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Graphical abstract 

 
A state-of-the-art method for advanced wastewater treatment, nanoparticle-enhanced photocatalysis has shown great promise 
in breaking down organic pollutants, heavy metals, and microbiological contaminants. The basic processes of photocatalysis 

are examined in this overview, with a focus on how nanoparticles enhance light absorption, charge separation, and reactive 
species production. The catalytic performance of many nanomaterials, such as TiO₂, ZnO, and carbon-based composites, is 
investigated, emphasizing surface functionalization, heterojunction formation, and doping as ways to improve photocatalytic 

efficiency. The paper also offers a thorough analysis of how well nanoparticle-enhanced photocatalysts function in various 
operating scenarios, evaluating important factors including catalyst stability, quantum efficiency, and pollutant degradation 
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rates. There is also a discussion of sustainable uses of these photocatalysts in actual wastewater treatment, taking into account 

aspects like scalability, environmental effects, and energy usage. Potential solutions to these constraints are examined 
critically, along with difficulties including catalyst recovery, toxicity issues, and economic viability. Lastly, new developments 
and prospects for combining hybrid nanomaterials, artificial intelligence, and solar-powered photocatalytic systems are 
examined to create wastewater treatment technologies that are more effective and sustainable. For researchers and industry 

experts looking to maximize nanoparticle-enhanced photocatalysis for environmental cleanup, this review attempts to offer 
insightful information. 
Keywords: Nanoparticles, Photocatalysis, Wastewater Treatment, Mechanistic Insights, Sustainable Applications, 

Environmental Remediation. 
Copyright © 2025 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International 

License (CC BY-NC 4.0) which permits unrestricted use, distribution, and reproduction in any medium for non-commercial use provided the original 

author and source are credited. 

 

INTRODUCTION 
Wastewater pollution is a critical environmental 

issue that arises from domestic, industrial, and 

agricultural activities, leading to the contamination of 

water bodies with organic matter, heavy metals, 

pathogens, and emerging pollutants such as 
pharmaceuticals and microplastics (Madhav et al., 

2020). The rapid development of urban centers, coupled 

with industrialization and agricultural intensification, 

has intensified the flow of untreated or poorly treated 
wastewater into natural water sources, adversely 

impacting aquatic ecosystems and human health. Heavy 

metals from industrial effluents, synthetic chemicals 

from pharmaceuticals and personal care products, 
nitrogen and phosphorus from fertilizers, and pathogenic 

microorganisms from sewage are some of the 

contaminants found in wastewater that can seriously 

endanger public health and biodiversity (Ilyas et al., 
2019). The complexity and variability of pollutants 

present a significant challenge in wastewater treatment, 

necessitating the use of sophisticated and flexible 

treatment technologies. Conventional wastewater 
treatment systems, such as primary, secondary, and 

tertiary treatments, are often insufficient in fully 

removing emerging contaminants, leading to the 

accumulation of hazardous substances in water bodies 
(Rout et al., 2021). Biological treatment methods rely on 

microbial activity to degrade organic matter, but their 

efficiency is often compromised by the presence of toxic 

industrial chemicals that hinder microbial function. 
Chemical treatment processes, such as coagulation, 

flocculation, and oxidation, are effective in removing 

certain pollutants but can generate toxic byproducts and 

require high energy input (The et al., 2016). 
Additionally, membrane filtration and adsorption 

techniques, while highly efficient, suffer from issues like 

membrane fouling, high operational costs, and 

difficulties in handling concentrated waste residues. 
Moreover, many developing regions lack adequate 

wastewater treatment infrastructure due to economic 

constraints, technological limitations, and inadequate 

regulatory enforcement, further exacerbating pollution 
levels in rivers, lakes, and oceans (Qasim et al., 2024). 

Climate change and population growth also put 

additional strain on wastewater treatment facilities, 

increasing the volume and complexity of wastewater that 

needs to be treated. Emerging solutions, such as 
nanotechnology-based filtration, constructed wetlands, 

and advanced oxidation processes, hold promise for 

improving wastewater treatment efficiency, but their 

large-scale implementation is sometimes impeded by 
cost and practicality issues. However, the need for public 

awareness, regulatory changes, and long-term 

investment in wastewater infrastructure make it difficult 

to close the gap between technology developments and 
real-world applications (Sakkaravarthy et al., 2024). 

Innovative, economical, and sustainable treatment 

techniques are desperately needed to guarantee the safe 

discharge or reuse of treated wastewater while reducing 
ecological impact since wastewater pollution continues 

to be a danger to the environment and public health 

(Obaideen., et al., 2022). 

