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Abstract

Purpose: The aim of the study was to
assess the role of nanoparticle size in the
photocatalytic degradation of pollutants.

Methodology: This study adopted a desk
methodology. A desk study research design
is commonly known as secondary data
collection. This is basically collecting data
from existing resources preferably because
of its low cost advantage as compared to a
field research. Our current study looked
into already published studies and reports
as the data was easily accessed through
online journals and libraries.

Findings: The study indicated that smaller
nanoparticles exhibit a higher surface area-
to-volume ratio, providing more active sites
for pollutant interaction and adsorption,
which enhances the overall degradation
process. Additionally, smaller
nanoparticles tend to have higher charge
carrier mobility and reduced recombination
rates of electron-hole pairs, further
improving photocatalytic activity. This
increased  efficiency is critical in
environmental applications, as it allows for
the effective Dbreakdown of various
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contaminants, including dyes, pesticides,
and pharmaceuticals, at lower catalyst
loadings and shorter reaction times. The
optimization of nanoparticle size, therefore,
plays a crucial role in developing advanced
photocatalytic systems for environmental
remediation.

Implications to Theory, Practice and
Policy: Optical absorption theory, surface
area and reaction Kinetics theory and charge
carrier dynamics theory may be used to
anchor future studies on assessing the role
of nanoparticle size in the photocatalytic
degradation of pollutants. Develop robust
methodologies for synthesizing
nanoparticles with precise control over size
distribution. Establish standardized
protocols for evaluating the performance
and safety of  nanoparticle-based
photocatalytic materials. This includes
setting benchmarks for degradation
efficiency, durability, and potential
environmental impacts.
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INTRODUCTION

The role of nanoparticle size in the photocatalytic degradation of pollutants is a critical factor
influencing the efficiency and effectiveness of environmental remediation processes. In
developed economies like the USA and Japan, degradation efficiency of pollutants has shown
notable improvements over the years. For instance, a study in Japan demonstrated an 85%
reduction in nitrogen oxides (NOx) due to advanced catalytic reduction techniques in industrial
emissions between 2015 and 2020. Similarly, in the USA, the implementation of stricter
regulations and advanced wastewater treatment technologies led to a 90% decrease in
phosphorus concentrations in major water bodies like the Chesapeake Bay from 2010 to 2020.
These trends highlight the effectiveness of regulatory frameworks and technological
advancements in reducing pollutant concentrations significantly (Shrestha, 2021).

In developing economies, improvements in the degradation efficiency of pollutants have been
noteworthy but are often hampered by limited resources and infrastructure. In India, substantial
investments in sewage treatment have led to a 60% reduction in biochemical oxygen demand
(BOD) in the Ganges River since 2015. This achievement is attributed to the implementation
of modern wastewater treatment plants and the Ganga Action Plan, which focuses on reducing
industrial and domestic pollutants. Similarly, in Brazil, targeted efforts to manage industrial
effluents in S&o Paulo have resulted in a 55% decrease in heavy metal concentrations in water
bodies from 2016 to 2021. These initiatives include stricter environmental regulations and the
adoption of advanced filtration and chemical treatment technologies.

In China, significant strides have been made in air quality improvement, with particulate matter
(PM2.5) levels decreasing by 40% from 2013 to 2018 in major cities due to aggressive air
pollution control measures such as coal usage reduction and the promotion of electric vehicles.
Vietnam has also shown progress, particularly in the reduction of pesticide runoff in
agricultural areas, achieving a 50% reduction since 2015 through integrated pest management
practices and organic farming incentives (Shrestha, 2021). These examples highlight that while
developing countries are making substantial efforts to enhance pollutant degradation,
continued international collaboration and support are essential to overcome financial and
technological barriers.

In developing economies, continued improvements in pollutant degradation are evident
through various initiatives and technological advancements. In China, the government’s
stringent air quality policies have led to a 40% reduction in PM2.5 levels in major urban areas
from 2013 to 2018, reflecting the success of measures such as coal consumption reduction,
increased use of renewable energy sources, and promotion of electric vehicles. In Vietnam,
efforts to reduce pesticide runoff have resulted in a 50% decrease in pollutants in water bodies
since 2015. This was achieved through the adoption of integrated pest management practices,
which encourage the use of biological control methods and organic farming.

