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Abstract

Photocatalysis has emerged as a promising green technology for environmental remediation,
offering efficient degradation of organic and inorganic pollutants under light irradiation. This
review synthesizes published scientific research and experimental data available up to 2013, with a
special focus on the Indian context. It explores the fundamental mechanisms of photocatalysis,
including redox reactions triggered by semiconductor materials, and elaborates on reactor designs
suitable for Indian environmental conditions. The paper highlights key photocatalytic materials
such as TiO:, ZnO, and their doped and composite forms, evaluating their performance in
degrading dyes, phenols, pesticides, and microbial contaminants. Numerical findings from Indian
studies demonstrate degradation efficiencies ranging from 60% to over 95% depending on
catalyst composition and pollutant type. Real-world applications across wastewater treatment, air
purification, and rural drinking water systems are discussed, supported by data from field trials
and pilot studies. Despite its potential, photocatalysis faces challenges related to limited visible
light activation, catalyst recovery, and scalability. Economic and policy constraints also limit its
widespread deployment. However, with India’s abundant solar energy and increasing
environmental demands, the technology holds substantial promise for decentralized and
sustainable pollution control. This paper concludes by recommending future research directions
and policy interventions to facilitate the translation of photocatalysis from lab-scale innovation to
field-scale implementation in India.
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1. Introduction

India’s rapid industrialization, population growth, and urbanization over the last few decades have led to
serious environmental challenges, including water pollution, air contamination, and solid waste
accumulation. According to the Central Pollution Control Board (CPCB, 2010), more than 38 billion
litters per day (BLD) of wastewater is generated in Indian urban centres, of which only 30% undergoes
any form of treatment. The release of persistent organic pollutants, heavy metals, and dyes from
industries such as textiles, leather, and pharmaceuticals continue to threaten both human health and
ecological systems (Ameta & Ameta, 2010).

Conventional wastewater treatment methods, including coagulation, filtration, and biological
degradation, often fail to completely eliminate non-biodegradable and toxic contaminants.
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Consequently, advanced oxidation processes (AOPs) have emerged as promising alternatives due to
their ability to degrade pollutants into harmless end products like CO. and H.O (Gupta & Suhas, 2009).
Among AOPs, photocatalysis has gained significant attention due to its environmental compatibility,
low operational cost, and ability to harness solar energy—an abundant resource in India, which receives
an average solar radiation of 4—7 kwWh/m#/day for more than 250 days a year (MNRE, 2011).

Photocatalysis primarily involves the generation of electron-hole pairs in a semiconductor material
(typically TiO2) upon exposure to light, leading to the production of reactive oxygen species capable of
degrading a wide range of pollutants (Fujishima et al., 2000). Its applicability in treating pollutants such
as azo dyes, phenols, and chlorinated compounds has been validated in various Indian studies,
including lab-scale experiments and pilot projects (Kumar et al., 2008).

The relevance of photocatalytic technology in the Indian context lies not only in its technical
effectiveness but also in its potential for decentralization and integration with solar energy solutions in
rural and semi-urban regions (Ameta & Punjabi, 2012). This review aims to explore the scientific
mechanisms, material developments, and real-world applications of photocatalysis for environmental
remediation in India, with a focus on findings and innovations up to the year 2013.

2. Objective of the Study

The primary objective of this review is to critically analyze the development, mechanisms, and
applications of photocatalysis as a sustainable technology for environmental cleanup in the Indian
context. Specifically, the paper seeks to:

1. Examine the fundamental mechanisms of photocatalysis, including the role of semiconductor
materials, photogenerated charge carriers, and reactive oxygen species in pollutant degradation.

2. Review the advancements in photocatalytic materials such as TiO. and ZnO, and their
modifications for enhanced performance under Indian climatic conditions.

3. Analyze the quantitative outcomes of laboratory and pilot-scale studies conducted in India for the
treatment of water, air, and soil pollutants using photocatalysis.

4. Evaluate the techno-economic feasibility, limitations, and environmental implications of
photocatalytic technologies in rural and urban Indian settings.

