) exhibit a high oxidative potential,
facilitating the near-complete mineralization of organic pollutants. These principles form the
basis for photocatalytic processes, which have gained prominence as an environmentally
sustainable and cost-effective technology for pollutant degradation [10]. This approach aligns
with the broader goals of wastewater treatment and resource recovery, offering a viable pathway
for addressing organic pollution. The continuous development of photocatalytic materials and
systems is propelling the application of these technologies in tackling global environmental
challenges [11]. In photoelectrochemical systems, when the external circuit is shortened, the
platinum electrode is brought into direct contact with the n-type semiconductor, resulting in the
reduction of platinum to the nanoscale. This creates a nanostructured photoelectrochemical cell,
this simplified schematic (Fig. 2) represents a nanoscale photocatalytic system comprising a
titania (Ti02) semiconductor particle coupled with a platinum (Pt) nanoparticle counter
electrode. In this system, titania (TiO:) serves as the main photocatalyst, absorbing ultraviolet
light to generate electron-hole pairs. The Pt nanoparticle acts as a co-catalyst or electron sink,
improving the separation of photogenerated charges and enhancing the reduction reactions, such
as hydrogen evolution. The close contact between the semiconductor and the noble metal
nanoparticle facilitates faster electron transfer, which minimizes charge recombination and
increases overall photocatalytic efficiency. (Figure 2).

Pt nanoparticle
counter electrode
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Fig. 2 Semiconductor Photocatalysts in Aqueous Suspension: A Nanoscale
Photoelectrochemical System [12].
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Within this structure, oxidation reactions occur at the surface of the n-type
semiconductor, while reduction reactions take place on the inert platinum particle, which serves
as the counter electrode. The fundamental mechanisms can be understood using band theory,
which describes the electronic structure of semiconductors [13]. For instance, in TiO2, the
valence band (VB) consists primarily of O 2p orbitals, while the conduction band (CB) is
dominated by Ti 3d orbitals. When photons with energy exceeding the bandgap are absorbed by
TiO., electrons are excited from the VB to the CB, generating electron-hole pairs that facilitate
catalytic reactions. The electrons reduce oxygen molecules to form superoxide radicals (O2e—),

while the photogenerated holes oxidize water or organic pollutants on the semiconductor surface
(as in Figure 3).

| Conduction band
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Fig. 3 Photocatalytic Mechanism of Semiconductors: Electron Dynamics and Reaction
Pathways [13].

These processes result in the generation of highly reactive hydroxyl radicals (OHe),
which have a high redox potential (2.8 V' vs. NHE) and are capable of effectively decomposing a

wide range of organic pollutants. This photophysical process can be summarized through as in
Table 1:

Table 1. Key Photocatalytic Reactions Involved in Semiconductor-Based Organic Pollutant
Degradation

Equation Reaction DeSCfiption Reference
Equation 1 TiO: +hv — h"+ e | Photon energy (hv) excites the TiOz [14]
semiconductor, generating electron-hole pairs (h*
and ).
Equation 2 O:+te — O — Photogenerated electrons react with molecular [15]
H*"+ HO2¢ — H20: + oxygen (0O2) to form superoxide radicals (Oz*—),
0 leading to hydrogen peroxide (H20x).
Equation 3 H202 — hv — 20H- Under light irradiation, hydrogen peroxide [16]
decomposes into hydroxyl radicals (OHe).
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Equation 4 H20 +h* — OHe + Photogenerated holes oxidize water adsorbed on [16]
H* the TiO: surface, producing hydroxyl radicals
(OH>).
Equation 5 Organic compounds Photogenerated holes oxidize organic compounds [17]
+ h* — reactive into reactive intermediates.

intermediates

Equation 6 Organic compounds Hydroxyl radicals (OH¢) oxidize organic [18]
+ OHe — reactive compounds into reactive intermediates.
intermediates

These reactions underscore the pivotal role of electron-hole pair generation and the
subsequent oxidation and reduction processes in photocatalytic degradation. While
semiconductor nanoparticles exhibit high catalytic activity due to their large surface area, their
practical reuse remains challenging due to the instability of photogenerated charge carriers [19].
The enhancement of photocatalyst stability and charge carrier isolation is crucial for improving
the long-term effectiveness of photocatalytic systems in wastewater treatment applications [20].

