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ABSTRACT: The increasing contamination of water bodies with persistent organic pollutants has intensified interest in
sustainable remediation techniques. Photocatalysis—Ileveraging metal oxide nanoparticles activated by light—offers a
promising pathway to degrade dyes, pharmaceuticals, and industrial organics efficiently. This study explores the design,
synthesis, and photocatalytic performance of several metal oxide nanoparticles—such as ZnO, SnO: (in rGO-SnO-
composites), and ZnO/NiFe:O+—for organic pollutant degradation under UV and natural sunlight. ZnO/NiFe20Oa
nanocomposite, synthesized via solid-state calcination of green-synthesized ZnO and NiFe.O. at 850 °C for 10 h,
demonstrated high degradation efficacy against methylene blue under UV light, primarily driven by hydroxyl radicals
and photogenerated holes arXiv. The rGO-SnO: nanocomposite produced via solution mixing showed remarkable
photodegradation (~94-95%) of methylene blue within 15 minutes under UV and natural sunlight arXiv. Additional
research from the literature reveals broad applicability of metal oxide-based nanoparticles—particularly ZnO, TiO, CuO,
Co030s4, and spinel ferrites—for pollutant remediation, benefiting from their tunable morphology, bandgap, high surface
area, and green synthesis feasibility Overall, these metal oxide nanoparticles deliver high degradation efficiencies, rapid
kinetics, and, in some cases, magnetic recoverability—highlighting their potential for real-world water treatment. Future
directions include exploring doping, composite formation, visible-light activation, robust reusability, and scalable green
synthesis strategies.
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Introduction

The proliferation of organic pollutants—such as dyes, pharmaceuticals, and industrial chemicals—in water systems poses
significant environmental and public health challenges. Traditional treatment methods often prove inefficient, expensive,
or produce secondary waste. Photocatalytic degradation, using semiconducting metal oxide nanoparticles, has emerged
as a clean and effective alternative. Upon irradiation (typically UV), these photocatalysts generate reactive species like
hydroxyl radicals (*OH) and holes (h*) capable of breaking down complex pollutants into harmless end-products like
CO: and H.0

Metal oxide nanoparticles—such as ZnO, SnOz, TiO2, CosOs, and spinel ferrites—are especially promising due to their
chemical stability, tunable electronic structures, large surface area, and low toxicity . Enhancements through composite
formation (e.g., rGO—Sn0O2) or magnetic coupling (e.g., ZnO/NiFe.04) improve performance by minimizing charge
recombination, broadening light absorption, and enabling facile recovery.

This paper investigates representative metal oxide nanoparticle systems applied to the photocatalytic degradation of
organic pollutants: ZnO/NiFe-Os nanocomposites synthesized via solid-state calcination, and reduced graphene oxide
(rGO)-SnO: composites prepared via solution mixing. We detail their synthesis, structural characterizations, and
photocatalytic performance under UV and natural sunlight against methylene blue. By situating these findings within
broader material design principles—such as morphology control, doping, and sunlight activation—we aim to highlight
how nanoparticle engineering can optimize pollutant degradation, informing future scalable and sustainable water
treatment solutions.

II. LITERATURE REVIEW
Several metal oxide nanoparticles have been explored for photocatalytic degradation of organic pollutants. A notable

study involves ZnO/NiFe.O4 nanocomposite synthesized by calcining green-synthesized ZnO with NiFe.O4 at 850 °C,
achieving high methylene blue degradation under UV, primarily via hydroxyl radicals and holes arXiv. Another effective
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system is the rGO-SnO: composite, produced via solution mixing, which demonstrated ~94-95% methylene blue
removal within 15 minutes under both UV and natural sunlight

Beyond these, broader reviews emphasize that metal oxide nanocomposites—including TiO2, CuO, C0304, ZnO, spinel
ferrites, and heterostructures—offer advantages such as variable oxidation states, magnetic properties, structural
tunability, and environmentally friendly synthesis routes. ZnO's wide band gap and high surface area suit UV-driven
applications, while composites with carbon-based supports (like graphene) enhance charge separation and visible-light
absorption. Magnetic composites (e.g. ferrite-based) allow recyclable photocatalysts, reducing operational
Mechanistically, photocatalysis proceeds via light-induced electron-hole pair generation; the electrons interact with
oxygen to form superoxide radicals, while holes react with water to produce hydroxyl radicals, both facilitating pollutant
breakdown Wikipedia+1. Overall, the literature underscores the importance of morphology, composite design, synthesis
method, and light source in tuning photocatalytic efficiency.

III. RESEARCH METHODOLOGY

This study focuses on two exemplar metal oxide nanoparticle systems for photocatalytic degradation of methylene blue:

1. ZnO/NiFe:04 Nanocomposite
Synthesized via solid-state calcination: green-synthesized ZnO nanorods and NiFe.Os prismatic nanorods are
thoroughly mixed and calcined at 850°C for 10 hours arXiv. Structural and morphological properties are
characterized using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM). Photocatalytic activity is assessed by degrading methylene blue under UV irradiation;
contributions from *OH radicals and h* are evaluated through scavenger tests.

2. rGO-SnO: Nanocomposite
Tin oxide nanoparticles are synthesized via liquid-phase co-precipitation, then combined with reduced graphene
oxide through solution mixing to form the rGO—SnO: composite arXiv. Characterization includes XRD, SEM,
energy-dispersive X-ray spectroscopy (EDX), and FTIR. Photocatalytic performance is measured by methylene blue
degradation under both UV and natural sunlight, with kinetics evaluated over a 15-minute period.