Through this analysis, the paper aims to highlight the potential of photocatalysis as a viable, solar-driven
solution for India’s persistent environmental pollution issues.

3. Methodology

This study adopts a systematic review methodology, focusing on peer-reviewed literature, government
reports, and scientific conference proceedings published. Data were sourced from a wide range of
databases, including ScienceDirect, Scopus, Google Scholar, INFLIBNET, and CSIR-NISCAIR,
using keywords such as photocatalysis, TiO:, environmental cleanup, India, wastewater treatment, and
advanced oxidation processes. Only studies that presented empirical or quantitative findings, especially
those conducted in the Indian context or under climatic conditions similar to India, were included.
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The review encompassed approximately 85 primary research articles and technical reports published
between 2000 and 2013, providing data on photocatalyst synthesis, degradation efficiency, pollutant
types, light sources used, and reactor configurations. Additionally, relevant government publications,
including reports by CPCB (2010) and MNRE (2011), were consulted for contextual and statistical
insights into India’s environmental challenges and solar energy potential.

4. Mechanisms of Photocatalysis

Photocatalysis is a light-induced redox process that involves the activation of a semiconductor material,
typically under ultraviolet (UV) or visible light, to degrade environmental pollutants into harmless end
products such as CO: and H-O (Fujishima, Rao, Tryk, 2000). The mechanism begins with the absorption
of photons whose energy exceeds the bandgap of the semiconductor, resulting in the generation of
electron-hole (e /h*) pairs. These charge carriers can either recombine (a non-useful process) or
participate in redox reactions at the material's surface (Hoffmann et al., 1995).

The photoinduced holes (h*) can oxidize water or hydroxide ions to produce hydroxyl radicals
(*OH)—highly reactive species that attack and decompose complex organic molecules. Simultaneously,
electrons (e’) reduce molecular oxygen into superoxide radicals (O:*"), which further contribute to
degradation pathways (Carp, Huisman, Reller, 2004). This multi-radical mechanism makes
photocatalysis especially efficient for the mineralization of non-biodegradable pollutants, including
pesticides, dyes, and pharmaceuticals (Kumar, Kumar, Bahadur, 2008).

Among various materials, TiO: (bandgap ~3.2 eV) has been extensively studied due to its strong
oxidizing power, photostability, and non-toxicity. Indian research has particularly focused on modifying
TiO2 with dopants like Fe, Ag, or N to enhance visible-light activity under Indian sunlight conditions
(Ameta & Punjabi, 2012).

Table 1: Key Reactive Species and Their Roles in Photocatalysis

Reactive Species Symbol | Role in Degradation

Hydroxyl radical *OH Non-selective oxidation of organics
Superoxide anion Oz~ Reductive transformation of pollutants
Photogenerated hole | h* Oxidizes H.O/ OH™ to generate *OH
Electron e Reduces O: to generate Oz¢~

Source: Adapted from Hoffmann et al. (1995); Carp et al. (2004)

The photocatalytic process is influenced by several parameters including catalyst surface area, light
intensity, pollutant concentration, and pH. For example, Kumar et al. (2008) reported that Rhodamine B
degradation efficiency increased from 58% to 94% under UV light when TiO. was doped with iron
and the pH was adjusted to 6.5.

Thus, understanding these fundamental mechanisms and optimizing process conditions is critical for
applying photocatalysis effectively in India's diverse environmental settings.

5. Photocatalytic Materials Used in Indian Research
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Photocatalytic research in India has predominantly revolved around metal oxide semiconductors, with
titanium dioxide (Ti0O:) and zinc oxide (ZnO) emerging as the most widely studied photocatalysts due to
their strong oxidizing capabilities, chemical stability, and availability (Ameta & Ameta, 2010). Among
these, TiO: (anatase phase) is considered the benchmark photocatalyst owing to its suitable bandgap
(~3.2 eV) and high quantum efficiency under UV light (Fujishima et al., 2000).

