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Abstract: 

Water pollution is a critical global issue due to industrialization, urbanization, and ineffective wastewater 

management. Zinc oxide (ZnO) has emerged as a highly promising photocatalyst for water treatment 

because of its wide band gap, high exciton binding energy, and strong oxidative potential. ZnO 

demonstrates versatility in photodegradation of organic pollutants, microbial disinfection, and heavy metal 

removal [1-4]. This review synthesizes research on ZnO’s material properties, synthesis techniques, 

modifications to extend light response, photocatalytic mechanisms, applications, and challenges including 

electron-hole recombination, stability, and environmental toxicity. Future directions focus on enhancing 

ZnO-based treatment systems for sustainable and scalable water purification [5-12,41-55]. 

 

1. INTRODUCTION 

Safe drinking water remains a fundamental human need, yet global freshwater resources face 

contamination from industrial dyes, pharmaceuticals, pesticides, heavy metals, and pathogens [1,3,9,41]. 

Traditional treatment methods, such as coagulation, adsorption, and biological filtration, are often 

insufficient for recalcitrant pollutants [4,5,42]. This has driven research into advanced oxidation processes 

(AOPs) and photocatalytic materials [6,7,43]. 

Among semiconductor photocatalysts, ZnO is notable for its wide band gap (~3.37 eV), high exciton 

binding energy (~60 meV), and UV-light responsive photocatalytic activity [5-9,28]. Its effective charge 

transport and rapid generation of reactive oxygen species (ROS) enable degradation of complex pollutants 

and microbial inactivation [3,8,10]. Structural versatility and ongoing advancements in nanotechnology, 

including doping and composite formation, have expanded ZnO’s functionality in water remediation 

[11,12,44-46]. 

 

2. FUNDAMENTAL PROPERTIES OF ZNO RELEVANT TO WATER TREATMENT 

2.1 Crystallographic and Electronic Structure 

ZnO primarily crystallizes in the hexagonal wurtzite structure, offering optical and electronic properties 

critical for photocatalysis. Its direct band gap (~3.37 eV) enables UV absorption, while the high exciton 

binding energy improves charge separation efficiency [5,6,28]. High electron mobility (~200-300 

cm²/V·s) enhances photocatalytic performance relative to other metal oxides [7-9,47]. 

2.2 Photocatalytic Mechanism 

ZnO photocatalysis begins when photons excite electrons from the valence band to the conduction band, 

generating electron-hole pairs. Electrons reduce oxygen to superoxide radicals (O₂•-), while holes oxidize 

water to hydroxyl radicals (•OH), which degrade organic pollutants and inactivate microbes [10,11,28,48]. 

However, ZnO absorbs primarily UV light (~5% of sunlight), motivating strategies to extend its response 

to visible light [12,19,20,49]. 
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3. SYNTHESIS METHODS FOR ZNO NANOSTRUCTURES 

ZnO morphology significantly affects photocatalytic efficiency. Methods include chemical, green, and 

hybrid approaches. 

3.1 Chemical Methods 

Sol-gel, hydrothermal, and precipitation routes produce ZnO nanoparticles with controlled size and 

surface characteristics [8,13,14,50]. Hydrothermal synthesis yields oriented nanostructures with high 

surface areas, improving ROS generation [13,15]. Co-precipitation has produced ZnO NPs effective 

against E. coli and S. aureus [8,16,51]. 

3.2 Green Synthesis 

Plant extracts, algae, fungi, and bacteria facilitate eco-friendly ZnO synthesis, avoiding toxic reagents 

[10,11,17]. Green-synthesized ZnO shows effective dye removal under sunlight and strong antimicrobial 

action [12,17,18,52]. 

3.3 Morphological Variants 

ZnO nanorods, nanowires, nanosheets, and hierarchical structures provide high surface areas and enhanced 

charge separation [4,15,21,30,53]. Morphology engineering, including oxygen vacancy creation, further 

improves photocatalytic activity [28,29,54]. 

