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1. Abstract

Industrialization has led to a substantial rise in the
production of complex wastewater, which
includes toxic organic substances, heavy metals,
dyes, pharmaceuticals, and persistent pollutants.
Traditional wastewater treatment methods, such
as primary sedimentation, biological oxidation,
and secondary clarification, often fall short in
eliminating stubborn and non-biodegradable
contaminants. As a result, Advanced Oxidation
Processes (AOPs) have become a potent and
effective tertiary treatment approach for breaking
down and mineralizing these persistent
pollutants. This research article details the design
and simulation of a wastewater treatment plant
(WWTP) that incorporates advanced oxidation
processes to treat industrial effluents. The study
emphasizes the integration of physicochemical
and biological treatment units with AOP-based
tertiary treatment to boost pollutant removal
efficiency, lower Chemical Oxygen Demand
(COD), and meet environmental discharge
standards. The methodology includes the
conceptual design, mathematical modeling, and
simulation of the treatment plant using reaction
kinetics and mass balance principles. The system
design encompasses preliminary treatment,
primary sedimentation, biological oxidation,
secondary clarification, and an AOP reactor
(Photo-Fenton or UV/H:0:). Process simulations
assess pollutant degradation kinetics, reactor
performance, hydraulic retention time, and
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energy consumption. The findings reveal that
incorporating AOP significantly enhances COD
removal (>90%), improves biodegradability, and
ensures effective mineralization of persistent
contaminants. The study also examines
operational parameters, cost implications, and
sustainability aspects. The proposed integrated
design illustrates that AOP-based tertiary
treatment offers superior removal of refractory
pollutants and emerging contaminants compared
to conventional methods alone. Simulation
results confirm the practicality of implementing
hybrid treatment systems for industrial
wastewater. The research concludes that
integrating advanced oxidation processes into
wastewater treatment plant design ensures
enhanced environmental protection, regulatory
compliance, and  sustainable  industrial
wastewater management.

2. Keywords

Advanced Oxidation Processes (AOP);
Wastewater Treatment Plant (WWTP); Industrial
Effluents; Process Simulation; Photo-Fenton;
UV/H202; COD Removal; Reactor Design;
Environmental Engineering; Process
Optimization.

3. Introduction

3.1 Background
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Industrial wastewater is laden with complex and
harmful pollutants, including phenols, dyes,
pesticides, pharmaceuticals, petrochemicals, and
heavy metals. The swift expansion of industries
has heightened environmental issues due to the
improper release of untreated waste into natural
water sources. These pollutants are characterized
by their high chemical stability, low
biodegradability, and prolonged ecological
toxicity, which pose significant threats to aquatic
life and human health.

Conventional wastewater treatment methods
mainly encompass physical, chemical, and
biological processes. Although these methods are
effective at eliminating suspended solids and
biodegradable organic substances, they often fall
short in addressing persistent and non-
biodegradable contaminants. Advanced oxidation
processes (AOPs) have emerged as a promising
solution, capable of breaking down such
pollutants through the action of highly reactive
radical species.

AOPs function by generating hydroxyl radicals
(*OH) in situ, which possess a strong oxidation
potential and react non-selectively with organic
compounds. These radicals swiftly convert
pollutants into carbon dioxide, water, and
harmless inorganic salts.

3.2 Need for Advanced Treatment

Effluents from industries like textiles,
pharmaceuticals, petrochemicals, and leather
processing are laden with complex organic
compounds that resist biological breakdown.
Traditional treatment techniques frequently fall
short of meeting strict environmental discharge
criteria because they do not completely eliminate
pollutants. Research suggests that persistent
organic pollutants need advanced oxidation
mineralization.

processes  for  thorough
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Additionally, the growing global scarcity of water
has driven the need for wastewater recycling and
reuse. To make water suitable for reuse, advanced
tertiary treatment is crucial to eliminate emerging
contaminants, endocrine  disruptors, and
micropollutants that conventional methods fail to
remove effectively.