To enhance photocatalytic activity under visible light—more abundant in the Indian climate—
researchers have explored various doping strategies. For instance, Fe**, Cu?*", and Ag* ions have been
used to reduce electron-hole recombination rates and extend the light absorption range (Kumar et al.,
2008). In one study, Fe-doped TiO. showed 92% degradation of methyl orange within 90 minutes,
compared to 68% with pure TiO2 under similar conditions (Rani et al., 2012).

ZnO, with a bandgap of ~3.3 eV, is another popular material, though more prone to photocorrosion. Its
effectiveness has been enhanced through surface modification with dyes or carbonaceous materials
(Ravindra et al., 2009). Composite materials like TiO2-ZnO and TiO.—graphene oxide have also
demonstrated synergistic effects, increasing photocatalytic rates by 15-25% over single-metal oxides
(Sharma & Jain, 2011).

Table 2: Common Photocatalytic Materials Studied in Indian Research (2000-2013)

Material Bandgap Type of | Target Pollutants Degradation
(eV) Modification Efficiency (%)

TiO: (anatase) ~3.2 Pure Dyes, phenols 60-85%

Fe-doped TiO: ~2.9-3.1 Metal doping Methyl orange, | 85-95%

Rhodamine B

ZnO ~3.3 Pure Phenol, MB 55-80%

Ti02-ZnO ~3.1 Binary oxide blend | Congo red, | 70-90%

composite pesticides

Ti0-GO ~3.0 Carbon-based Dyes 75-92%

(Graphene Oxide) modification

Source: Compiled from Kumar et al. (2008), Rani et al. (2012), Sharma & Jain (2011), Ameta &
Punjabi (2012)

In India, synthesis techniques such as sol-gel, hydrothermal, and microwave-assisted methods have
been widely used due to their cost-effectiveness and scalability (Singh et al., 2007). These efforts reflect
a strong focus on developing photocatalysts that are both efficient and suitable for deployment in
resource-constrained Indian settings.

6. Applications in Environmental Cleanup in India

Photocatalysis has shown considerable promise in India for addressing environmental pollution,
particularly in the treatment of industrial effluents, contaminated groundwater, and air pollutants. The
technology’s ability to degrade complex organic compounds makes it well-suited for Indian industries
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such as textiles, leather, pharmaceuticals, and petrochemicals, which collectively discharge over 13
billion litters of wastewater per day (CPCB, 2010).

A significant application area has been wastewater treatment, particularly in dye-laden effluents from
textile clusters in Gujarat and Tamil Nadu. In a study conducted by Ameta and Punjabi (2012), Fe**-
doped TiO: was able to degrade 95% of Congo red dye in 60 minutes under simulated solar radiation.
Similarly, Rani et al. (2012) demonstrated that ZnO could remove up to 80% of phenol content from
industrial wastewater when supported on activated carbon.

In rural areas, decentralized solar photocatalytic treatment systems have been piloted for purifying
drinking water. One such pilot in Rajasthan used TiO.-coated glass plates exposed to natural sunlight
and achieved 90% degradation of microbial contaminants and pesticide residues within 4 hours (Sharma
& Jain, 2011). This low-cost, solar-driven approach holds potential for over 200 million rural residents
who depend on untreated groundwater sources.

In the air purification sector, indoor photocatalytic coatings based on TiO: have been tested to remove
volatile organic compounds (VOCSs) and microbial pollutants in hospitals and public spaces. Laboratory
trials in Delhi showed a 70% reduction in formaldehyde and benzene concentrations after 5 hours of
photocatalytic exposure (Kumar & Singh, 2010).

Soil remediation, though less explored, has also seen early experimentation. Photocatalysts have been
used to degrade pesticide residues in agricultural runoffs, with degradation rates of 60-85% for
chlorpyrifos and malathion under UV irradiation (Gupta & Suhas, 2009).

These diverse applications demonstrate that photocatalysis, particularly when combined with India’s
abundant solar energy, offers a viable and scalable solution to mitigate pollution across various
environmental media.

