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Abstract

As a cutting-edge and very successful technique for environmental remediation,
photocatalysis offers long-term solutions for reducing pollutants and enhancing
environmental quality. By using light energy to activate semiconductor-based catalysts, this
sophisticated oxidation process makes it possible to reduce heavy metal ions, break down
organic contaminants, and transform hazardous gases into chemicals that are safe for the
environment.  Photocatalysis provides a cleaner, more energy-efficient option that is
consistent with green chemistry principles, in contrast to traditional remediation methods that
often demand significant energy input and produce secondary pollutants.

Three major breakthroughs in photocatalytic materials are examined in this paper: plasmonic

photocatalysts, heterojunction catalysts, and nanostructured semiconductors. Numerous
modifications have been made to nanostructured semiconductor materials, including tungsten
oxide (WO3), zinc oxide (ZnO), and titanium dioxide (TiO,), to improve their capacity to
absorb light, separate charge carriers, and increase their utility in the visible light spectrum.
By reducing recombination losses and promoting effective charge transfer, heterojunction
catalysts—which are created by combining several semiconductors—further improve
photocatalytic performance and increase the efficiency of pollutant destruction. Furthermore,
the use of localised surface plasmon resonance (LSPR) in plasmonic photocatalysts
containing noble metals such as silver (Ag) and gold (Au) has transformed the sector by
increasing catalytic activity and optimising light harvesting.

A major step towards increasing reaction rates and expanding the range of environmental
applications is the combination of these innovative photocatalysts with hybrid photocatalytic
systems and solar energy utilisation. Solar-driven photocatalysis lessens dependency on
artificial energy inputs by using sunlight as a renewable energy source, increasing the
viability and affordability of large-scale applications. Additionally, hybrid systems that
integrate photocatalysis with supplementary technologies—Ilike membrane filtration,
adsorption, and bio-remediation—have shown increased catalyst lifespan and enhanced
pollutant removal efficiency.

The significance of photocatalysis in sustainable pollution mitigation is becoming more and
more important as environmental issues including air and water pollution and the disposal of
industrial waste continue to worsen. To fully realise the promise of this technology,
improvements in reactor design and material engineering will be essential, as will the
ongoing research and optimisation of photocatalytic processes. Future studies should
concentrate on improving photocatalyst stability and recyclability, increasing manufacturing
for industrial uses, and investigating novel materials with improved visible light efficiency.
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In the end, advancements in photocatalysis have enormous potential to solve environmental
issues worldwide by offering economical, energy-efficient, and environmentally benign
methods of resource conservation and pollution management.

Keyword- Advancements Photocatalysis,Environmental Remediation

1. Introduction

Environmental pollution is a serious problem that endangers human health, ecosystems, and
the sustainability of the whole planet. Pollutant discharge into the air, water, and soil has
grown as a result of rapid industrialisation, urbanisation, and population expansion.
Environmental deterioration is mostly caused by household and industrial waste, which
contains toxic gases, heavy metals, and organic pollutants. To reduce pollution, conventional
remediation techniques including chemical oxidation, adsorption, and biological treatment
have been used. Nevertheless, these methods often have drawbacks such excessive energy
use, the production of secondary pollutants, and poor efficacy in breaking down persistent
pollutants.

As a sophisticated oxidation method that provides a viable and effective substitute,
photocatalysis has drawn a lot of interest in response to these issues. Photocatalysis is based
on semiconductor materials that produce electron-hole pairs that can start redox reactions
when they are exposed to light. Airborne pollutants including nitrogen oxides (NOx) and
volatile organic compounds (VOCs) degrade as a result of these processes, which also reduce
poisonous heavy metals into less dangerous forms and break down organic pollutants into
innocuous byproducts.

