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Abstract- The treatment of colorant-heavy textile 

wastewater remains a critical environmental 

challenge due to the complex molecular structures 

and recalcitrant nature of synthetic dyes. This study 

presents a kinetic evaluation of ozonation and 

advanced oxidation processes (AOPs), specifically 

ozone/hydrogen peroxide (O₃/H₂O₂) and Fenton-

based systems, for the degradation of persistent dyes 

in textile effluents. The research investigates the 

reaction mechanisms, degradation efficiencies, and 

rate constants under varying operational conditions, 

including pH, oxidant dosage, and initial dye 

concentration. Experimental results indicate that 

while single ozonation exhibits rapid initial 

decolorization, it is less effective in mineralizing dye 

molecules, as evidenced by lower chemical oxygen 

demand (COD) removal. Conversely, the integration 

of ozone with hydrogen peroxide significantly 

enhances hydroxyl radical generation, leading to 

higher reaction rates and broader contaminant 

breakdown. Kinetic data were fitted to pseudo-first-

order and second-order models to determine the most 

accurate description of each system’s behavior. The 

pseudo-first-order model provided a better fit for 

ozonation alone, whereas the combined AOPs 

showed improved correlation with second-order 

kinetics, suggesting increased complexity in reactive 

species interactions. The Fenton process 

demonstrated high efficiency at acidic pH levels, but 

its performance was highly sensitive to Fe²⁺/H₂O₂ 

ratios and sludge formation. Overall, the O₃/H₂O₂ 

system achieved the highest overall kinetic rate and 

mineralization efficiency with minimal sludge 

production, making it a promising alternative for 

scalable industrial deployment. The study 

underscores the importance of kinetic evaluation in 

optimizing AOPs for real-world textile wastewater 

applications. It further emphasizes that 

understanding degradation dynamics at the 

molecular level is essential for achieving sustainable 

and cost-effective effluent treatment solutions. 

Future research should focus on pilot-scale 

validation, integration with membrane or biological 

systems, and the development of intelligent control 

frameworks for operational efficiency. 

 

Indexed Terms- Textile Wastewater, Ozonation, 

Advanced Oxidation Processes, AOP Kinetics, Dye 

Degradation, Hydroxyl Radicals, Pseudo-First-

Order, Fenton Process, O₃/H₂O₂ System, COD 

Removal. 

 

I. INTRODUCTION 

 

Textile wastewater is among the most complex and 

polluting industrial effluents, primarily due to the vast 

array of synthetic dyes and auxiliary chemicals used in 

dyeing and finishing operations. These effluents are 

typically characterized by high color intensity, 

chemical oxygen demand (COD), total dissolved 

solids (TDS), and toxicity, posing significant 

environmental and public health risks when 

discharged untreated into aquatic ecosystems. The 

colorants, particularly azo dyes, are designed to resist 

fading and degradation, resulting in their persistence 

in water bodies, where they block sunlight penetration, 

hinder photosynthesis, and contribute to long-term 

ecological imbalance. Moreover, several textile dyes 

and their degradation by-products have been identified 

as mutagenic or carcinogenic, amplifying concerns 

over their presence in surface and groundwater. 
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Treating colorant-heavy textile wastewater presents 

formidable challenges due to the structural stability 

and synthetic origin of many dyes. These compounds 

exhibit resistance to biodegradation, making them 

poorly suited for conventional biological treatment 

systems. Additionally, physical and chemical 

treatment methods such as coagulation-flocculation, 

adsorption, and membrane filtration, though partially 

effective, often transfer pollutants from one phase to 

another without complete degradation (Ajayi, et al., 

2020, Ikeh & Ndiwe, 2019, Orieno, et al., 2021). The 

generation of sludge, membrane fouling, and limited 

selectivity toward recalcitrant organics further limit 

the applicability of these conventional approaches, 

particularly in large-scale or continuous operations. 