3.3 Advanced Oxidation Processes in
Wastewater Treatment

Advanced oxidation processes utilize a
combination of oxidants like Os and H:O-,
catalysts such as Fe** and TiO., and energy
sources like UV light to generate hydroxyl
radicals. Some examples are:

Ozone-based oxidation (Os/UV)
UV/H20: oxidation

Fenton and Photo-Fenton processes
Photocatalysis (TiO2/UV)
Electro-Fenton oxidation

These methods facilitate either complete or
partial mineralization of stubborn pollutants,
thereby enhancing the overall efficiency of
treatment and the quality of the effluent.

3.4 Scope of the Study

. The main aim of this study is to create and
simulate an industrial wastewater treatment
facility that utilizes advanced oxidation
processes. This research combines traditional
treatment units with tertiary treatment based on
AOPs and assesses the system's performance
through simulation models. The key contributions
are as follows:

. - Development of a conceptual design for
an integrated WWTP

. - Mathematical modeling of the kinetics in
AOQOP reactors
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. - Simulation of pollutant breakdown and
COD reduction
. - Analysis of operational parameters and

energy consumption

. - Evaluation of the system's performance
and sustainability

4. Literature Review

4.1 Overview of Industrial Wastewater
Treatment

Conventional methods for treating industrial
wastewater typically involve a series of stages,
such as initial screening, primary sedimentation,
biological treatment using activated sludge, and
final polishing units. Although biological
treatment is  effective at  eliminating
biodegradable organic matter, it struggles to
break down persistent substances like synthetic
dyes, pharmaceuticals, and phenolic compounds.
Research indicates that the complexity of
industrial ~ wastewater  necessitates  hybrid
treatment systems that combine physical,

chemical, and biological techniques.
4.2 Advanced Oxidation Processes (AOPs)

Advanced oxidation processes refer to treatment
methods that produce highly reactive radicals,
which can oxidize stubborn pollutants. These
radicals target organic compounds, decomposing
them into simpler, less harmful substances.

Table 1: Common Advanced Oxidation
Processes and Mechanisms
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4.3 Mechanism of AOPs

Advanced Oxidation Processes (AOPs) operate
by generating radicals via catalytic or
photochemical methods. Hydroxyl radicals
engage in non-selective reactions with organic
contaminants, resulting in their oxidation,
breakdown, and ultimate conversion to minerals.

General reaction mechanism:

H,0, + UV - 20H"
OH" + Pollutant
— CO, + H,0 + Intermediates

4.4 Integration of AOP with Biological
Treatment
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Studies show that integrating AOP with
biological treatment boosts the efficiency of
pollutant breakdown. AOP decomposes complex
organic compounds into intermediates that are
more easily biodegradable, thereby enhancing the
efficiency of biological oxidation. This combined
method not only speeds up the degradation
process but also decreases the production of
harmful by-products. Moreover, it cuts down on
operational expenses by reducing the energy
requirements of using advanced oxidation
processes on their own. As a result, the
combination of AOP with biological treatment
provides an effective and sustainable approach to
wastewater treatment.

4.5 Simulation Studies in Wastewater
Treatment

. Simulation is essential for enhancing
reactor efficiency, breaking down pollutants, and
reducing energy use. Diffusion-reaction models
have been applied to predict how effectively
pollutants are removed and to map spatial
concentration in AOP reactors. Simulation tools
allow for:

. Forecasting COD removal rates

. Refining reactor design specifications
. Analyzing operational conditions

. Determining energy needs

4.6 Research Gaps

Although significant research has been conducted
on AOPs, there are still several areas that require
further exploration: The integration of AOPs with
comprehensive WWTP simulations is limited.
There is an absence of systematic design
approaches. The analysis of operational
optimization is inadequate. There is a necessity
for a techno-economic assessment of hybrid
treatment systems. This study seeks to fill these
gaps by introducing a detailed framework for
design and simulation.
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5. Methodology