2.1 Photocatalytic Activities

The photocatalytic activities of multi-component systems, such as those derived from
onion peel extract, are enhanced by incorporating an insulating interlayer between the core and
shell components. Similar to findings with Fe304, y-Fe203, and MFe204 magnetic cores,
introducing an insulator mitigates photogenerated electron-hole recombination, which is a key
limitation in direct core/shell configurations. This structural optimization is essential for
improving photocatalytic efficiency [21]. In the direct contact core/shell systems, the
heterojunction structures, influenced by bandgap differences, contribute to reduced
photocatalytic activity. For instance, the narrower bandgaps of Fe304 (0.10 eV), y-Fe203 (2.30
eV), and NiFe204 (2.19 eV) result in unfavorable conduction band (CB) and valence band (VB)
alignment compared to TiO2, which has a wider bandgap of 3.20 eV (Table 2). The electron
transfer from Ti02’s CB to the lower CBs of magnetic materials and hole transfer to their higher
VBs lead to inefficient charge separation and reduced activity.In contrast, when onion peel
extract-derived catalysts are integrated with an insulating interlayer, such as silica or carbon-
based materials, these challenges are alleviated[22]. The interlayer prevents direct electrical
contact, enabling efficient charge separation and improving the stability of the photocatalytic
system (Table 3). This approach highlights the potential of onion peel extract as a sustainable
precursor for high-activity photocatalysts, with further research needed to explore optimal
material combinations and configurations for enhanced degradation of organic pollutants [23].
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Table 2. Components of Core/Insulator/Shell Magnetic Photocatalysts Derived from Onion
Peel Extract for Organic Pollutant Degradation

Magnet Core Insulator PhOtgﬁ:ﬁalySt References

y-Fe203 Sio2 TiO2 [24]
y-Fe203 PPS-/PDD* TiO2 [25]
Fe304 Si02 TiO2 [26]
Fe304 Sio2 AgBr [27]
Fe304 Poly(methyl methacrylate) | TiO2 [27]
Zn0.35Ni0.65Fe204| Si02 TiO2 [28]
BaFe204 Sio2 TiO2

Black sand Sio2 TiO2 [29]
ZnFe204 Al203 TiO2 [30]

e PPS: Poly (sodium 4-styrene sulfonate) polyanion.
e PDD": Poly (diallyldimethylammonium) cation.

Table 3. Positions of CB and VB for Fe;Os, y-Fe:0s, and TiO: at pH 7.0 and Their

Bandgaps
.| ECB(Vvs. | ECV (Vvs. | Bandgap References
Material NHE) NHE) (&V) Notes
Fes0s |0.17 0.27 0.1 Measured at pH 3.5  |[31]
y-Fe20s3{0.10 2.40 2.3 Measured at pH 3.4 |[32]
TiO. [-0.50 2.70 82 Measured at pH 3.7  |[32]

Onion peel extract has gained significant attention as an effective and sustainable
material for the degradation of organic pollutants in wastewater treatment. The extract contains
various bioactive compounds, such as flavonoids, phenolic acids, and antioxidants, which
possess photocatalytic properties. Studies have shown that onion peel extract can enhance the
degradation of organic contaminants through advanced oxidation processes (AOPs). The natural
compounds in onion peel extract promote the generation of hydroxyl radicals (*OH) and
superoxide anions (O2+—), which contribute to the breakdown of organic pollutants [33]. These
compounds also support the adsorption and catalysis of organic materials, accelerating the
degradation process.

Recent studies suggest that the extract's ability to act as a green photocatalyst offers a
promising alternative to traditional methods, such as titanium dioxide (TiO:)-based
photocatalysts, which require significant energy input for activation. The utilization of onion peel
extract in photocatalysis is not only cost-effective, but also environmentally friendly, as it can be
sourced from agricultural waste [34]. Moreover, its activity has been shown to be comparable to
or even surpass conventional photocatalytic materials in some cases. The decomposition of
organic materials through onion peel extract-based photocatalysis is therefore a promising
method for wastewater treatment, offering both efficiency and sustainability [35].
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2.2 Onion Peel Extract for Degradation of Organic Material