In this context, ozonation and advanced oxidation 

processes (AOPs) have emerged as promising 

alternatives for the effective degradation of dyes and 

colorants in textile wastewater. These processes 

operate by generating highly reactive species such as 

hydroxyl radicals that can non-selectively and rapidly 

oxidize complex organic molecules into simpler, less 

harmful compounds. Ozonation, either alone or in 

combination with catalysts or UV radiation, has shown 

significant potential for decolorization and partial 

mineralization of textile dyes. However, to optimize 

these processes for real-world applications, a clear 

understanding of their kinetics is essential 

(Daraojimba, et al., 2021, Egbumokei, et al., 2021, 

Sobowale, et al., 2021). Reaction rate constants, 

degradation pathways, and the influence of operational 

parameters must be systematically evaluated to design 

efficient, scalable treatment systems. 

This study aims to provide a comprehensive kinetic 

evaluation of ozonation and AOPs in the treatment of 

colorant-heavy textile effluents. By analyzing the 

degradation behavior of representative dyes under 

varying reaction conditions, the research seeks to 

identify optimal operational parameters, model 

reaction kinetics, and assess the feasibility of 

integrating these processes into textile wastewater 

treatment frameworks. 

2.1. Methodology 

This study employed a quantitative experimental 

approach to assess the kinetic behavior of colorant 

degradation in textile wastewater using ozonation and 

advanced oxidation processes (AOPs). Wastewater 

samples were collected from textile dyeing industries 

known for discharging colorant-heavy effluents. Prior 

to treatment, the samples underwent pre-treatment 

steps including filtration and sedimentation to 

eliminate large suspended solids. Comprehensive 

characterization was carried out to establish baseline 

parameters such as pH, chemical oxygen demand 

(COD), biological oxygen demand (BOD), and color 

absorbance. 

Batch reactors were configured for ozonation (O₃) and 

AOP systems combining ozone with hydrogen 

peroxide (O₃/H₂O₂) and ozone with UV radiation 

(O₃/UV). The reactors were operated under varying 

conditions of ozone concentration, oxidant dosage, 

pH, and contact time. Samples were extracted at 

consistent time intervals to measure residual color 

using UV-Vis spectrophotometry, allowing for 

calculation of degradation rates. 

Kinetic modeling was carried out using pseudo-first-

order and pseudo-second-order rate equations to 

determine the most representative kinetic mechanism. 

The kinetic constants and regression coefficients were 

derived through non-linear curve fitting. Comparative 

assessments between the treatment methods were then 

performed based on degradation efficiency, rate 

constants, energy input, and chemical usage. To 

statistically validate the differences in treatment 

efficacy, ANOVA tests and multivariate regression 

analyses were employed. 

The final phase involved optimization using response 

surface methodology (RSM) to identify the most 

effective treatment configuration. The optimal setup 

was validated through repeat experiments. The 

integration of methods used in this study draws 

insights from analytical modeling frameworks and 

evaluation techniques as discussed by Adeoba et al. 

(2018), Hassaan et al. (2016), and Suryawan et al. 

(2021), ensuring a rigorous, reproducible, and data-

driven procedure for wastewater decolorization 

treatment. 
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Figure 1: Flow chart of the study methodology 

2.2.  Characteristics of Colorant-Heavy Textile 

Wastewater 

Colorant-heavy textile wastewater represents one of 

the most environmentally problematic effluent streams 

generated by industrial activities. The complexity of 

this wastewater lies in its diverse and highly stable 

composition, stemming from the wide variety of dyes 

and chemical auxiliaries used during textile 

manufacturing processes such as dyeing, printing, 

scouring, and finishing. Among the most common and 

widely used dyes in the textile industry are azo dyes, 

reactive dyes, vat dyes, sulfur dyes, and disperse dyes 

(Adeoba, 2018, Imran, et al., 2019, Orieno, et al., 

2021). Each of these classes contributes to the intense 

coloration and chemical load of textile effluents, with 

azo dyes alone accounting for over 60% of all dyes 

used globally due to their vivid color range, synthetic 

adaptability, and cost-effectiveness. 

Azo dyes are characterized by one or more azo bonds 

(-N=N-) linking aromatic structures, which render 

them highly resistant to microbial degradation and 

light exposure. Reactive dyes, designed to form 

covalent bonds with textile fibers, are often partially 

unbound during application and consequently 

discharged in significant quantities into wastewater 

streams. Vat dyes, insoluble in water and applied 

through reduction and subsequent oxidation, are 

difficult to remove due to their low solubility and 

stability. Similarly, sulfur dyes and disperse dyes 

contribute to the persistence and intensity of color in 

textile effluents (Ojika, et al., 2021, Okolo, et al., 

2021, Onukwulu, et al., 2021). The formulation of 

these dyes includes complex organic molecules that 

are engineered for high stability, ensuring that they do 

not fade or degrade easily under environmental 

conditions, which in turn complicates their removal 

during wastewater treatment. Figure 2 shows the 

major types of Advanced Oxidation Processes 

presented by Biń & Sobera-Madej, 2012. 