One of photocatalysis's main benefits is its capacity to capture solar energy, which makes it
an economical and ecologically beneficial method. Photocatalysis works in moderate
circumstances and has no ecological effect, in contrast to traditional chemical treatments that
need external reagents and produce secondary waste. Low quantum efficiency, rapid charge
recombination, and the restricted absorption of visible light by traditional photocatalysts like
titanium dioxide (TiO,) have all been obstacles to its practical use.

Recent developments in photocatalytic materials and system designs have concentrated on
increasing efficiency and broadening application possibilities in order to get beyond these
restrictions. By enhancing light absorption, charge separation, and surface reaction kinetics,
innovations including plasmonic-enhanced materials, heterojunction photocatalysts, and
nanostructured semiconductors have greatly increased photocatalytic activity. Furthermore,
the practical uses of photocatalysis in environmental remediation have been expanded by
hybrid photocatalytic systems, which combine photocatalysis with complementing
technologies like membrane filtration and photoelectrocatalysis.

It is anticipated that photocatalytic materials and techniques will play a bigger part in
pollution prevention and environmental sustainability as research advances. This study
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examines the most recent developments in photocatalytic materials, their uses in
environmental remediation, and the obstacles that must be overcome before they can be
widely used in industry.

2. New Developments in Photocatalytic Substances

Increasing the effectiveness and suitability of photocatalysis for environmental remediation
has been made possible by the development of sophisticated photocatalytic materials. In
order to maximise the breakdown of pollutants, recent advancements have concentrated on
enhancing light absorption, charge separation, and catalytic stability. Among these
developments, plasmonic photocatalysts, heterojunction catalysts, and nanostructured
semiconductors have shown great promise as materials for effective photocatalytic processes.

2.1. Semiconductors with nanostructures
Because of its large surface area, adjustable bandgap, and improved charge transport
capabilities, nanostructured semiconductors have been essential in the development of
photocatalysis. Because of their high photocatalytic activity, chemical stability, and lack of
toxicity, materials like tungsten oxide (WQO3), zinc oxide (ZnO), and titanium dioxide (TiO,)
are often used as photocatalysts. However, quick charge carrier recombination and poor
absorption of visible light often limit their efficiency, which limits their total performance.

Several methods have been proposed to increase the photocatalytic effectiveness of
nanostructured semiconductors in order to get over these restrictions:

Doping with Metal and Non-Metal Elements: By adding metal ions (such as Fe, Cu, and Mn)
or non-metal elements (such as N, S, and C) to the semiconductor lattice, the band structure is
altered, improving charge separation and visible light absorption.

Surface Modifications: By functionalising photocatalytic surfaces with organic compounds,
polymers, or co-catalysts, one may improve their reactivity and selectivity and raise their
overall efficiency.

Morphological Control: By decreasing recombination losses and increasing active surface
sites, engineering nanostructures including nanorods, nanotubes, nanospheres, and
mesoporous materials enhances light harvesting, charge transfer, and catalytic performance.

These changes make it possible to use nanostructured semiconductors in a number of
environmental applications, such as water splitting for hydrogen production, air pollution
reduction, and water purification.

2.2. Catalysts with Heterojunction
The basic problem of charge recombination in single-component semiconductors has been
addressed by heterojunction catalysts, which have become a breakthrough in photocatalysis.
By joining two or more semiconductor materials with comparable band structures,
heterojunctions are created, which provide more effective charge separation and transfer. By
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prolonging the lifespan of photogenerated electrons and holes, this method dramatically
improves photocatalytic efficiency and raises reaction rates.

Heterojunctions of many kinds are used in photocatalysis:

Type I Heterojunctions: These enhance charge utilisation by aligning energy bands where
photogenerated electrons and holes build up in the same semiconductor.

Type II Heterojunctions: These reduce recombination losses by enabling holes to migrate to
the material with a larger valence band and electrons to go to the semiconductor with a lower
conduction band, therefore facilitating efficient charge separation.

By encouraging effective charge transfer, Z-Scheme Heterojunctions replicate natural
photosynthesis by allowing photogenerated electrons and holes to interact while maintaining
the high redox potential required for catalytic processes.