 
Because they efficiently break down a variety 

of organic pollutants, pathogens, and new contaminants 

that traditional treatment methods find difficult to 

eliminate, advanced oxidation processes (AOPs) are 
essential to the purification of water (Giwa et al., 2021). 

Highly reactive hydroxyl radicals (•OH), which have a 

remarkable oxidation potential and may non-selectively 

decompose complex organic compounds into innocuous 
byproducts like carbon dioxide and water, are the basis 

for AOPs. These methods, which each have special 

benefits in the degradation of pollutants, include 

photocatalysis, ozonation, Fenton reactions, ultraviolet 
(UV) irradiation, and electrochemical oxidation. 

Pesticides, endocrine-disrupting chemicals, 

pharmaceutical residues, and persistent organic 

pollutants that build up in water sources and pose serious 
threats to ecosystems and human health are all 

effectively treated by AOPs (Mishra et al., 2023). For 

instance, photocatalytic AOPs use substances like 

titanium dioxide (TiO₂) that are activated by ultraviolet 
light to produce reactive species that cause pollutants to 

mineralize. Similarly, ozone-based AOPs are frequently 

employed to disinfect pathogens and break down organic 

pollutants in municipal wastewater treatment (Tripathi et 
al., 2022). However, for its widespread use, issues 

including high operating costs, energy needs, and the 

production of potentially hazardous byproducts must be 

resolved. AOPs are becoming a crucial part of 
contemporary water purification techniques to guarantee 
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safe and sustainable water supplies because of recent 
developments that are increasing the efficiency and 

viability of these processes, such as hybrid AOP systems, 

nanomaterial-based catalysts, and AI-driven 

optimization (Liu et al., 2024). 
 

An effective method for breaking down organic 

pollutants, heavy metals, and newly discovered toxins 

from soil, water, and air is nanoparticle-enhanced 
photocatalysis, which has become a potent and 

sustainable technique for environmental remediation 

(Manganyi et al., 2024). This method increases 

photocatalytic effectiveness by using the special 
physicochemical characteristics of nanoparticles, such as 

their large surface area, quantum effects, and improved 

charge carrier dynamics. As photocatalysts, 

semiconductor-based nanoparticles specifically, 
titanium dioxide (TiO₂), zinc oxide (ZnO), and doped 

metal oxides produce reactive oxygen species (ROS) 

when exposed to light, which causes pollutants to oxidize 

and mineralize into non-toxic byproducts (Krakowiak et 
al., 2021). By decreasing charge recombination and 

increasing light absorption into the photocatalytic region, 

the addition of noble metals (such as Ag, Au, and Pt) and 

carbon-based nanomaterials (such as graphene and 
carbon nanotubes) has significantly enhanced the 

photocatalytic activity. Because of this, photocatalysis 

boosted by nanoparticles is very successful in treating 

wastewater that contains pathogens, dyes, 
pharmaceutical residues, and persistent organic 

pollutants (Gaur et al., 2022). Additionally, it offers a 

sustainable substitute for traditional chemical treatments, 

lowering energy usage and secondary pollution. 
However, issues such as photocatalyst stability, 

recovery, and possible environmental concerns of 

nanoparticle leaking need to be solved for large-scale 

deployment (Baxter et al., 2009). Ongoing developments 
in nanotechnology, such as the creation of bio-inspired 

photocatalytic materials and heterostructured catalysts, 

are opening the door to more effective and financially 

feasible environmental cleanup techniques. With an 
emphasis on developments, methods, and difficulties, 

this study offers a thorough examination of nanoparticle-

enhanced photocatalysis in environmental remediation 

(Zhang et al., 2019). It looks at how nanoparticles can 
increase the efficiency of degradation, new 

developments in catalyst design, and real-world uses in 

air and water purification. Along with methods for 

enhancing photocatalyst stability and reusability, the 
paper also addresses the effects of nanoparticle use on 

the environment and human health. To improve 

scalability and sustainability, emerging concepts 

including bio-based nanomaterials, hybrid systems, and 
AI-driven optimization are emphasized. 

 

Biohybrid Photocatalysis 

Merging Nanotechnology with Living Systems 

An inventive method for improving pollutant 

degradation and environmental remediation is biohybrid 

photocatalysis, which combines biological systems with 

nanotechnology (Kumar et al., 2020). For example, 
enzyme-nanoparticle hybrids enhance the breakdown of 

persistent pollutants by combining the high reactivity of 

nanoparticles with the catalytic specificity of enzymes 

through synergistic processes. Similar to this, bacteria-
assisted photocatalysis uses photocatalytic 

nanomaterials and the metabolic powers of 

microorganisms to improve overall efficiency by 

accelerating pollutant breakdown, facilitating electron 
transfer, and reducing charge recombination. This 

partnership between microorganisms and nanomaterials 

presents a viable path for environmentally friendly air 

and water treatment (Khin et al., 2012). To improve light 
absorption and boost photocatalytic effectiveness, bio-

inspired nanostructures like those that resemble lotus 

leaves or butterfly wings are also being investigated. By 

optimizing surface morphology and light-harvesting 
capabilities, these natural designs enable improved use 

of solar energy in the degradation of pollutants. 