 

4. STRATEGIES TO IMPROVE PHOTOCATALYTIC EFFICIENCY 

ZnO faces challenges including electron-hole recombination and limited visible-light absorption, which 

have been addressed via doping, heterostructures, and surface functionalization. 

4.1 Doping 

Non-metal (N, S) and metal (Cu, Ag) dopants narrow the band gap, extending light absorption to visible 

wavelengths [13,19,20,24]. Sulfur-doped ZnO shows up to 81% methylene blue degradation efficiency 

under irradiation [13]. Metal dopants act as electron traps, prolonging charge separation [11,20,55]. 

4.2 Heterostructures and Composites 

ZnO combined with semiconductors, metal oxides, MOFs, or carbon materials forms heterojunctions for 

enhanced charge separation and broader light absorption [4,16,22-24,33,37-38,41-42,44-45]. 

ZnO/graphene oxide, ZnO/MOFs, and ZnO/bentonite composites demonstrate improved 

photodegradation via synergistic effects [23,24,41-42,44,46,50-52]. 

4.3 Surface Functionalization 

Plasmonic nanoparticles (Ag, Au) or organic linkers sensitize ZnO to visible light, increasing solar-driven 

photodegradation [10,11,24,33]. Integration with TiO₂ or perovskites enhances performance in water 

purification systems [31,39,49,50]. 

 

5. APPLICATIONS IN WATER TREATMENT 

5.1 Degradation of Organic Contaminants 

ZnO effectively degrades dyes, pesticides, and humic substances. Laboratory studies report near-complete 

mineralization of humic acids under UV irradiation [15,17]. Textile dye degradation (e.g., methylene blue) 

is widely documented [13,16,21,51,53,54]. Emerging pollutants like antibiotics (ciprofloxacin, 

tetracycline) are efficiently removed using ZnO nanosheets and ZnO/MOF composites [43,44,48,54-55]. 

5.2 Disinfection and Antimicrobial Action 

ROS generation enables ZnO to inactivate bacteria, viruses, and fungi [1-3,8,10,29,40,41,50]. Zn²⁺ release 

and direct nanoparticle-membrane interactions contribute to antimicrobial activity [3,8,17,42]. 
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5.3 Heavy Metal Removal 

ZnO removes heavy metals (Pb²⁺, Cd²⁺) via adsorption and photocatalytic oxidation [6,32,38,46]. Hybrid 

systems combining adsorption and photodegradation enhance treatment efficiency [32,38,46,51]. 

 

6. CHALLENGES 

6.1 Photocorrosion and Stability 

ZnO undergoes photocorrosion under prolonged UV irradiation, reducing efficiency [2,10,16,55]. 

Protective coatings and heterostructure design mitigate this issue [10,16,50]. 

6.2 Recovery and Reusability 

Nano-sized ZnO is challenging to recover. Strategies include immobilization on substrates or magnetic 

composites [4,38,50]. 

6.3 Toxicity 

ZnO nanoparticles can affect aquatic ecosystems; environmental safety assessments are essential before 

large-scale deployment [11,12,17,52]. 

 

7. FUTURE PERSPECTIVES 

Research trends include: 

• Visible-light active ZnO via doping or hybrid composites [12,19,20,37,39,49,55]. 

• Green synthesis approaches for environmentally safe catalysts [10,11,17,41]. 

• Magnetically recoverable composites and solar-driven flow reactors [31,38,50]. 

• Machine learning and computational modeling to optimize synthesis and performance 

[22,33,44,53]. 

Integration of ZnO with solar-based treatment and multi-functional systems promises sustainable, scalable 

solutions. 

 

8. CONCLUSIONS 

ZnO is a versatile and effective material for water treatment, capable of degrading pollutants and 

inactivating microbes. Advances in doping, heterostructure formation, and green synthesis have expanded 

its applicability beyond UV-driven systems. Challenges such as photocorrosion, nanoparticle recovery, 

and environmental safety remain, but ongoing research provides a pathway toward scalable, sustainable 

ZnO-based water treatment technologies [1-55]. 
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