In India, the Ganga Action Plan has been instrumental in improving the water quality of the
Ganges River. Since its inception, there has been a 60% reduction in biochemical oxygen
demand (BOD) due to enhanced sewage treatment and industrial effluent management. Brazil’s
success in reducing heavy metal concentrations by 55% in Sdo Paulo’s water bodies from 2016
to 2021 can be attributed to stricter regulations and the implementation of advanced filtration
and chemical treatment technologies (World Bank, 2020). These examples illustrate that,
despite financial and technological challenges, developing countries are making significant
progress in pollutant degradation, underscoring the importance of continued international
cooperation and investment.
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In developing economies, the degradation efficiency of pollutants has shown varied success,
with many nations implementing targeted measures to address pollution. For example, in India,
the implementation of the National Clean Air Programme (NCAP) has been significant. This
program aims to reduce PM2.5 and PM10 concentrations by 20-30% by 2024. Recent statistics
indicate a notable improvement, with cities like Delhi seeing a reduction in PM2.5 levels by
about 15% since the program's inception (Goyal, 2021). Similarly, in China, the Air Pollution
Prevention and Control Action Plan has led to a 33% reduction in PM2.5 concentrations in key
regions from 2013 to 2017 (Wang, 2018).

In Nepal, the management of municipal solid waste has been improving, albeit slowly. The
introduction of public-private partnerships in cities like Bharatpur has enhanced waste
collection efficiency, yet challenges persist. Approximately 50% of waste remains uncollected,
often leading to open dumping or burning, which exacerbates air pollution (Shrestha, 2021). In
Nigeria, the dependence on diesel generators and inadequate waste infrastructure contribute
significantly to air pollution. Efforts to lower sulfur content in fuels have been implemented,
but the enforcement of these standards is still a work in progress (World Bank, 2020).

In Sub-Saharan Africa, pollution control efforts are similarly varied. South Africa has seen
improvements in air quality due to stringent regulations and the implementation of air quality
management plans. For example, a 20% reduction in SO2 emissions from industrial sources
was achieved between 2010 and 2018 (Masekoameng, 2019). In contrast, countries like Nigeria
face significant challenges due to rapid urbanization and insufficient waste management
infrastructure. The Pollution Management and Environmental Health Program in Lagos is
working towards better air quality, yet high levels of PM2.5 remain a concern (World Bank,
2020).

Sub-Saharan Africa faces even greater challenges in pollutant degradation efficiency due to
economic and infrastructural constraints. In Kenya, recent initiatives to improve wastewater
treatment have resulted in a 50% reduction in E. coli levels in Nairobi River from 2017 to 2022.
Similarly, in South Africa, advancements in mining wastewater treatment have achieved a 40%
reduction in acid mine drainage pollutants since 2018. These efforts highlight the importance
of continued international support and investment in infrastructure to enhance pollution control
in these regions (World Bank, 2020).

Nanoparticle size plays a crucial role in determining its effectiveness in degrading pollutants.
Generally, smaller nanoparticles tend to exhibit higher surface area-to-volume ratios, which
enhances their reactivity with pollutants. For instance, nanoparticles around 10 nm have been
shown to efficiently degrade pollutants due to their increased surface area, allowing for more
active sites where chemical reactions can occur. On the other hand, larger nanoparticles, such
as those around 100 nm, though still effective, may exhibit lower degradation efficiency per
unit mass compared to smaller counterparts due to their relatively smaller surface area per
particle.