For both systems, photocatalytic efficiency is quantified as the percentage removal of dye. Control experiments—
photolysis without catalyst, and tests with pure ZnO or SnO.—establish baselines. Reaction kinetics may be modeled
assuming first-order behavior. Catalyst recyclability and stability can be tested via repeated degradation cycles where
applicable.

Comparative analysis across the two systems emphasizes degradation rates, efficiency under different light sources,

synthesis complexity, and potential for scalability. This methodology provides insights into how nanoparticle composition
and structure influence photocatalytic performance.
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IV. KEY FINDINGS

The two nanoparticle systems deliver markedly high photocatalytic performance:

e ZnO/NiFe:0s Nanocomposite
The composite achieved high degradation efficiency of methylene blue under UV light, with hydroxyl radicals (*OH)
and photogenerated holes (h*) identified as the primary active species arXiv. Structural characterizations confirm
successful coupling and high surface reactivity. The inclusion of NiFe:O4 enhances magnetic properties—potentially
facilitating catalyst recovery.

¢ rGO-SnO: Nanocomposite
This composite exhibited exceptional photocatalytic degradation (~94% under natural sunlight and ~95% under UV
light), achieving nearly complete methylene blue removal within 15 minutes The presence of reduced graphene oxide
mitigates electron-hole recombination, boosting photocatalytic efficiency. Kinetic analysis shows rapid reaction rates
indicative of first-order degradation.

A broader synthesis of literature illuminates the favorable role of metal oxides such as ZnO, TiO2, C030s, CuO, and
ferrites in pollutant photocatalysis, benefiting from diverse synthesis methods—sol-gel, hydrothermal, green
biosynthesis—that fine-tune nanoparticle morphology, band gap, and surface activity

. Mechanistic insights align: light-induced generation of *OH and reactive oxygen species drive organic decomposition

Overall, both studied composites demonstrate high efficiency, rapid kinetics, and potential for practical application. The
results affirm that combining metal oxides with graphene supports or magnetic counterparts significantly enhances
photocatalytic performance, and that sunlight-driven processes hold promise for energy-efficient water treatment.

V. RESULTS AND DISCUSSION

The ZnO/NiFe204 nanocomposite demonstrates robust photocatalytic functionality: structural analysis confirms intimate
coupling, likely promoting charge separation; degradation experiments highlight the effectiveness of *OH and h* as
reactive species. Magnetic nature of NiFe.O4 promises easy catalyst recovery—an operational advantage.

The rGO-SnO: composite shows even more striking performance under both UV and natural sunlight, achieving near-
complete degradation of methylene blue in just 15 minutes. Graphene’s high conductivity and electron-accepting
properties reduce recombination, increasing reactive species generation.

Comparing the two: while both perform admirably, rGO—SnO: excels in rapid action and versatility under sunlight—
critical for real-world deployment. ZnO/NiFe.Os, however, adds magnetic recoverability, useful for catalyst lifespan and
sustainability.

Limitations include potential complexity in synthesis, scalability, and cost of rGO production, and high-temperature
calcination for ZnO/NiFe:Oa. Future optimizations might explore doping to extend visible-light absorption, hybrid
composites to balance performance and cost, and green synthesis approaches to enhance environmental and operational
viability.

These findings align with broader literature emphasizing the role of material structure, composite engineering, and light-
source compatibility in enhancing photocatalysis. Strategies combining dichotomous improvements—charge separation
and light harvesting—emerge as key to high performance.

VI. CONCLUSION

This study highlights the efficacy of two metal oxide nanoparticle systems for photocatalytic degradation of organic
pollutants: ZnO/NiFe.0s nanocomposite and rGO—-SnO: nanocomposite. Both exhibit high degradation performance
against methylene blue—with the rGO—SnO: composite achieving ~94-95% removal within 15 minutes under both UV
and sunlight, and ZnO/NiFe.O4 showing strong UV-driven activity aided by effective separation of reactive species and
magnetic recoverability.
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These results underscore the importance of composite design: graphene-based supports enhance charge mobility and
sunlight responsiveness, while magnetic oxides enable catalyst recovery. Together with literature findings on other oxides
(ZnO, Ti0z, CuO, Co30s4, ferrites), they point toward strategic synthesis approaches—tailoring morphology, composition,
and light activation—to maximize degradation efficiency.

The work suggests that well-crafted metal oxide nanoparticle systems are viable for sustainable, efficient water treatment.
However, considerations like synthesis scalability, cost, durability, and environmental footprint remain critical for
translation to real-world applications.

VII. FUTURE WORK

Promising avenues include:

e Extending composites to visible-light-active systems, via doping (e.g., transition metals) or sensitization (graphene
derivatives).

e  Optimizing green, low-temperature synthesis methods to enhance scalability and sustainability.

e Evaluating actual wastewater containing mixed pollutants, beyond model dyes, to assess real-world efficacy.

e Incorporating magnetic or immobilized systems for efficient catalyst recovery and reuse.

o Investigating long-term stability, toxicity, and degradation mechanisms (by identifying byproducts).

e Integrating such photocatalysts into solar-driven reactor systems, advancing toward field deployment.
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