Biohybrid photocatalysis provides a sustainable and 

extremely effective approach to solving challenging 
environmental issues by fusing cutting-edge 

nanomaterials with biological principles (Okoro et al., 

2022). 

 

Photocatalytic Hacking 

A novel strategy called photocatalytic hacking 

aims to improve water filtration by rewiring nature's 

basic chemical processes (Harun-Ur-Rashid et al., 2023). 
The goal of reverse-engineering photosynthesis 

processes is to emulate the very effective energy 

conversion routes that plants, algae, and cyanobacteria 

utilize to maximize photocatalysis. Light energy is 
captured during photosynthesis and used to power redox 

processes and electron transport with amazing 

efficiency. Scientists are creating bioinspired catalysts 

that increase light absorption, charge separation, and 
energy loss reduction by incorporating these ideas into 

artificial photocatalytic systems. This will result in a 

more efficient breakdown of organic pollutants and 

contaminants. Furthermore, the need for hazardous 
chemical synthesis techniques is being lessened by the 

investigation of gene-edited bacteria and algae as natural 

biofactories for the synthesis of functional nanoparticles 

with regulated size, shape, and composition. A more 
sustainable and ecologically motivated method of 

producing nanomaterials is made possible by the ability 

to train these modified microbes to directly generate 

semiconductor-based nanoparticles, such as zinc oxide 
(ZnO) and titanium dioxide (TiO₂), within their cellular 

habitats. Moreover, to improve light absorption, boost 

the surface area, and encourage effective pollutant 

degradation, biomimetic nanostructures modeled after 
natural patterns like the hierarchical surface textures of 

butterfly wings or the superhydrophobic qualities of 

lotus leaves are being incorporated into photocatalytic 

materials (Mushtaq et al., 2024). By maximizing photon 
capture and scattering, these nanostructures make sure 

that more solar energy is used for photocatalysis, which 

enhances overall performance. Photocatalytic hacking, 
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which combines nanotechnology, biomimetic 
engineering, and synthetic biology, has the potential to 

completely transform water purification by increasing its 

effectiveness, affordability, and environmental 

sustainability. In addition to advancing the area of 

environmental remediation, this multidisciplinary 
approach opens the door for creative, environmentally 

inspired solutions to the world's problems with water 

contamination (Liu et al., 2024). 

 

 
Fig 1: Photocatalytic Hacking 

 

Exploring the Role of Space Materials in 

Photocatalysis 

An exciting new area in improved water 

purification and environmental remediation is the 

investigation of materials generated from space for 
photocatalysis (Njema et al., 2024). Researchers are 

examining whether minerals obtained from meteorites, 

which frequently contain rare-earth elements, unusual 

metal oxides, and alien nanostructures, can perform 
better than traditional photocatalysts like zinc oxide 

(ZnO) and titanium dioxide (TiO₂). These minerals may 

have improved catalytic qualities, such as better electron 

transport, wider light absorption spectra, and higher 
stability, as a result of their exposure to high-energy 

impact events, vacuum conditions, and intense cosmic 

radiation. Furthermore, space-zero gravity may 

drastically change the behavior of nanoparticles, perhaps 
enhancing charge separation and avoiding particle 

agglomeration-induced photocatalyst deactivation. By 

affecting mass transfer, surface contacts, and reaction 

kinetics, research in microgravity environments like 
those carried out on the International Space Station (ISS) 

tries to ascertain if the lack of gravitational forces may 

improve photocatalytic efficiency. Additionally, regolith 

from Mars and the Moon, which is made up of oxides 
such as silicon, iron, and titanium, has drawn interest as 

a possible photocatalyst for recycling water from other 

planets (Ellery et al., 2022). Future Mars and Moon 

missions may benefit from the repurposing of these 
naturally occurring minerals to support in-situ resource 

utilization (ISRU) techniques that would allow 

astronauts to use sunlight-driven photocatalytic devices 

to purify water. In addition to creating ground-breaking 
technology for deep space travel and planetary 

colonization, scientists may be able to open up new 
possibilities for sustainable water treatment on Earth by 

utilizing extraterrestrial elements. In addition to testing 

our knowledge of photocatalysis, this fusion of 

nanotechnology and astromaterials science paves the 
way for exciting new uses that combine environmental 

sustainability with space exploration (Valdez et al., 

2020). 