5.1 Research Framework

1. The methodology consists of these key
steps:

2. Analyzing the properties of industrial
wastewater

3. Creating a conceptual design for the

integrated treatment facility

4. Constructing mathematical models for the
treatment units

5. Formulating a kinetics model for the AOP
reactor

6. Simulating the degradation of pollutants
7. Assessing the efficiency of treatment and

operational parameters
5.2 Wastewater Characteristics

Typical industrial effluent characteristics

considered for simulation:

Table 2: Typical Industrial Wastewater
Characteristics

Parameter Range

pH 5-9

COD 500-5000 mg/L
BOD 200-2000 mg/L

Total Suspended Solids (TSS)[100-1000 mg/L

Phenols/Dyes 50-500 mg/L

These parameters represent high-strength
industrial wastewater containing recalcitrant
pollutants.

5.3 Mathematical Modeling

5.3.1 Mass Balance Equation
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For a continuous stirred tank reactor (CSTR):

Where:

dc _Q

P V(Cin —-C0)—r(0)

C= pollutant concentration
Q= flow rate
V= reactor volume

r(C)= reaction rate

5.3.2 Reaction Kinetics

AOP degradation follows pseudo-first-order

kinetics:

c

= = ke

Where kis the reaction rate constant.

5.4 Simulation Approach

The simulation involves:

Modeling of mass balance
Modeling of reaction kinetics
Analysis of hydraulic retention time

Evaluation of reactor performance

5.5 Performance Evaluation Metrics

Essential metrics for performance

assessment encompass:

Efficiency in COD removal
Reduction of BOD
Effectiveness in mineralization
Consumption of energy

Hydraulic retention time (HRT)
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6. System Design

6.1 Overview of Proposed Wastewater
Treatment Plant

The proposed WWTP design integrates
conventional treatment processes with advanced
oxidation-based tertiary treatment.
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Figure 1

Flow diagram of integrated WWTP including:
Screening — Equalization — Primary
Sedimentation — Biological Reactor —
Secondary Clarifier — AOP Reactor —
Filtration — Discharge/Re-use

6.2 Design Components

6.2.1 Preliminary Treatment Unit
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Large solids, debris, and grit are eliminated using
screening and grit chambers. These methods
safeguard downstream equipment from wear and
blockages. Screening captures large floating
objects, whereas grit chambers enable the settling
of heavier inorganic particles. This initial
treatment phase is crucial for preserving the
effectiveness and durability of later treatment
stages.

6.2.2 Equalization Tank

It manages variations in flow rate, pH, and
pollutant levels by modifying operational
parameters instantly to uphold system stability
and efficiency. This adaptive approach guarantees
steady treatment performance even when external
disruptions occur. As a result, it boosts the overall
process's resilience and dependability.

6.2.3 Primary Sedimentation Tank

Gravity settling is used to eliminate settleable
suspended solids. This technique significantly
decreases the amount of suspended solids that
proceed to later treatment phases. It depends on
the inherent settling speed of particles, enabling
denser solids to gather at the base of the settling
tank. This approach is frequently employed as an
initial stage in wastewater treatment to enhance
the efficiency of the entire system.

6.2.4 Biological Treatment Unit

The activated sludge process is employed to
decompose biodegradable organic material. This
method utilizes microorganisms to transform
organic pollutants into simpler, non-toxic
compounds. It is widely used in wastewater
treatment to lower biochemical oxygen demand
(BOD) and eliminate suspended solids.
Continuous aeration of the activated sludge is
essential to sustain the aerobic conditions
required for microbial activity.

6.2.5 Secondary Clarifier
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Biomass is extracted from the treated water by
capturing solid particles that are suspended,
which significantly lowers turbidity. Once
separated, the biomass can undergo additional
processing for energy recovery or be disposed of.
This stage is essential for enhancing the overall
efficiency of the water treatment system.