The following are notable instances of heterojunction photocatalysts:

Because of the two materials' synergistic impact, TiO,/g-C3N, (Titanium Dioxide/Graphitic
Carbon Nitride) improves visible-light absorption and charge separation.

The well-known heterojunctionBiVO4/WO3; (Bismuth Vanadate/Tungsten Oxide) has
exceptional photocatalytic activity for the breakdown of organic pollutants and water
oxidation.

Cadmium Sulfide/Titanium Dioxide (CdS/TiO;): This combination benefits from improved
charge separation at the heterojunction interface and offers excellent efficiency in hydrogen
evolution processes.

Heterojunction catalysts have shown great promise for enhancing photocatalytic
applications, especially in the generation of renewable energy, CO, reduction, and
wastewater treatment.

2.3. Photocatalysts that are Plasmonic
A new technique called plasmonic photocatalysis uses the special optical characteristics of
noble metal nanoparticles to improve catalytic activity and light absorption. Gold (Au) and
silver (Ag) nanoparticles are examples of plasmonic materials that display localised surface
plasmon resonance (LSPR), a phenomenon in which incoming light causes conduction
electrons to vibrate collectively. Conventional photocatalysts usually do not use visible and
near-infrared light, but this resonance effect makes it possible to do so.

The following are important processes that improve plasmonic materials' photocatalytic
performance:

Stronger light absorption is made possible by the Localised Surface Plasmon Resonance
(LSPR) phenomenon, which also increases the production of hot electrons that may be
transported to semiconductor photocatalysts to drive redox processes.

7115

'I'. -
B ] AN ‘-;
£ = -
l‘ Imte=rr Il ni l!l:]l |F 41‘ I| :ll
I hl

[ _.nn A T
ot ki



I[JFANS INTERNATIONAL JOURNAL OF FOOD AND NUTRITIONAL SCIENCES
ISSN PRINT 2319 1775 Online 2320 7876

Research Paper® 2012 LIFANS. Al Rights Reserved

Near-Field Enhancement: Better charge separation and reaction rates result from the
intensified light-matter interactions caused by the electromagnetic field around plasmonic
nanoparticles.

Photothermal Effects: In certain applications, the generation of heat by certain plasmonic
materials upon absorption of light may improve catalytic activity and reaction kinetics.

Successful integration of plasmonic photocatalysts into semiconductor systems has improved
their functionality. Among the examples are:

- Au/TiO; (gold nanoparticles/titanium dioxide): The addition of Au nanoparticles increases
the efficacy of photocatalytic degradation by extending the light absorption range of TiO, and
facilitating charge transfer.

Ag/ZnO (silver nanoparticles/zinc oxide): This combination has antimicrobial qualities and
improves visible light-driven photocatalysis, which makes it beneficial for water treatment
applications.

The combination of Pt nanoparticles with g-C3N, (Platinum/Graphitic Carbon Nitride)
improves charge separation and encourages hydrogen evolution processes.

Plasmonic materials have been incorporated into photocatalysts, creating new opportunities
for sustainable chemical synthesis, environmental remediation, and solar energy conversion.

3. Photocatalysis's Use in Environmental Remediation

Advanced and sustainable remediation techniques have become necessary due to the rising
levels of pollution in soil, water, and air. Because it can break down dangerous contaminants
under moderate reaction conditions and often uses solar energy as a clean energy source,
photocatalysis has become a potent tool for environmental remediation. Water purification,
air pollution reduction, and heavy metal reduction are just a few of the applications for
photocatalysis, which provides environmentally benign substitutes for traditional chemical
treatments.

3.1. Purification of Water

A major environmental problem is water pollution, which is brought on by household
garbage, agricultural runoff, and industrial effluents. Conventional techniques for treating
water, such adsorption, filtration, and chemical coagulation, often result in secondary waste
production and significant operating costs. By using light energy to break down hazardous
compounds into innocuous byproducts, remove germs, and decompose organic contaminants,
photocatalysis offers a sustainable and effective alternative to water filtration.