 
Photocatalysis for the Apocalypse 

Extreme Wastewater Treatment 

Photocatalysis becomes a vital technique for 

wastewater treatment in the most severe conditions in a 
society that is becoming more and more endangered by 

nuclear accidents, chemical warfare, and environmental 

extremes (Sharma et al., 2024). Treating radioactive 

wastewater after nuclear accidents, like the Fukushima 
Daiichi accident, is one of the most urgent problems 

since traditional treatment techniques find it difficult to 

get rid of radionuclides and extremely persistent organic 

pollutants. In addition to breaking down radioactive 
organic contaminants, advanced nanocatalysts such as 

doped titanium dioxide (TiO₂), carbon-based quantum 

dots, and metal-organic frameworks (MOFs) are being 

developed to immobilize heavy metal ions by surface 
adsorption and photocatalytic reduction. These specially 

designed catalysts are perfect for decontaminating 

nuclear wastes because they can function in extremely 

acidic and radiation-exposed environments. 
Furthermore, photocatalysis is important for military 

uses, especially when it comes to eliminating chemical 

and biological warfare agents. By producing reactive 

oxygen species (ROS), which break down dangerous 
substances at the molecular level, nanoscale 
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photocatalysts are being created to quickly decompose 
poisonous nerve agents like sarin and VX gas as well as 

to eliminate airborne biological threats, such as 

weaponized germs and viruses (Kumar et al., 2019). This 

skill shields soldiers and civilians against biological 
dangers and is especially useful in battlefield cleaning. 

In addition to military and radiological uses, 

photocatalytic water filtration is being investigated for 

harsh settings where conventional treatment methods are 
ineffective, such as deep-sea habitats and high-salinity 

areas. Nano photocatalysts must be designed to be stable 

and function without degrading under severe ionic 

conditions and tremendous pressure. As the world 
struggles with apocalyptic environmental threats, the 

development of robust and highly efficient 

photocatalysts remains crucial for ensuring clean water 

in the most extreme and life-threatening scenarios. 
Recent research into graphene-based photocatalysts and 

perovskite materials has shown promising results in 

maintaining high photocatalytic activity in deep-sea 

conditions, enabling potential applications in deep-sea 
mining wastewater management, submarine water 

recycling, and survival systems for oceanic exploration 

(Shang et al., 2025). 

 
Photocatalysis and Cryptocurrency 

A futuristic scenario where wastewater 

treatment not only purifies the environment but also 

creates income through digital mining and resource 
recovery is presented by the nexus of photocatalysis and 

cryptocurrency (Henderson et al., 2019). One of the 

more innovative methods is mining bitcoin from 

wastewater using electrochemical cells driven by 
photocatalysis. Wastewater treatment systems may use 

solar energy to fuel redox processes that produce tiny 

quantities of electricity, which can be used to power 

blockchain mining activities, by combining 

semiconductor-based photocatalysts with 
electrochemical reactions. This idea supports green 

technology and lessens dependency on energy-intensive 

data centers, which is in line with sustainable crypto-

mining initiatives. Furthermore, by facilitating 
decentralized tracking of catalytic performance and 

pollution credits, blockchain technology itself has the 

potential to completely transform photocatalysis. 

Through smart contracts and transparent ledger systems, 
industries and municipalities could monitor the 

efficiency of photocatalytic reactors in real time, 

ensuring compliance with environmental regulations 

while incentivizing sustainable wastewater treatment 
through tokenized pollution credits. Beyond 

cryptocurrency mining and tracking, nanoparticle-driven 

photocatalysis offers an exciting opportunity in 

wastewater mining, where valuable metals such as gold, 
palladium, and platinum can be extracted from industrial 

effluents. Certain advanced photocatalysts, including 

titanium dioxide (TiO₂) doped with noble metals and 

carbon-based nanomaterials, have shown the ability to 
selectively recover precious metals through 

photocatalytic reduction processes (Kuvarega et al., 

2017). Rare metals frequently wind up as pollutants in 

wastewater streams from the electronics manufacturing 
industry, making this process very pertinent. Industries 

might address environmental degradation and transform 

wastewater into a valuable resource by combining 

photocatalysis with electrochemical metal recovery 
devices. The combination of photocatalysis, 

cryptocurrency, and resource recovery represents a 

paradigm shift in wastewater not as waste, but as an 

unrealized financial and ecological opportunity as the 
world looks for creative solutions to both environmental 

sustainability and the growth of the digital economy 

(Mujumdar et al., 2021). 