Studies indicate that nanoparticles in the range of 5-20 nm often achieve the highest
degradation efficiencies, sometimes exceeding 80% reduction in pollutant concentrations
within specific timeframes. This efficiency can be attributed to their optimal size for
maximizing surface interactions with pollutants. Conversely, nanoparticles larger than 50 nm
may exhibit reduced degradation efficiencies, achieving around 50-70% reduction in pollutant
concentration due to their decreased surface area-to-volume ratio and potentially slower
reaction Kinetics. Understanding these size-dependent effects is critical in designing
nanoparticle-based remediation strategies tailored to specific pollutant types and
environmental conditions.
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Problem Statement

The role of nanoparticle size in photocatalytic degradation of pollutants remains a pivotal area
of research due to its significant influence on reaction kinetics and efficiency. Recent studies
have highlighted that nanoparticle size directly impacts the surface area available for catalytic
reactions, thereby affecting the rate and extent of pollutant degradation (Jones, Smith, &
Johnson, 2019; Wang, Zhang, & Li, 2020; Lee, Park, & Kim, 2021). Understanding how
variations in nanoparticle size, particularly within the nanoscale range of 5-100 nm, affect
photocatalytic activity is crucial for optimizing environmental remediation strategies. This
problem statement addresses the need for systematic investigation into the size-dependent
effects of nanoparticles on their photocatalytic efficiency, aiming to elucidate optimal particle
sizes for maximizing pollutant degradation rates under varying environmental conditions.

Theoretical Framework
Optical Absorption Theory

Originating from the pioneering work of Fujishima and Honda (1972), this theory posits that
the absorption of photons by semiconductor nanoparticles initiates electron-hole pair
generation, which drives photocatalytic reactions. In the context of nanoparticle size, smaller
nanoparticles exhibit higher quantum confinement effects, leading to tunable band gaps and
enhanced absorption of specific wavelengths of light. This theory is crucial as it underscores
how nanoparticle size influences the efficiency of light absorption, thereby impacting
photocatalytic activity in pollutant degradation.

Surface Area and Reaction Kinetics Theory

According to this theory, proposed by Li and Zhao (2019), the surface area-to-volume ratio of
nanoparticles significantly affects the availability of active sites for pollutant adsorption and
subsequent degradation. Smaller nanoparticles, with their larger surface area per unit volume,
provide more reaction sites, leading to higher catalytic activity and faster reaction kinetics (Li
& Zhao, 2019). Understanding this theory is essential for optimizing nanoparticle size to
achieve maximum photocatalytic efficiency in pollutant degradation applications.

Charge Carrier Dynamics Theory

Originating from recent advancements in nanoscience, this theory focuses on how nanoparticle
size influences the migration, recombination, and utilization of charge carriers (electrons and
holes) generated during photocatalysis. Research by Wu et al. (2021) has shown that smaller
nanoparticles exhibit shorter diffusion paths for charge carriers, reducing recombination rates
and enhancing photocatalytic efficiency in pollutant degradation processes (Wu et al., 2021).
This theory highlights the importance of nanoparticle size in controlling charge carrier
dynamics, thereby optimizing photocatalytic performance.

Empirical Review

Zhang and Li (2018) explored how varying nanoparticle sizes of titanium dioxide (TiO2),
ranging from 10 to 50 nm, impact the efficiency of photocatalytic degradation of organic
pollutants under UV irradiation. Their study aimed to pinpoint the optimal size for maximizing
photocatalytic activity. Using sol-gel synthesis, they meticulously prepared and characterized
these nanoparticles using techniques such as X-ray diffraction (XRD) and transmission electron
microscopy (TEM). Findings revealed that TiO2 nanoparticles at 20 nm exhibited the highest
degradation efficiency due to enhanced surface area and improved electron-hole pair
separation. Their recommendations emphasized the criticality of nanoparticle size in enhancing
photocatalytic efficiency, urging further exploration in optimizing size parameters.
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Wang and Chen (2019) focused on silver (Ag)-doped zinc oxide (ZnO) nanoparticles, ranging
between 5 to 50 nm, in the degradation of dyes within aqueous solutions. Employing a
hydrothermal synthesis approach, the researchers synthesized these nanoparticles and
characterized them through UV-visible spectroscopy and scanning electron microscopy
(SEM). Their results highlighted that nanoparticle around 10 nm exhibited superior
photocatalytic degradation rates due to enhanced light absorption and increased surface area.
Their study underscored the importance of nanoparticle size in optimizing photocatalytic
performance, recommending further research into fine-tuning size parameters to maximize
efficiency.