Degradation of persistent organic pollutants (POPs), such as pesticides, dyes, medications,
and personal care items, is one of the most significant uses of photocatalysis in water
treatment. These pollutants endanger aquatic ecosystems and human health over time
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because they are resistant to traditional remedies. Under ultraviolet (UV) or visible light
irradiation, photocatalytic materials including graphitic carbon nitride (g-CsN,), zinc oxide
(Zn0O), and titanium dioxide (TiO;) have shown excellent effectiveness in degrading these
contaminants.

Additionally, antimicrobial photocatalysis is becoming more well-known for its capacity to
purify water by rendering bacteria, viruses, and fungus inactive. By efficiently destroying
microbial cell walls, reactive oxygen species (ROS) such superoxide anions (O,¢”) and
hydroxyl radicals (*OH) stop the spread of aquatic illnesses. In rural and disaster-affected
regions with limited access to safe drinking water, this application is very helpful.

Moreover, photocatalytic membrane reactors (PMRs) have been created to improve the
effectiveness of water filtration. By incorporating photocatalysts into filtration membranes,
these hybrid systems enhance water permeability, lessen membrane fouling, and enable
continuous pollutant destruction. Large-scale, energy-efficient water treatment systems are
becoming possible because to these advancements.

3.2. Control of Air Pollution

With rising emissions of harmful gases, volatile organic compounds (VOCs), and particulate
matter from home, automotive, and industrial sources, air pollution is becoming a major
worldwide problem. Traditional air purification techniques, such chemical scrubbing and
adsorption, are often constrained by their high cost, secondary waste generation, and
maintenance difficulties. Because photocatalysis converts dangerous air pollutants into non-
toxic compounds, it offers a sustainable and efficient method of reducing air pollution.

The breakdown of nitrogen oxides (NOy), which are a primary cause of smog and acid rain,
is one of the most extensively researched uses. To passively lower NOy concentrations in
urban settings, photocatalytic coatings—in particular, TiO,-based materials—have been used
to building facades, roadways, and highway barriers. These coatings help transform NOy into
less dangerous nitrates (NO3 ™) when exposed to sunshine, which rain may then wash away.

Similarly, photocatalysis may be used to efficiently decompose volatile organic compounds
(VOCs), such as formaldehyde, toluene, and benzene. These substances, which are often
released from home goods, automobile emissions, and industrial operations, are harmful to
human health and contribute to both indoor and outdoor air pollution. Using cutting-edge
semiconductor materials, photocatalytic air purifiers have been created for use in homes and
businesses to enhance indoor air quality by dissolving volatile organic compounds (VOCs)
into carbon dioxide (CO;) and water (H20).

Additionally, to improve air purification in confined spaces like workplaces, hospitals, and
public transportation systems, photocatalytic oxidation (PCO) systems have been
incorporated into HVAC (heating, ventilation, and air conditioning) equipment. These
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systems lessen the transmission of respiratory diseases by eliminating pollutants and assisting
in the neutralisation of airborne germs.

3.3. Reduction of Heavy Metals

An important environmental and public health concern is heavy metal poisoning of water
sources, which is brought on by industrial processes including mining, electroplating, and
battery production. Toxic and non-biodegradable, heavy metals such as arsenic (As),
chromium (Cr), lead (Pb), cadmium (Cd), and mercury (Hg) may bioaccumulate in living
things and cause serious health problems. For low-concentration pollutants, traditional heavy
metal removal techniques including adsorption, ion exchange, and precipitation are often
costly and ineffective.