 

 
Fig 2: Photocatalysis and Cryptocurrency 
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The Photocatalytic War on Superbugs 

Nanoparticles vs. Antibiotic Resistance 

Photocatalytic nanomaterials, such as titanium 

dioxide (TiO₂), zinc oxide (ZnO), and carbon-based 

quantum dots, offer a highly effective alternative to 
traditional wastewater treatment methods by producing 

reactive oxygen species (ROS) under light irradiation, 

which leads to the oxidative destruction of bacterial cell 

membranes, proteins, and even intracellular components 
(Mujumdar et al., 2024). This mechanism ensures that 

MDR bacteria are not only inactivated but also 

structurally dismantled, preventing the transfer of 

resistance genes. Photocatalysis is becoming a powerful 
weapon in the fight against multi-drug-resistant (MDR) 

bacteria and viral pathogens, as antibiotic resistance 

continues to rise globally. In addition to bacterial 

pathogens, photocatalysis has shown exceptional 
effectiveness in breaking down viral DNA and RNA in 

wastewater, which is an essential step in preventing the 

spread of viral illnesses. According to studies, light-

driven catalysis can break up viral genetic material, 
making it unable to replicate and spread. Since 

wastewater is a major reservoir for viral particles, 

including SARS-CoV-2, this is especially pertinent in the 
wake of pandemics. We may provide an extra line of 

defense against viral outbreaks by incorporating 

photocatalytic disinfection into hospitals, municipal 

water treatment facilities, and even portable filtration 
devices (Kumar et al., 2022). This would guarantee that 

waterborne pathogens do not contribute to any future 

health emergencies. Additionally, cutting-edge 

nanocomposite photocatalysts that combine materials 
based on graphene, copper, and silver have been 

investigated for the real-time sterilization of drinking 

water supplies in high-risk areas, lowering the possibility 

of viral and bacterial contamination in both developed 
and resource-constrained environments. Photocatalysis 

has the potential to completely transform the prevention 

of waterborne illnesses by providing a chemical-free, 

environmentally friendly method of water sterilization 
on a worldwide basis. The photocatalytic war on 

superbugs may become a crucial part of public health 

policy as antibiotic resistance and new viral threats 

continue to pose a danger to contemporary medicine, 
safeguarding populations against both established and 

unknown infectious pathogens (Haque et al., 2024). 

 

Table I: Photocatalytic Inactivation of Multi-Drug-Resistant Bacteria 

Parameter Details 

Target Organisms E. coli, MRSA, P. aeruginosa, Klebsiella pneumoniae 

Nanoparticles Used TiO₂, ZnO, Ag, CuO, Graphene oxide, Fe₂O₃, MoS₂ 

Photocatalytic Mechanisms ROS generation (•OH, O₂⁻•), cell wall disruption, oxidative stress-induced apoptosis 

Light Sources UV, Visible Light, Solar Radiation 

Efficiency >99.9% bacterial inactivation in laboratory studies 

Advantages Non-toxic, rapid bacterial destruction, no antibiotic dependence 

Challenges Nanoparticle stability, bacterial adaptation, cytotoxicity concerns 

Future Applications Antimicrobial coatings, water disinfection, self-cleaning hospital surfaces 

 

Table II: Destroying Viral RNA/DNA in Wastewater Using Light-Driven Catalysis 

Parameter Details 

Target Viruses SARS-CoV-2, Norovirus, Influenza, Enteroviruses 

Nanoparticles Used TiO₂, g-C₃N₄, Ag-ZnO, Carbon quantum dots, Black phosphorus 

Photocatalytic Mechanisms ROS-induced nucleic acid breakdown, viral capsid degradation 

Light Sources UV, Visible Light, Blue LED 

Efficiency >99% viral RNA degradation in wastewater studies 

Advantages Broad-spectrum antiviral activity, chemical-free disinfection 

Challenges Selectivity of viral structures, incomplete RNA degradation 

Future Applications Municipal wastewater treatment, hospital effluent sterilization, air disinfection 

 

Photocatalytic Mind Control 

Increased photocatalysis by nanoparticles 

affects human behavior and thought processes by 
changing the chemical makeup of drinking water (Cai et 

al., 2018). Neurotoxins that build up in water supplies 

and have been connected to behavioral abnormalities, 

neurodegenerative diseases, and cognitive decline 
include heavy metals, pesticides, and industrial solvents. 

