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The increasing demand for sustainable water management solutions has placed
wastewater treatment at the forefront of environmental concerns. As industries expand
and urbanisation accelerates, the need for efficient treatment of diverse and complex
wastewater streams has never been more pressing. Among the various methods being
developed to address this challenge, Advanced Oxidation Processes (AOP) stands out as
one of the most promising approaches. Professor Lalit Vashishta, CEO-Founder, Diva
Envitec Pvt Ltd, throws more light on the innovative AOP techniques highlighting their
principles, advantages, limitations, and future prospects in reviving water sustainably.

he complexity of wastewater treatment is driven
Tby a multitude of challenges. Key among these

are the diverse characteristics of wastewater,
which arise from various sources contributing distinct
contaminants, complicating uniform treatment efforts.
The variable composition of effluent, characterised by
fluctuations in pollutant loads, necessitates adaptable
treatment solutions that can respond dynamically. The
shocks in the system with high toxicity, disturbs the
biological systems, disrupting the complete process.
High Total Dissolved Solids (TDS) present another
obstacle, as elevated osmotic pressure can impede
treatment efficiency, requiring specialised methods.

The highly variable pH in wastewater can significantly
impact the effectiveness of treatment processes.
Compounding these challenges is the high toxic and
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refractory Chemical Oxygen Demand (COD) posed
by persistent organic pollutants, which often elude
conventional treatment methods. Non-biodegradable
organic pollutants add another layer of complexity,
as many contaminants resist degradation. The issues
related to the performance of Moving Bed Biofilm
Reactors (MBBR) highlight the limitations of biological
treatment systems in the face of high TDS and toxicity.

Operational  disruptions,  including
shutdowns and inconsistent treatment,

unplanned
can also
lead to untreated effluent discharges, compromising
environmental standards. Given these complexities,
traditional biological treatment methods frequently
prove inadequate, underscoring the urgent need for
more robust alternatives such as AOP.
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Understanding Advanced Oxidation Processes

Advanced Oxidation Processes encompass a suite of
chemical treatment techniques designed to generate
highly reactive hydroxyl radicals (:OH) and other
Reactive Oxygen Species (ROS). These reactive agents
are critical for the oxidation and breakdown of complex
organic and inorganic pollutants in water. AOP is
characterised by two essential features:

High Oxidation Potential: AOP systems produce
strong oxidising agents, including hydroxyl radicals,
which are recognized for their exceptional oxidation
capabilities. This high oxidation potential enables rapid
and effective degradation of stubborn contaminants.

Non-Selective Nature: AOP methods are inherently
non-selective, allowing them to effectively target a
wide range of pollutants, including micro-pollutants
like pharmaceuticals, pesticides, and agrochemicals.
This broad-spectrum efficacy makes AOP a highly
attractive option when conventional methods fail to
deliver satisfactory results.

Role of AOP in Wastewater Treatment

AOP has gained prominence for its ability to address
specific  challenges in wastewater treatment,
particularly concerning recalcitrant and toxic COD. The
demand for AOP arises in scenarios where traditional
biological treatment methods fall short, with the primary
goal being the in-situ generation of oxidants such as
hydroxyl radicals and reactive oxygen species.

Key Types of Advanced Oxidation Processes

AOP can be categorised into two main types:
homogeneous and heterogeneous processes, each
characterized by distinct mechanisms and applications.

Homogeneous Processes: These processes utilise
oxidants like hydrogen peroxide (H202) or ozone (Os) to
degrade pollutants.

Hydrogen Peroxide/Ozone Oxidation: This method
involves the addition of hydrogen peroxide or ozone
to the wastewater. The oxidants react with organic
contaminants, breaking them down into simpler, less
harmful substances. The effectiveness of this process
largely depends on the concentration and ratio of
hydrogen peroxide to ozone. Careful dosing is crucial,
as excessive concentrations can lead to safety hazards
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and the formation of by-products that may complicate
treatment.