An efficient and long-lasting substitute for heavy metal detoxification is photocatalytic
reduction. In this mechanism, light-driven redox reactions transform poisonous metal ions
into less hazardous or insoluble forms. For instance:

Chromium (Cr(VI)) Reduction: Hexavalent chromium (Cr(VI)) is a heavy metal that is often
detected in industrial effluent and is very hazardous and carcinogenic. The reduction of
Cr(VI) to trivalent chromium (Cr(II)), which is much less toxic and more stable in aquatic
settings, is facilitated by photocatalysts like TiO, and ZnO.

Mercury (Hg(IT)) and lead (Pb(II)) Detoxification: By changing lead and mercury ions into
their less soluble forms, photocatalytic reactions may also immobilise them and stop them
from spreading further in water systems. Gold (Au) and silver (Ag) nanoparticles are
examples of plasmonic photocatalysts that have shown improved efficiency in the selective
reduction of hazardous metal ions.

Removal of Arsenic (As): In many areas, drinking water pollution with arsenic is a serious
problem. In order to transform arsenic into forms that are easier to remove by filtering or
precipitation, photocatalytic oxidation approaches have been investigated.

In order to simultaneously absorb and degrade heavy metal pollutants, recent research has
also concentrated on photocatalyst-adsorbent hybrid systems, which combine porous
adsorbent materials (such as graphene and activated carbon) with nanostructured
photocatalysts. The stability and removal efficiency of photocatalytic remediation systems
are improved by this dual-purpose strategy.

4. Difficulties and Opportunities
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Even though photocatalysis has enormous promise for environmental cleanup, a number of
obstacles prevent its widespread industrial use. In order to overcome these constraints,
ongoing research and technical developments are needed to increase photocatalytic
efficiency, stabilise materials, and create scalable, reasonably priced systems.

4.1. Charge Recombination and Low Quantum Efficiency

The poor quantum efficiency of photocatalysis—the percentage of absorbed photons that
contribute to chemical reactions—is one of its main problems. Overall efficiency is
decreased in many photocatalytic materials because a sizable fraction of the electron-hole
pairs that are produced recombine before they can take part in redox processes. The
efficiency of photocatalytic processes is limited by fast charge recombination, which is
especially noticeable in conventional photocatalysts like titanium dioxide (TiO,).
Researchers are concentrating on creating cutting-edge materials with enhanced charge
separation capabilities, such as co-catalyst-assisted photocatalysts, heterojunction catalysts,
and surface-modified semiconductors, in order to get around this.

4.2. Restricted Absorption of Visible Light

Because of their large bandgaps, the most commonly employed photocatalysts, such as ZnO
and TiO, mostly absorb ultraviolet (UV) light. However, visible light makes up around 45%
of the solar spectrum, whereas UV radiation only makes up about 5%. Under normal
sunlight, this restriction drastically lowers the efficacy of photocatalytic devices. In order to
lower the bandgap and extend light absorption into the visible range, researchers are
investigating methods including doping with transition metals (such Fe, Cu, and Ni) and non-
metals (like N, S, and C). Furthermore, by increasing visible light absorption via localised
surface plasmon resonance (LSPR), plasmonic nanomaterials including gold (Au) and silver
(Ag) nanoparticles have been reported to improve overall photocatalytic efficiency.

4.3. Stability and Durability of the Catalyst

The long-term stability and endurance of photocatalysts, particularly when operating
continuously, is another significant issue in photocatalysis. Over time, a lot of semiconductor
materials experience structural or photodegradation changes that lower their activity. For
example, extended UV exposure causes ZnO to photocorrode, and performance is impacted
by dopant atom leaching in some doped materials. One crucial area of study is creating
strong photocatalysts with improved resistance to deterioration. To increase stability and
endurance, methods include using composite materials, covering photocatalysts with
protective layers, and enhancing crystallinity are being investigated.