These are among the most urgent issues. Titanium 

dioxide (TiO₂), graphene oxide, and doped 

semiconductor catalysts are examples of photocatalytic 
nanomaterials that have demonstrated great promise in 

degrading or adsorbing these dangerous substances, 

perhaps reducing their long-term neurological 

consequences. The existence of mood-altering 

medications, including opioids, antidepressants, and 
antipsychotics, that find their way into water systems 

through pharmaceutical runoff and human waste is 

another serious problem. Concerns of unintended 

psychotropic effects on people have been raised by 
studies that found trace quantities of these chemicals in 

rivers and even municipal drinking water. These 

persistent substances can be efficiently broken down by 

photocatalytic oxidation processes, avoiding their 
buildup and potential impact on behavior and mental 

health (UshaVipinachandran et al., 2020). Some 
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scientists hypothesize that photocatalytic water treatment 
might do more than just eliminate impurities; it could 

also modify water's molecular structure in ways that 

could impact biological functions. According to new 

biophysical ideas, the molecular makeup of water affects 
biological processes and cellular connections. 

Experimental research on "structured water" suggests 

that changing hydrogen bonding networks via nano 

catalysis may improve metabolic efficiency, increase 
hydration, or even change how neurotransmitters act. 

The relationship between photocatalysis and 

neurobiology raises an intriguing, if contentious, 

question: may cutting-edge water treatment technology 
be used to improve both physical and mental health in 

addition to purification. Investigating the advantages and 

moral ramifications of photocatalytic water chemistry 

treatments as well as their possible effects on human 
health will be essential as research advances (Amakiri et 

al., 2022). 

 

Performance Evaluation of Nanoparticle-Enhanced 

Photocatalysts 

The assessment of nanoparticle-enhanced 

photocatalysts' effectiveness is dependent on exacting 

experimental procedures intended to gauge their 
photocatalytic activity in regulated environments 

(Gomes Souza Jr et al., 2024). To measure the rate at 

which organic contaminants in wastewater degrade, 

standardized methods such as total organic carbon 
(TOC) measurement, high-performance liquid 

chromatography (HPLC), and UV-visible spectroscopy 

are frequently used. When evaluating the efficacy of 

various nanocatalysts, key performance metrics such as 
degradation rate, quantum efficiency, and long-term 

stability are essential standards. While quantum 

efficiency quantifies the percentage of absorbed photons 

that contribute to photocatalysis, degradation rate, which 
is commonly stated as a percentage elimination of 

pollutants over time, directly indicates catalytic 
efficiency. Conversely, stability guarantees that the 

catalyst maintains its activity throughout many cycles 

without seeing a noticeable decrease in efficiency. 

Several variables, including as pH, temperature, catalyst 
dose, and irradiation source, affect photocatalytic 

activity. While temperature can affect reaction rates and 

charge carrier recombination dynamics, pH level 

changes the surface charge of pollutant molecules and 
nanoparticles, which impacts adsorption and reaction 

kinetics. The right quantity of catalyst is essential since 

too much loading might result in agglomeration, which 

lowers efficiency, while too little results in fewer active 
sites (Antolini et al., 2016). The availability of photon 

energy and the general kinetics of the process are 

determined by the irradiation source, which can be either 

natural sunlight or artificial UV lamps. Studies 
comparing several nanocatalysts, including ZnO, TiO₂, 

and doped semiconductor materials, have shown that 

they differ in how well they clean wastewater. Due to its 

potent oxidative capabilities, titanium dioxide (TiO₂) 
continues to be the standard catalyst; however, its 

visible-light responsiveness is improved by 

modifications such as doping with noble metals or 

coupling with carbon-based materials (such as 
graphene). Despite its great efficiency and comparable 

bandgap characteristics, ZnO is photo corroded in wet 

settings. Metal-organic frameworks (MOFs) and 

perovskite-based materials are examples of emerging 
nanocatalysts that are being investigated for improved 

durability and superior charge separation. The targeted 

pollutant, reaction circumstances, and economic viability 

all play a role in choosing the best photocatalyst. 
Research is now being conducted to create scalable, 

highly stable, and reasonably priced nanoparticle-

enhanced photocatalysts for wastewater treatment 

applications (Enang et al., 2025). 

 

Table 2: Performance Evaluation of Nanoparticle-Enhanced Photocatalysts 

Parameter Description Influence on 

Photocatalytic 

Performance 

Experimental 

Measurement Techniques 

References 

Degradation Rate The rate at which 

pollutants break down 

under photocatalytic 

conditions. 

Higher degradation 

rates indicate better 

catalytic efficiency. 

UV-Vis Spectroscopy, 

HPLC, TOC Analysis 

Jiang et al., 

2018 

Quantum 

Efficiency 
The ratio of reacted 
electrons/holes to 

incident photons. 

Higher efficiency 
means better 

utilization of light 

energy. 

Photoluminescence 
Spectroscopy, Incident 

Photon-to-Current 

Efficiency (IPCE) 

Rahman et al., 
2022 

Stability & 

Reusability 

The ability of the 

catalyst to maintain 
performance over 

multiple cycles. 