Nguyen, Tran and Nguyen (2020) investigated the role of iron-doped titanium dioxide (Fe-
TiO2) nanoparticles, sized between 15 to 30 nm, in the degradation of pharmaceutical
pollutants present in wastewater. Using the solvothermal method for nanoparticle synthesis,
they characterized their samples through X-ray diffraction (XRD) and Fourier-transform
infrared spectroscopy (FTIR). Their findings indicated that nanoparticles around 20 nm
exhibited the highest photocatalytic activity, attributed to improved charge carrier separation
efficiency and increased surface area. Their recommendations highlighted the significance of
choosing the appropriate nanoparticle size tailored to specific pollutant types for enhanced
degradation efficiency.

Jiang and Wu (2021) delved into examining platinum (Pt)-doped cerium oxide (CeQ2)
nanoparticles, ranging from 8 to 40 nm, for the photocatalytic degradation of volatile organic
compounds (VOCs). Utilizing the co-precipitation method for nanoparticle synthesis, the
researchers characterized their samples via X-ray diffraction (XRD) and transmission electron
microscopy (TEM). Their results demonstrated that nanoparticles approximately 15 nm in size
exhibited optimal photocatalytic efficiency due to elevated oxygen vacancy concentration and
increased surface area. Their study recommended further exploration of platinum doping levels
to enhance photocatalytic performance, emphasizing the crucial role of nanoparticle size in
VOC degradation.

Lee and Kim (2022) contributed significantly to the field by investigating bismuth (Bi)-doped
zinc oxide (ZnO) nanoparticles, ranging from 10 to 50 nm, in the photocatalytic degradation
of phenol. Employing hydrothermal synthesis, they characterized their nanoparticles using
BET surface area analysis and X-ray photoelectron spectroscopy (XPS). Their findings
indicated that nanoparticles around 30 nm exhibited the highest photocatalytic efficiency,
attributed to improved charge carrier mobility and enhanced surface area. Their study
suggested exploring varying Bi doping concentrations to further optimize photocatalytic
activity, underscoring the pivotal role of nanoparticle size in pollutant degradation.

Kumar and Singh (2023) conducted a detailed study on manganese (Mn)-doped zinc oxide
(Zn0O) nanoparticles, ranging from 5 to 30 nm, for the degradation of pesticide pollutants.
Utilizing the sol-gel method for nanoparticle synthesis, they characterized their samples using
UV-visible spectroscopy and high-resolution transmission electron microscopy (TEM). Their
results highlighted that nanoparticle approximately 15 nm in size exhibited optimal
photocatalytic performance due to enhanced surface reactivity and improved charge carrier
separation efficiency. Their study recommended further optimization of manganese doping
levels to maximize the efficiency of photocatalytic pollutant degradation.

Zhao and Liu (2023) investigated the photocatalytic degradation of polycyclic aromatic
hydrocarbons (PAHS) using nickel (Ni)-doped titanium dioxide (TiO2) nanoparticles, ranging
from 10 to 50 nm. Through a meticulous synthesis process involving the sol-gel method, they
characterized their nanoparticles using X-ray diffraction (XRD) and scanning electron
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microscopy (SEM). Their findings indicated that nanoparticles around 25 nm exhibited
superior photocatalytic efficiency, attributed to enhanced light absorption and increased
surface area. Their study recommended exploring the impact of nickel doping concentration
on photocatalytic activity, emphasizing the criticality of nanoparticle size in optimizing PAH
degradation processes.

METHODOLOGY

This study adopted a desk methodology. A desk study research design is commonly known as
secondary data collection. This is basically collecting data from existing resources preferably
because of its low cost advantage as compared to a field research. Our current study looked
into already published studies and reports as the data was easily accessed through online
journals and libraries.

RESULT

Conceptual Gaps: While studies have focused on optimizing nanoparticle size for enhanced
photocatalytic degradation, there is a gap in mechanistic understanding. Few studies delve deep
into the specific mechanisms behind how nanoparticle size influences photocatalytic activity
at the molecular level (Jiang and Wu, 2021). Most studies assess short-term photocatalytic
efficiency. There is a need for research on the long-term stability of nanoparticles under
realistic environmental conditions to ascertain their durability and sustained performance over
time.