6.2.6 Advanced Oxidation Reactor (Core Unit)

The AOP reactor is the key innovation of this
design.

Ve
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—
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A

The AOP reactor can utilize the following
methods:

Oxidation with UV/H20:
Photo-Fenton technique
Oxidation using ozone

These methods produce hydroxyl radicals to
oxidize stubborn pollutants.

6.3 Reactor Design Parameters

Table 3: Design Parameters for AOP Reactor
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Parameter Value

Reactor Type |Continuous Stirred Tank

Volume 50-200 m?

UV Intensity |[200-800 W/m?

H-0: Dose 50-200 mg/L

pH Range 2.5-7

Retention Time|30—120 min

6.4 Design Equations

Hydraulic retention time (HRT):

HRT =~
Q

Removal efficiency:

Ciy, — C
n= in OutX]_OO
Cin

7. Implementation
7.1 Overview of Implementation Strategy

1. The implementation stage converts the
conceptual design and mathematical models into
a simulated working wastewater treatment plant
(WWTP). This phase emphasizes the integration
of traditional treatment methods with an
advanced oxidation process (AOP) reactor,
serving as a tertiary polishing unit. The
simulation environment is designed to model
hydraulic flow, pollutant removal kinetics, energy
usage, and system efficiency under different
operational scenarios.

2.

3. The implementation includes the
following key steps:

4. - Creation of a process flow diagram
(PFD)
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5. - Choosing reactor configurations

6. - Estimating and calibrating parameters
7. - Simulating individual treatment units

8. - Combining all units into a cohesive
system

0. - Validating with performance indicators

such as COD removal, BOD reduction, and
mineralization efficiency

7.2 Process Flow Implementation

. The simulated wastewater treatment
facility consists of a series of treatment units
arranged to systematically eliminate pollutants.
The key units included are:

. Unit for screening and grit removal

Tank for equalization

Tank for primary sedimentation

. Biological oxidation reactor (activated
sludge process)

. Clarifier for secondary treatment

. Reactor for advanced oxidation (UV/H20:2
or Photo-Fenton method)

o Unit for filtration and disinfection

Figure 2: Integrated Wastewater Treatment
Plant Layout
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The above layout illustrates how conventional
and advanced treatment processes are linked in
series, ensuring progressive pollutant removal.

7.3 Implementation of Preliminary and
Primary Treatment

7.3.1 Screening Unit

The screening unit is responsible for eliminating
large debris and floating solids that might harm
equipment further along the process. For
simulation purposes, bar screens with gaps
ranging from 10 to 20 mm are considered. These
screens are intended to avert blockages and
safeguard pumps, valves, and other mechanical
parts. The debris that is removed is usually
gathered and discarded to keep the system
running efficiently. To ensure continuous
operation, it is crucial to maintain and clean the
bar screens regularly.
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7.3.2 Equalization Tank

The equalization tank balances fluctuations in
flow rate, pollutant concentration, and pH. The
governing mass balance equation used is:

d—C = Q (Cin —0O)
aa v "
Where:
. C= concentration in tank
. Cin= influent concentration
. Q= inflow rate
. V= tank volume

The equalization tank ensures steady-state
conditions for downstream reactors.

7.3.3 Primary Sedimentation Tank

This unit is designed to eliminate settleable
suspended solids through the process of
gravitational settling. It is estimated that the
removal efficiency for total suspended solids
(TSS) ranges from 50% to 70%. The method
depends on the natural descent of particles due to
gravity, which causes heavier solids to gather at
the base of the settling tank. To ensure the system
remains efficient, this collected sludge is
periodically extracted. The overall effectiveness
of removal can be affected by factors such as
detention  time, temperature, and the
characteristics of the influent.

7.4 Implementation of Biological Treatment

In the activated sludge process, a continuous
stirred tank reactor (CSTR) is used, allowing
microorganisms to break down biodegradable
organic substances.