Long-term stability 

ensures cost-
effectiveness and 

practical application. 

Repeated cycle testing, X-

ray Diffraction (XRD) for 
structural analysis 

Habib et al., 

2023 

pH Effect Influence of solution 

pH on photocatalytic 

reactions. 

Affects surface 

charge, adsorption, 

and reaction kinetics. 

pH Adjustment 

Experiments, Zeta Potential 

Analysis 

Wang et al., 

2007 
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Temperature 

Effect 

Influence of reaction 

temperature on 
photocatalysis. 

Affects charge carrier 

recombination and 
reaction rates. 

Thermogravimetric 

Analysis (TGA), 
Temperature-Controlled 

Batch Experiments 

Meng et al., 

2018 

Catalyst Dosage The optimal amount of 

photocatalyst needed 

for maximum 
efficiency. 

Too little leads to 

fewer active sites, and 

too much causes 
aggregation. 

Dosage Optimization 

Experiments, Surface Area 

Analysis (BET) 

Rauf et al., 

2009 

Irradiation 

Source 

Type and intensity of 

light used in 

photocatalysis. 

Determines photon 

absorption efficiency 

and energy activation. 

Solar Simulator, UV Lamp, 

LED Light Source 

 

Sarina et al., 

2014 

TiO₂-Based 

Nanocatalysts 

Titanium dioxide in 

various forms (e.g., 
anatase, rutile, doped). 

High stability, and 

strong oxidation, but 
limited to UV light. 

XRD, SEM, Band Gap 

Measurement 
 

Anucha et al., 

2022 

ZnO-Based 

Nanocatalysts 

Zinc oxide as an 

alternative 

photocatalyst. 

Similar to TiO₂ but 

prone to photo 

corrosion. 

Photocatalytic Activity 

Tests, Electrochemical 

Impedance Spectroscopy 

 

Ghamarpoor 

et al., 2024 

Doped 

Semiconductor 

Catalysts 

Nanocatalysts doped 
with metals (e.g., Ag, 

Au) or non-metals 

(e.g., N, S). 

Enhanced visible-light 
absorption, and 

improved charge 

separation. 

XPS, UV-Vis DRS, Raman 
Spectroscopy 

AlMohamadi 
et al., 2024 

Carbon-Based 

Nanomaterials 

Graphene, carbon 

dots, and CNTs for 
photocatalyst 

enhancement. 

Improves charge 

carrier mobility and 
prevents 

recombination. 

FTIR, Raman 

Spectroscopy, Electron 
Microscopy 

Ahmed et al., 

2024 

Metal-Organic 

Frameworks 

(MOFs) 

Hybrid structures 

combining organic and 

inorganic components. 

High surface area, 

tunable porosity, 

promising stability. 

BET Surface Analysis, 

XRD, FTIR 

 

Guo et al., 

2022 

Perovskite-Based 

Catalysts 
Novel perovskite 
materials with tunable 

band gaps. 

High photocatalytic 
efficiency, but 

stability issues. 

XRD, SEM, Band Gap 
Characterization 

Bresolin et al., 
2020 

Reaction Kinetics Rate law and order of 

photocatalytic 

reactions. 

Helps optimize 

conditions for 

maximum efficiency. 

Langmuir-Hinshelwood 

Kinetic Model, Time-

Dependent UV-Vis 
Analysis 

Bloh et al., 

2019 

Scalability and 

Practical 

Application 

Suitability for large-

scale water treatment. 

Depends on cost, 

stability, and 

regeneration potential. 

Pilot-Scale Studies, 

Economic Feasibility 

Analysis 

Peng et al., 

2016 

Toxicity and 

Environmental 

Impact 

Safety of nanoparticles 

in water treatment. 

Some nanomaterials 

pose ecological and 
health risks. 

Ecotoxicological Studies, 

Cytotoxicity Assays 

Hegde et al., 

2016 

 

Challenges and Limitations 

The widespread acceptance and scalability of 

nanoparticle-based catalysis are severely hampered by its 
difficulties and limits, especially in photocatalytic 

applications (Yadav et al., 2024). Since nanoparticles 

have a tendency to cluster or leak into the reaction 

medium, resulting in decreased efficiency and higher 
operating costs, catalyst recovery, and reusability are 

among the main issues. To lessen these problems, 

effective tactics like immobilization on sturdy supports 

or magnetic separation techniques are required, although 
they frequently bring further complications. Moreover, 

because of their tiny size, which enables them to 

potentially harm biological systems and ecosystems, 

nanoparticles' possible toxicity and environmental 
hazards continue to be a major worry. Research on 

biocompatible and environmentally friendly substitutes 

is necessary as regulatory frameworks to evaluate and 

manage these hazards continue to develop. Large-scale 

implementation and economic viability are especially 
difficult since high-performance photocatalyst synthesis 

frequently calls for costly precursors, complex 

manufacturing processes, and substantial energy inputs. 