Onion peel extract has gained significant attention as a sustainable and eco-friendly
alternative for the degradation of organic pollutants in wastewater. The extract contains bioactive
compounds such as flavonoids, tannins, and phenolic acids, which exhibit remarkable
antioxidant and catalytic properties [36]. These compounds enhance the breakdown of complex
organic materials into simpler, less harmful substances, leveraging natural photochemical
reactions. One of the primary advantages of using onion peel extract is its ability to act as a green
catalyst, promoting fast degradation rates of organic pollutants while avoiding the environmental
drawbacks associated with conventional chemical photocatalysts. Additionally, its natural
abundance and low cost make it an attractive resource for large-scale applications [37].
However, like many natural catalysts, onion peel extract presents challenges in recovery and
reuse due to its solubility and dispersion in aqueous media. To address these limitations, onion
peel extract is often immobilized onto solid supports such as silica, cellulose, or biochar, which
facilitate its recovery while maintaining catalytic efficiency. Despite these advancements,
immobilization may reduce the active surface area and limit the transfer of pollutants, thereby
lowering degradation efficiency [38]. Innovations in material engineering, such as the integration
of onion peel extract with mesoporous carriers or nanostructured scaffolds, are being explored to
enhance the extract's catalytic activity and ensure its effective utilization in wastewater
treatment. The ongoing research on onion peel extract highlights its potential as a green and
effective solution for organic pollutant degradation, aligning with global efforts toward
sustainable and environmentally friendly water purification technologies [39].

2.3 Structural Model of Onion Peel

The structural model for using onion peel extract in organic pollutant degradation is
based on its rich composition of phenolic compounds, flavonoids, and tannins, which possess
strong antioxidant and catalytic properties [40]. These bioactive compounds initiate oxidative
and photochemical reactions that break down complex organic molecules into less harmful
substances. Functional groups like hydroxyl and carboxyl within the extract interact with
pollutants, triggering redox reactions—particularly under solar irradiation due to the extract’s
natural light-absorbing capability [41]. This process is illustrated in Fig. 4. However, the free
form of onion peel extract presents challenges in recovery and reuse due to its solubility and
dispersion in water. To address this, immobilization on solid supports such as biochar, silica, or
cellulose has been developed, enhancing structural stability, catalytic longevity, and facilitating
separation post-treatment [42]. These hybrid systems maintain high degradation efficiency while
improving reusability. Ongoing research focuses on optimizing operational conditions to
minimize the recombination of reactive intermediates and improve pollutant—catalyst interactions
[43, 44]. Overall, onion peel extract represents a sustainable, low-cost catalyst for wastewater
treatment, aligning with the goals of eco-friendly environmental remediation. (Figure. 4) shows a
microscopic view of onion peel cells, highlighting their internal structure and basic components
commonly studied in cell biology. The image identifies the cell wall, which provides structural
support and shape to the plant cell, and the cytoplasm, where various metabolic activities occur.
The nucleus—uvisible as a dark, rounded structure—is responsible for genetic control and cell
regulation. The vacuole, a large central sac, is crucial for maintaining turgor pressure, storing
nutrients, and isolating harmful substances. Onion peel is a widely used plant material when
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microscopy due to its clear visibility of these organelles and its high phenolic and flavonoid
content, which is central to its utility in photocatalytic applications (Fig.4) [45].

Onion Peel Cells

Onion Cells

Cell Wall

Nucleus
Cytoplasm

Vacuole

Fig 4 .The structure of the onion cell [46].
2.4 Advancements in Onion Peel Extract-Based Catalytic Systems for Organic Material

Degradation

The limitations of direct catalytic systems, such as reduced activity and stability due to the
recombination of reactive species, have driven innovations in the structural design of catalysts derived
from onion peel extract [46]. Researchers have explored multi-layered composite systems to address these
challenges, drawing inspiration from advancements in magnetic photocatalysts. For instance, the
incorporation of an interlayer material between the active catalytic sites and the support structure has
proven effective in mitigating activity loss and enhancing long-term stability. Building on these
principles, onion peel extract-based systems are being developed using multi-component architectures
[47]. In these systems, bioactive compounds from onion peels act as the catalytic core. A secondary
interlayer typically composed of silica or biochar—functions as an insulating medium to prevent
undesirable interactions, while a stabilizing outer layer improves the catalyst's durability and reusability.
These configurations parallel models such as the y-Fe.05/Si02/TiO. system in magnetic photocatalysis,
where each layer serves a specific purpose in optimizing performance [46]. This three-component
approach ensures the efficient degradation of organic materials by reducing electron-hole recombination
and protecting catalytic sites from deactivation. Recent studies have demonstrated the feasibility of such
systems for environmental remediation, positioning onion peel extracts as a sustainable, biodegradable,
and efficient alternative to synthetic photocatalysts (Table 4). Future research will refine these models to
improve pollutant degradation rates, simplify recovery processes, and reduce costs, aligning with the
principles of green chemistry and the circular economy [46]. To achieve practical applicability, there is a
pressing need for broader comparative studies that evaluate different photocatalytic systems under
standardized conditions. Additionally, more emphasis should be placed on addressing real-world
implementation challenges, such as scalability, economic feasibility, and long-term operational stability.
A more rigorous engagement with in-depth studies published in high-impact international journals is also
essential to ensure that future developments are grounded in scientifically validated methodologies and
contribute meaningfully to advancing commercial and industrial applications. [46].
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Table 4. Contributions to the Development of Onion Peel Extract-Based Catalytic Systems