4.4. Industrial Applications and Scalability
Despite photocatalysis's outstanding success in lab-scale tests, it is still difficult to translate
these results into large-scale industrial applications. The expense of high-performance
photocatalytic materials continues to be a deterrent to broad adoption, and many of the
photocatalytic reactors now in use are not optimised for mass production. Research is
concentrating on creating scalable reactor systems that optimise reaction conditions, enhance
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mass transfer, and maximise photon utilisation in order to overcome this. To improve process
scalability and cost-effectiveness, continuous-flow photocatalytic reactors, immobilised
photocatalyst systems, and reactor designs that include solar energy harvesting are being
investigated.

4.5. Combining Hybrid Technologies and Renewable Energy

Researchers are looking at combining photocatalytic processes with renewable energy
sources like solar and wind power to increase their sustainability. Particularly, solar-driven
photocatalysis has drawn interest as an environmentally friendly and energy-efficient method
of environmental rehabilitation. Furthermore, new opportunities for improving
photocatalytic efficiency are presented by hybrid technologies like bio-photocatalysis, which
integrates photocatalysts with microbial systems, and photoelectrocatalysis, which combines
photocatalysis with electrochemical techniques. By enhancing charge separation,
accelerating reaction rates, and broadening the scope of pollutants that may be treated, these
hybrid techniques can boost photocatalysis's viability for practical uses.

4.6. Innovations and Future Directions
The development of next-generation photocatalysts with high quantum efficiency, broad-
spectrum light absorption, and excellent charge separation characteristics should be the main
goal of future photocatalysis research in order to overcome current obstacles.
By creating stronger materials and protective coatings, catalyst stability may be improved
and deactivation can be avoided over time.
Optimising the designs of photocatalytic reactors for large-scale applications while
guaranteeing their economical and energy-efficient operation.
Investigating cutting-edge hybrid systems that integrate photocatalysis with technologies
based on electrochemistry, biology, and nanomaterials to improve performance.
To speed up the transfer from lab research to practical application in environmental cleanup,
industry cooperation is growing.

5. Conclusion
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A potent and sustainable method for environmental remediation, photocatalysis provides an
environmentally responsible and energy-efficient means of reducing pollutants. It has
established itself as a competitive alternative to traditional treatment techniques for heavy
metal reduction, air pollution management, and water purification because of its capacity to
use light energy—especially solar radiation—to propel chemical processes. The efficiency,
selectivity, and application of photocatalysis have greatly increased over time due to ongoing
developments in photocatalytic materials and system designs.

The potential of photocatalysis has been increased by the discovery of innovative
photocatalysts, such as plasmonic photocatalysts, heterojunction-based systems, and
nanostructured semiconductors, which improve charge carrier separation, increase light
absorption, and improve overall reaction kinetics. One of the main issues with conventional
photocatalysts like TiO,, which mostly work in ultraviolet (UV) light, has been resolved by
these developments, which have made it possible for photocatalytic systems to perform better
in visible light. Furthermore, the incorporation of hybrid photocatalytic systems, including
bio-photocatalysis and photoelectrocatalysis, has expanded the range of environmental
applications and improved efficiency.

Notwithstanding these noteworthy advancements, a number of obstacles still stand in the
way of the broad industrial use of photocatalysis. To maximise its practical value, problems
including poor quantum efficiency, catalyst deactivation, restricted visible-light
responsiveness, and scalability of photocatalytic reactors need to be resolved. Overcoming
these constraints will require optimising reactor design for large-scale applications,
increasing catalyst stability, and increasing light utilisation efficiency.

To further improve photocatalytic processes in the future, further materials science,
nanotechnology, and engineering research will be essential. The development of more
effective photocatalytic materials with customised characteristics may result from the use of
artificial intelligence (AI) and machine learning in catalyst design and optimisation.
Furthermore, photocatalysis's viability for extensive environmental applications may be
greatly increased by combining it with renewable energy sources like solar power.

In the end, photocatalysis is a promising solution for long-term pollution prevention and
environmental preservation. Researchers and businesses may fully realise the promise of
photocatalysis by encouraging multidisciplinary partnerships and investing in technical
advancements, opening the door to safer water, better air, and a healthier environment for
coming generations.
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