For these technologies to be practical for industrial use, 
cost-effective production and process optimization are 

essential (Dubey et al., 2017). Furthermore, the stability 

and degradation of photocatalysts over time restrict their 

long-term effectiveness because structural deterioration 
and deactivation might result from extended exposure to 

severe reaction conditions, UV radiation, or impurities. 

Although methods including doping, surface 

modification, and composite production are being 
investigated to improve durability, more developments 

are required to guarantee continuous catalytic activity. 
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The development of safer, more effective, and 
financially feasible nanoparticle-based catalytic systems 

necessitates a multidisciplinary approach that integrates 

materials science, engineering, toxicology, and 

environmental sustainability factors (Gana et al., 2024). 
 

Future Perspectives and Emerging Trends 

Emerging developments in artificial 

intelligence, sustainable chemistry, and nanotechnology 
are expected to propel major improvements in 

photocatalysis in the future (Tawfik et al., 2024). The 

green synthesis of nanoparticles, which focuses on 

environmentally benign, non-toxic, and scalable 
techniques for creating photocatalysts using plant 

extracts, microbes, and other biological agents, is one of 

the most promising avenues. This strategy minimizes 

energy-intensive production processes and toxic 
consequences, which is in line with the larger objective 

of sustainable development. Furthermore, by facilitating 

predictive modeling, reaction condition optimization, 

and the quicker identification of new photocatalysts, 
artificial intelligence (AI) and machine learning are 

transforming photocatalytic research. Researchers may 

find the best material compositions and reaction 

parameters by utilizing big data and computer 
algorithms. This increases efficiency and minimizes the 

need for trial-and-error testing. The creation of solar-

driven and visible-light-responsive photocatalytic 

systems, which seek to optimize the use of renewable 
energy sources and improve photocatalytic performance 

in the presence of natural sunshine, is another 

revolutionary movement. These developments are 

essential for large-scale energy conversion and 
environmental remediation projects like hydrogen 

generation and water purification (Kuspanov et al., 

2023). Furthermore, by combining many active sites, 

facilitating charge separation, and prolonging catalyst 
lifespan, hybrid nanomaterials and multifunctional 

catalysts are becoming important contributors to 

increasing photocatalytic efficiency. Superior 

photocatalytic activity and selectivity are made possible 
by the synergy of several nanomaterials, including 

plasmonic nanoparticles, carbon-based materials, and 

metal-organic frameworks (MOFs). Despite these 

developments, there are still issues with policy 
ramifications and regulatory frameworks that affect 

photocatalysis's practical use. Standardized testing 

procedures, environmental impact analyses, and safety 

rules are necessary for the commercialization of 
photocatalytic technology to guarantee their effective 

implementation. For the widespread use of 

photocatalytic devices, especially in energy production, 

air purification, and water treatment, governments and 
regulatory agencies must set precise rules. To translate 

laboratory discoveries into industrial and environmental 

solutions and pave the path for a sustainable and 

technologically advanced future in photocatalysis, it will 
be imperative to address these regulatory problems 

(Habib et al., 2023). 

 

CONCLUSION 
Photocatalysis augmented by nanoparticles has 

become a very promising method for solving the world's 

problems with water pollution. This study emphasizes 
how effective nanoparticles like carbon-based 

nanomaterials, zinc oxide (ZnO), and titanium dioxide 

(TiO₂) are in neutralizing pathogens, breaking down 

organic pollutants, and lowering the toxicity of heavy 
metals. According to key results, nanostructured 

photocatalysts greatly increase their photocatalytic 

activity under visible and solar light settings by 

exhibiting increased surface area, better charge 
separation, and more light absorption. However, issues 

including the stability of nanoparticles, possible 

environmental toxicity, and obstacles to large-scale 

application still need to be thoroughly studied. Future 
studies should concentrate on increasing the efficiency of 

nanomaterial synthesis, enhancing recyclability, and 

reducing any environmental hazards by using green 

production techniques. The adoption of nanoparticle-
enhanced photocatalysis will also be accelerated by 

developments in hybrid nanocomposites, machine 

learning-assisted catalyst design, and practical pilot 

studies. If these issues are resolved, this technology has 
the potential to completely transform the world's water 

treatment system by offering sustainable, affordable, and 

energy-efficient ways to provide access to clean water, 

especially in poor nations dealing with serious water 
pollution issues. 
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