The biological degradation kinetics are modeled
using Monod kinetics:

S

X
K. +S

T = Umax
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Where:

. r= substrate utilization rate

. S= substrate concentration

. K= half-saturation constant
. X=biomass concentration

. Umax= Maximum growth rate

The activated sludge process reduces BOD and
partial COD prior to advanced oxidation
treatment.

7.5 Implementation of Secondary Clarifier

The secondary clarifier functions to divide the
biomass from the treated effluent. To ensure the
biological reactor maintains an ideal biomass
concentration, a sludge recirculation loop is
utilized. As the treated effluent moves through the
secondary clarifier, the biomass settles, allowing
it to be separated from the clarified water. The
settled sludge is then cycled back to the biological
reactor through the recirculation loop to support
microbial activity. To avoid exceeding the
system's capacity, excess sludge is periodically
extracted.

7.6 Implementation of Advanced Oxidation
Reactor

The treatment plant's primary innovation lies in
the AOP reactor. This reactor functions as a
photochemical system that produces hydroxyl
radicals to break down persistent organic
pollutants.

Two configurations are simulated:
1. UV/H20: Reactor
2. Photo-Fenton Reactor

The fundamental reaction governing hydroxyl
radical generation is:
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H,0, + UV - 20H’

In the Photo-Fenton process:

Fe2* + H,0, > Fe3* + OH™ + OH'

These radicals oxidize persistent pollutants and
convert them into biodegradable intermediates or
mineralized products.

7.7 Reactor Hydraulics and Kinetics
Implementation

The AOP reactor is represented as a plug flow
reactor (PFR) to account for changes in pollutant
concentration throughout the reactor's length.

Mass balance equation for plug flow reactor:

dc (0

av- " qQ
Assuming pseudo-first-order kinetics:

r(C) = kC

Where kis the apparent rate constant dependent
on UV intensity, oxidant dosage, and pH.

7.8 Simulation Environment and Tools

The simulation is carried out with the help of
process modeling software or numerical
computing tools, including:

MATLAB/Simulink
Python-based simulation (NumPy, SciPy)

Process simulation tools (e.g., Aspen Plus
conceptual modeling)

The model replicates dynamic behavior in
response to different influent characteristics and
operational parameters.
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8. Results and Discussion
8.1 Simulation Scenarios

1. Various scenarios were tested to assess the
system's performance:

2. Standard treatment excluding AOP

3. Standard treatment combined with a
UV/H:0: reactor

4. Standard treatment paired with a Photo-

Fenton reactor

5. Analysis of sensitivity concerning oxidant
dosage and retention duration

8.2 Performance Evaluation Metrics

. The assessment of the treatment plant's
performance considered the following criteria:

. Efficiency in removing COD

. Reduction of BOD

. Effectiveness in mineralization

. Consumption of energy

. Hydraulic retention time (HRT)

Table 4: Comparison of Treatment

Performance

Treatment |COD |BOD  Mineralizatio
Configuratio Remov |Remov n Efficiency

n al (%) |al (%) (%)
Conventional
WWTP 60-70 |(80-90 |30-40
WWTP +
UV/ILO, 85-92 [90-95 |60-75
WWTP +

— 2— _
Photo-Fenton 90-96 |92-97 |70-85

The results demonstrate significant improvement
in pollutant removal when AOP is integrated into
the treatment plant.
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8.3 Effect of Hydraulic Retention Time

According to simulation results, extending the
hydraulic retention time (HRT) enhances the
breakdown of pollutants, as it allows for longer
interaction between oxidants and contaminants.

Table 5: Effect of HRT on COD Removal

HRT (min)| COD Removal (%)
30 70
60 85
90 92
120 95

This indicates that optimal HRT between 60—90
minutes provides high efficiency without
excessive energy consumption.