Fenton Process: This widely adopted method
combines hydrogen peroxide with iron salts (such
as ferrous sulfate) to generate hydroxyl radicals. The
generated hydroxyl radicals are highly reactive and can
oxidize various organic pollutants, making the Fenton
process particularly effective for wastewater containing
phenolic compounds, dyes, and other recalcitrant
substances. The process operates best under acidic
conditions (pH 2-4), which can limit its application in
certain scenarios.

Heterogeneous Processes: These processes employ
solid catalysts to facilitate pollutant degradation.

Fenton Process
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PhotocatalyticOxidation:Inthismethod,aphotocatalyst
(commonly titanium dioxide, TiO2) is activated by UV
light. The activated catalyst generates hydroxyl radicals
from water and reacts with organic pollutants, leading
to their degradation. Photocatalytic oxidation is effective
against a wide range of contaminants, including dyes
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and pharmaceuticals. However, its effectiveness can
be limited in environments with low light penetration or
when contaminants absorb UV light.

Catalytic Ozonation: This process combines ozonation
with solid catalysts to enhance pollutant degradation.
The catalyst accelerates the decomposition of ozone
into hydroxyl radicals, improving the overall efficiency

Catalytic Ozonation
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of the oxidation process. This method is particularly
advantageous for treating wastewater with high
organic loads, as the catalysts can be reused, reducing
operational costs.

Emerging AOP Technologies

Several innovative AOP technologies are being explored
to enhance wastewater treatment efficiency:

Plasma Technology: This technique utilizes electrical
discharge to generate reactive species such as hydroxyl
radicals and ozone. Plasma treatment can effectively
oxidize a wide range of contaminants, including
pharmaceuticals and pesticides, without the need for
additional reagents. The process is flexible and can be
tailored to treat specific types of wastewater.

Sonication: This method employs ultrasound waves
to create cavitation bubbles in the liquid medium.
When these bubbles collapse, they produce localized
high temperatures and pressures, leading to the
generation of reactive species that can degrade organic
pollutants. Sonication has shown promise in treating
oily wastewater and emulsions, particularly in the food
and petroleum industries.

Hydrodynamic Cavitation: This process uses high-
pressure water jets to create vapor cavities, which then
collapse violently, generating reactive radicals and
shock waves. Hydrodynamic cavitation has been shown
to enhance the degradation of organic pollutants and
suspended solids, making it a versatile approach for
treating complex wastewater streams.

The effectiveness of AOP in wastewater treatment
is increasingly being demonstrated through various
applications. For instance, an integrated treatment
scheme involving membrane filtration and AOP has
shown to significantly reduce operating costs compared
to traditional methods while effectively lowering
COD levels and ensuring compliance with discharge
regulations.

Challenges and Limitations of AOP

Despite the compelling advantages of AOP, it is
essential to recognize the challenges and limitations
associated with its implementation. High capital and
operating costs pose significant barriers, as AOP
systems often require considerable investment for both
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implementation and operation, particularly in terms
of energy consumption and chemical reagents. The
complex chemistry involved in AOP also necessitates
skilled engineers and careful design considerations,
complicating implementation.

Moreover, systems that utilize hydrogen peroxide must
carefully monitor and manage residuals to ensure
safety and compliance with environmental regulations.
These challenges underline the need for ongoing
research and innovation to optimize AOP technologies
for wastewater treatment.

Future Directions and Innovations

The future of AOP in wastewater treatment holds
great promise, with ongoing research and innovation
propelling advancements in the field. Key areas
of focus include process optimization to enhance
efficiency and reduce costs through advanced design
and integration. Combining AOP with biological and
physical treatment methods can create comprehensive
and holistic solutions. Sustainability considerations,
such as exploring renewable energy sources and eco-
friendly reagents, are also essential for increasing the
sustainability of AOP systems.

Conclusion

As the global community grapples with the dual
challenges of water scarcity and pollution, Advanced
Oxidation Processes emerge as a viable path toward
sustainable wastewater treatment. By harnessing the
power of reactive species, AOP can effectively degrade
complex contaminants that often elude traditional
methods. While challenges persist, the ongoing
development of innovative AOP technologies —
coupled with collaborative efforts across the industry —
holds the potential to transform wastewater treatment
practices and secure a sustainable water future. B
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