Study Focus Contributions Contributions from Current Research Refere
from Previous nces
Studies

Reactivity Explored challenges in Introduced multi-component architectures to [47]
and Stability | oot catalytic systems, such | address electron-hole recombination and improve

as the recombination of the durability of Catalysts.

reactive species, leading to

reduced stability.
SDté:iCtrl:ral ) } D_gvelopeq advaqced three-layer systems integrating [47]

g Investigated basic layered silica or biochar interlayers for enhanced

configurations inspired by performance and longevity.

magnetic photocatalysts.
Application Demonstrated the basic Expanded feasibility for environmental remediation, [48]
Feasibility potential of onion peel showcasing improved pollutant degradation rates and

extract in catalytic reusability.

degradation.
iﬁgtgp:;’r:“ty Recognized the Enhanced integration with circular economy [48]
Chemistry sustainability of using principles, optimizing catalyst recovery and

onion peel extracts but minimizing synthetic material usage.

lacked comprehensive

system designs.
FL_Jture_ Highlighted the need for Focused on refining_mod_els to increase efficiency, [48]
Directions improved material stability reduce costs, and simplify recovery processes for

. practical applications.
and cost-effectiveness.

2.5 Onion Peel Extract-Based Catalysts with Carbon-Enhanced Synergy

The application of interlayer materials in composite catalytic systems has revolutionized the field
of photocatalysis, and these principles can be extended to catalysts derived from onion peel extract.
Studies on multi-component systems, such as silica-insulated magnetic photocatalysts, have demonstrated
how interlayers effectively prevent direct charge transfer between active sites and core materials, thereby
improving stability and catalytic efficiency [49].

Inspired by these advancements, onion peel extract-based systems can integrate a bioactive core,
an inert insulating interlayer, and a carbon-enhanced catalytic shell. The inclusion of carbonaceous
materials, such as activated carbon or biochar derived from biomass, enhances photocatalytic activity by
preconcentrating organic pollutants and facilitating electron—hole separation. This synergistic interaction
significantly increases degradation efficiency, as evidenced by carbon-enhanced systems like titania-
coated magnetic activated carbon and porous carbon [50].

Carbon components in onion peel extract-based catalysts also act as electron reservoirs,
improving charge transfer dynamics and enabling more efficient breakdown of organic contaminants.
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Moreover, the high surface area of porous carbon facilitates pollutant adsorption, accelerating degradation
rates. These systems leverage the inherent bioactivity of onion peel compounds and the stability imparted
by interlayers, offering a sustainable and efficient approach for treating organic pollutants. Future
research should focus on optimizing the structural configuration and exploring alternative carbon
materials to further enhance catalytic performance [51].

2.6 Impact of Size Dispersion on Photocatalytic Efficiency

Size dispersion, referring to the distribution of particle sizes within a sample of photocatalysts or
nanomaterials, plays a critical role in determining their physicochemical properties and photocatalytic
performance. In nanostructured materials, particularly those used for environmental applications such as
pollutant degradation, uniform particle size is often desirable because it ensures consistent surface area,
optical properties, and charge carrier dynamics. High size dispersion—where particles vary significantly
in size—can lead to heterogeneity in active site availability and inconsistent light absorption across the
material. Smaller particles generally provide a higher surface-to-volume ratio, enhancing the adsorption
of pollutants and facilitating faster redox reactions. However, excessively small nanoparticles may suffer
from agglomeration, reducing their effective surface area and impeding photocatalytic efficiency.
Conversely, larger particles often exhibit slower electron-hole separation kinetics, reducing reactivity.
Moreover, broad size dispersion can influence the bandgap energy distribution, leading to variable photo-
response behavior across the catalyst surface. In systems where photogenerated charge carriers play a
central role, such inconsistency can significantly reduce overall catalytic performance[51]. Controlled
synthesis methods such as sol-gel, hydrothermal, or microwave-assisted technigques are often employed to
minimize size dispersion, ensuring uniformity and maximizing photocatalytic efficiency. Thus,
understanding and managing size dispersion is essential for optimizing the reactivity, stability, and
scalability of photocatalyst systems [51].