8.4 Effect of Oxidant Dosage

The amount of hydrogen peroxide used plays a
crucial role in the production of hydroxyl radicals
and the breakdown of pollutants. Achieving the
right concentration of hydrogen peroxide is
essential to maximize hydroxyl radical generation
while avoiding scavenging effects that lower
efficiency. Overdosing can cause radicals to
recombine, which reduces the rate of pollutant
degradation.  Thus, accurately managing
hydrogen peroxide levels is vital for successful
treatment processes.

Table 6: Effect of H.O: Dosage on Pollutant
Removal

H:0: Dose (mg/L) [COD Removal (%)

50 75
100 88
150 93
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H:0: Dose (mg/L) |[COD Removal (%)

200 94

Beyond optimal dosage, removal efficiency
increases marginally due to radical scavenging
effects.

8.5 Energy Consumption Analysis

Energy consumption in AOP is primarily due to
UV radiation and mixing requirements.

Table 7: Estimated Energy Consumption

E pr
Treatment Stage (klii’rl;g/)rlm) Consumption
Biological 0406
Treatment

UV/H202 Reactor |0.8-1.2

Photo-Fenton

0.6-1.0
Reactor

Total Integrated

WWTP 1.2-2.0

Although energy consumption increases, the
environmental benefits and improved effluent
quality justify the additional energy requirement.

8.6 Discussion on Pollutant Degradation
Mechanism

The incorporation of AOP greatly improves the
breakdown of persistent organic pollutants by
employing several mechanisms:

Aromatic rings are targeted by hydroxyl radicals

Complex dyes are decomposed into simpler
intermediate products

Non-biodegradable substances are transformed
into biodegradable ones

Full mineralization into CO: and H-O is achieved
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This collaboration between biological treatment
and AOP results in enhanced overall treatment
efficiency.

8.7 Environmental and
Implications

Sustainability

The suggested system provides multiple
environmental advantages:

Decreases in toxic and persistent pollutants
Adherence to discharge standards

Potential for water recycling in industrial uses
Lowered ecological toxicity

wastewater

Improved  sustainability  in

management
Nonetheless, to achieve economic viability, it is

crucial to optimize operational expenses and
energy consumption.

8.8 Limitations of the Study

Although the results are promising, there are
some limitations:

The simulation presumes perfect mixing
conditions

Challenges related to scaling up might occur
during full-scale implementation

A comprehensive cost model is necessary for
economic analysis

Further investigation is needed into catalyst
recovery and sludge production in the Fenton
process

Future research should concentrate on validating
pilot-scale operations and optimizing techno-
economic factors.
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9. Conclusion

This study explored the design and simulation of
a wastewater treatment facility that incorporates
advanced oxidation processes to treat industrial
effluents. The findings indicated that traditional
treatment methods alone are inadequate for
eliminating persistent and non-biodegradable
pollutants typically present in industrial
wastewater. By incorporating advanced oxidation
processes like UV/H:0: and Photo-Fenton
oxidation into the treatment sequence, there was
a notable enhancement in the efficiency of
pollutant removal and mineralization.

The simulation outcomes demonstrated that the
integrated wastewater treatment plant (WWTP)
could achieve chemical oxygen demand (COD)
removal efficiencies of over 90% and
significantly improve the biodegradability of
effluents. The research also highlighted that
factors such as hydraulic retention time, oxidant
dosage, and reactor configuration are crucial in
influencing the overall performance of the
system. Optimal reactor conditions were
determined to enhance treatment efficiency while
reducing energy usage.

Using advanced oxidation processes (AOPs) as a
tertiary treatment step was found to be highly
effective in breaking down stubborn organic
pollutants, dyes, and phenolic compounds.
Additionally, the integrated system ensures
adherence to environmental discharge standards
and facilitates wastewater reuse, thereby aiding in
sustainable water resource management.

In summary, this research confirms that hybrid
wastewater treatment systems, which combine
biological processes with advanced oxidation
technologies, offer a promising approach for
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treating complex industrial effluents. Future
studies should concentrate on pilot-scale
implementation, cost reduction, and the
development of energy-efficient AOP reactors to
support large-scale industrial use.
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