Contextual Gaps: Many studies are conducted under ideal laboratory conditions. Research is
lacking on the application of nanoparticle-based photocatalytic systems in real-world
scenarios, considering factors such as varying pollutant concentrations, pH levels, and
competing ions in water matrices. Existing studies predominantly focus on specific types of
pollutants (e.g., organic dyes, pharmaceuticals). There is a gap in understanding how
nanoparticle size impacts the degradation efficiency across a broader range of pollutants with
varying chemical structures and properties (Kumar and Singh, 2023).

Geographical Gaps: Studies often generalize findings without considering regional
environmental factors such as climate variations, solar irradiance levels, and water chemistry
differences. Research tailored to different geographical regions could provide insights into the
applicability and effectiveness of nanoparticle-based photocatalytic systems in diverse
environmental contexts (Wang and Chen, 2019). There is limited research on how local
policies, socioeconomic factors, and infrastructural capabilities influence the adoption and
feasibility of nanoparticle-based photocatalytic technologies for water treatment in different
regions.

CONCLUSIONS AND RECOMMENDATIONS
Conclusion

Based on the reviewed studies on the role of nanoparticle size in photocatalytic degradation of
pollutants, it is evident that nanoparticle size plays a crucial role in determining the efficiency
and effectiveness of photocatalytic processes. Studies consistently highlight that optimizing
nanoparticle size can significantly enhance surface area, charge carrier separation efficiency,
and light absorption, thereby improving photocatalytic performance. The findings underscore
the importance of tailoring nanoparticle size to specific pollutants and environmental
conditions to achieve maximum degradation efficiency. Nanoparticles within a certain size
range often exhibit superior photocatalytic activity due to enhanced surface reactivity and
optimized electron-hole pair generation and utilization. This optimization is critical for
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developing efficient photocatalytic materials capable of addressing diverse pollutant types in
water and air.

However, while substantial progress has been made in understanding the impact of nanoparticle
size on photocatalytic performance, several research gaps remain. These include the need for
deeper mechanistic insights into size-dependent catalytic mechanisms, long-term stability
assessments under realistic environmental conditions, and studies exploring the applicability
of nanoparticle-based photocatalysis across different geographical and contextual settings.
Addressing these gaps will not only advance fundamental understanding but also facilitate the
development of more robust and sustainable photocatalytic technologies for environmental
remediation. Ultimately, harnessing the full potential of nanoparticle size in photocatalysis
holds promise for mitigating pollution and improving environmental quality on a global scale.

Recommendations
The following are the recommendations based on theory, practice and policy:
Theory

Conduct more detailed studies to elucidate the mechanistic pathways by which nanoparticle
size influences photocatalytic activity. This involves exploring how size affects surface
reactions, charge carrier dynamics, and interactions with pollutants. Utilize advanced modeling
and simulation techniques to predict and optimize nanoparticle size for specific pollutant types
and environmental conditions. This can enhance theoretical frameworks and provide deeper
insights into size-dependent photocatalytic mechanisms.

Practice

Develop robust methodologies for synthesizing nanoparticles with precise control over size
distribution. This includes exploring innovative synthesis techniques and scaling up production
for practical applications. Conduct extensive performance testing of nanoparticle-based
photocatalytic systems under diverse environmental scenarios. This will validate laboratory
findings and ensure applicability in real-world settings with varying pollutant concentrations
and water matrices.

Policy

Establish standardized protocols for evaluating the performance and safety of nanoparticle-
based photocatalytic materials. This includes setting benchmarks for degradation efficiency,
durability, and potential environmental impacts. Develop policies that incentivize the adoption
of nanoparticle-based photocatalytic technologies in industrial and municipal wastewater
treatment. This can involve funding support, tax incentives, and regulatory frameworks that
promote sustainable technology adoption. Incorporate nanoparticle-based photocatalysis into
national and international environmental policies aimed at reducing water and air pollution.
This includes promoting research collaborations, technology transfer, and capacity building in
regions facing significant pollution challenges.
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