3. Preparation and cyclic applications

The preparation of onion peel extract-based photocatalysts for the degradation of organic
pollutants involves a systematic approach that integrates green chemistry principles with materials
engineering. Initially, onion peels are washed, dried, and ground before undergoing extraction to isolate
bioactive compounds such as flavonoids, tannins, and phenolic acids—key agents responsible for redox
activity [52]. Solvent extraction (commonly using ethanol or methanol) and agueous extraction methods
are employed to maximize the yield of these compounds while preserving their structural integrity and
photocatalytic potential. These bioactives function as natural antioxidants and electron donors, capable of
generating reactive oxygen species (ROS) under light exposure, thereby promoting the degradation of
organic pollutants through oxidative pathways. Following extraction, the active compounds are
incorporated into solid support matrices such as activated carbon, silica, or biochar, which provide a high
surface area, structural stability, and enhanced adsorption of target pollutants [53].

The integration of the extract with these carriers not only increases the availability of catalytic
sites but also improves charge carrier separation by minimizing electron-hole recombination, a critical
factor in enhancing photocatalytic efficiency. In advanced configurations, these composites are further
modified by the deposition or doping of semiconductor materials like TiO2 or ZnO.

These additions enable the photocatalysts to operate effectively under UV or even visible light,
expanding their practical applicability in solar-driven wastewater treatment systems. After synthesis, the
photocatalysts undergo rigorous characterization and performance testing, including techniques such as
UV-Vis spectroscopy, XRD, SEM, and BET surface area analysis, to evaluate their optical, structural,
and surface properties. Their photocatalytic performance is then assessed in aqueous systems containing
model organic pollutants such as dyes (e.g., methylene blue or rhodamine B), pharmaceuticals, or
pesticides [54]. These studies consistently demonstrate high degradation rates, attributable to the
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synergistic effects of the bioactive compounds and the engineered support structure. Furthermore, onion
peel extract-based photocatalysts exhibit notable reusability, often maintaining their efficiency over
multiple cycles of use. Recovery is facilitated through simple filtration when immobilized on non-soluble
carriers or via magnetic separation when magnetic nanoparticles are incorporated into the system, further
improving operational convenience and sustainability [55]. This approach aligns with the principles of
circular economy and environmental sustainability by valorizing agricultural waste into high-value
materials. It offers a low-cost, eco-friendly alternative to conventional synthetic photocatalysts, with
strong potential for large-scale application in wastewater treatment and environmental remediation [56]
Although no studies to date have directly applied onion peel extract-based photocatalysts for the removal
of specific pollutants in real wastewater systems, the effectiveness of onion peel extract in catalytic and
oxidative processes has been demonstrated through various indirect investigations. These include studies
showing its high content of phenolic compounds, flavonoids, and tannins—known for their redox
potential and ability to generate reactive oxygen species (ROS) under light exposure. Additionally, onion
peel extract has shown proven efficacy as a reducing and stabilizing agent in the green synthesis of metal
and metal oxide nanoparticles, where its functional groups facilitate electron transfer and enhance
nanoparticle formation and stability. These properties closely parallel the mechanisms required in
photocatalysis [57], suggesting strong potential for pollutant degradation applications. Therefore, while
direct pollutant removal using this extract remains underexplored, its bioactive profile and performance in
analogous systems support its continued investigation as a sustainable photocatalytic material [58].

4. Conclusion

In this article, the photocatalytic principles have been thoroughly explored, emphasizing the role
of natural materials like onion peel extract for the degradation of organic pollutants. By utilizing the
bioactive compounds in onion peel extract, such as flavonoids and phenolic acids, this approach enhances
photocatalytic activity for wastewater treatment. The integration of onion peel extract into suitable
supports, such as activated carbon or silica, improves both photocatalytic efficiency and pollutant
adsorption. The potential synergy between the extract and support materials results in enhanced
degradation efficiency. Furthermore, the size, dispersion, and stability of the photocatalysts are crucial
factors for ensuring their long-term effectiveness. The ability of these natural photocatalysts to be
cyclically reused, with simple recovery methods, offers significant environmental and economic benefits.
Future work could focus on optimizing the stability of these photocatalysts and exploring their application
under visible light, further expanding their potential for sustainable wastewater treatment.
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