7. Challenges and Limitations

Despite the promising potential of photocatalysis for environmental remediation in India, several
technical, operational, and economic limitations hinder its large-scale adoption. A primary technical
constraint lies in the limited absorption of sunlight by commonly used photocatalysts like TiO2 and ZnO,
which are predominantly UV-active. Since only about 4-5% of the solar spectrum falls in the UV
region, this significantly reduces solar utilization efficiency (Fujishima et al., 2000). Although doping
and sensitization techniques have been developed, their long-term stability under field conditions
remains questionable (Kumar et al., 2008).

Another limitation is the rapid recombination of photogenerated electron-hole pairs, which curtails the
production of reactive radicals. Even in optimized systems, recombination losses can reduce degradation
efficiencies by 30-50% (Carp et al., 2004). Moreover, catalyst deactivation due to surface fouling by
organic residues or metal ions in industrial effluents is a persistent issue, requiring periodic regeneration
or replacement.

From a practical standpoint, immobilization of photocatalysts on stable supports is crucial for real-world
applications. However, immobilization techniques such as dip-coating and sol-gel deposition often
reduce surface area and catalytic efficiency by up to 25% compared to suspended systems (Sharma &
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Jain, 2011). Additionally, in slurry-type reactors, post-treatment separation of nanoparticles from treated
water adds operational complexity and cost.

Economic feasibility also presents a challenge. Although the material costs for TiO: are relatively low,
the fabrication of pilot-scale reactors, especially those with UV or hybrid light sources, remains cost-
intensive, with estimates ranging between 15,000 to 325,000 per cubic meter capacity (MNRE, 2011).
For rural and decentralized contexts, such initial investments are often unsustainable without policy
support or subsidies.

Furthermore, regulatory gaps persist. As of 2013, India lacked comprehensive environmental standards
or guidelines for the use of nanomaterials in water or air purification (CPCB, 2010). This regulatory
ambiguity poses hurdles in commercial deployment.

Therefore, while photocatalysis offers an eco-friendly route for pollution control, its transition from
laboratory to field necessitates overcoming significant scientific and infrastructural challenges tailored to
Indian conditions.

8. Future Prospects and Conclusion

The future of photocatalysis in India appears highly promising, particularly in light of the country’s
escalating environmental challenges and abundant solar energy resources. With over 300 sunny days
annually and a mean daily solar radiation of 4-7 kWh/m2 (MNRE, 2010), India is well-positioned to
leverage solar-driven photocatalytic technologies, especially in rural and semi-urban regions lacking
centralized treatment infrastructure.

In the coming years, the development of visible-light-active photocatalysts will be central to the
widespread adoption of this technology. Materials such as graphitic carbon nitride (g-CsNa) and Ag-
based nanocomposites, which absorb light in the 400-700 nm range, have shown early promise in lab-
scale studies (Gupta & Suhas, 2009). Integration of photocatalysis with other treatment technologies like
membrane filtration or biological treatment could also enhance overall performance and scalability
(Sharma & Jain, 2011).

From a policy standpoint, photocatalysis could be incorporated into India’s National Water Mission
and National Solar Mission to encourage investment in solar-assisted water and air purification systems
(Planning Commission, 2011). If adopted strategically, even a 5% reduction in dye effluents from
Indian textile units through photocatalytic treatment could reduce chemical load in aquatic ecosystems
by over 12,000 metric tonnes annually (CPCB, 2010).

On the research front, emphasis should be placed on developing non-toxic, low-cost catalysts and
optimizing reactor designs for decentralized deployment. Community-based water purification
systems using immobilized photocatalysts and solar concentrators could serve millions of people in
areas with high fluoride or microbial contamination.

In conclusion, while several scientific and practical challenges persist, photocatalysis holds significant
potential as a sustainable, low-energy solution for environmental cleanup in India. By aligning
technological innovation with India’s environmental priorities and solar capabilities, photocatalysis can
transition from an experimental technique to a mainstream environmental tool. With targeted R&D
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investment, policy backing, and interdisciplinary collaboration, India can emerge as a global leader in
solar photocatalytic applications for pollution abatement.
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