Figure 2: Major types of Advanced Oxidation 

Processes (Biń & Sobera-Madej, 2012). 

The physicochemical properties of colorant-heavy 

textile wastewater vary considerably depending on the 

production process, type of dye used, and the scale of 

operations. Nevertheless, common characteristics 

include high chemical oxygen demand (COD), often 

ranging from 1,000 to 10,000 mg/L, and elevated 

biological oxygen demand (BOD), typically between 

100 to 3,000 mg/L (Agho, et al., 2021, Ezeanochie, 

Afolabi & Akinsooto, 2021). The high COD signifies 

a substantial presence of oxidizable organic matter, 

including dye molecules, surfactants, and auxiliary 

chemicals. The BOD/COD ratio in such wastewater is 

generally low, reflecting the low biodegradability of 

the constituents. This low ratio indicates that a large 

proportion of the organic matter present cannot be 

effectively removed by biological treatment alone. 

The pH of textile wastewater can fluctuate widely, 

often falling between 4 and 12, due to the presence of 

alkaline substances like sodium carbonate used in dye 

fixation or acidic chemicals involved in textile 

finishing. Such variability in pH presents additional 

challenges for treatment, as extreme pH levels can 

impair microbial communities in biological systems or 

reduce the efficiency of certain chemical processes 

(Egbuhuzor, et al., 2021, Isi, et al., 2021, Onukwulu, 

et al., 2021). Total suspended solids (TSS) and total 



© AUG 2021 | IRE Journals | Volume 5 Issue 2 | ISSN: 2456-8880 

IRE 1708810          ICONIC RESEARCH AND ENGINEERING JOURNALS 238 

dissolved solids (TDS) are also typically high, due to 

fiber residues, undissolved dyes, salts, and metal ions 

used in dye formulations. Sodium chloride and sodium 

sulfate are especially prevalent in dye baths, used to 

enhance dye fixation on fibers, and often reach 

concentrations as high as 10–100 g/L in discharged 

effluents. 

In addition to conventional parameters like COD, 

BOD, and pH, textile wastewater is marked by high 

toxicity, driven by both the dye molecules themselves 

and their degradation byproducts. Several azo dyes, 

for instance, can undergo reductive cleavage to form 

aromatic amines some of which are carcinogenic or 

mutagenic. Metal-based mordants or dye components 

such as chromium, copper, or cobalt may also be 

present and contribute to aquatic toxicity. The overall 

toxicity of textile wastewater can adversely affect 

aquatic flora and fauna, even at low concentrations, 

due to interference with cellular respiration, enzyme 

activity, and membrane integrity (Adewoyin, 2021, 

Isi, et al., 2021, Ogunnowo, et al., 2021). Furthermore, 

the intense coloration often visible even at 

concentrations below 1 mg/L can block light 

penetration in aquatic ecosystems, disrupting 

photosynthesis and altering ecological balance. 

Design of the ozonation experiment presented by 

Hassaan, El Nemr & Madkour, 2016, is shown in 

figure 3. 

Figure 3: Design of the ozonation experiment 

(Hassaan, El Nemr & Madkour, 2016). 

One of the defining challenges in treating colorant-

heavy textile wastewater is the recalcitrance and 

environmental persistence of its constituents. The 

synthetic dyes are deliberately engineered for stability 

against environmental degradation mechanisms such 

as light exposure, microbial attack, temperature 

fluctuation, and oxidation. As a result, these dyes are 

poorly amenable to natural attenuation in receiving 

water bodies and conventional treatment systems 

(Afolabi & Akinsooto, 2021, Ogundipe, et al., 2021). 

For example, many dyes exhibit half-lives extending 

over several weeks or even months under natural 

conditions, during which they may persist in the water 

column or accumulate in sediments. This 

environmental persistence not only perpetuates the 

visible aesthetic pollution of water bodies but also 

poses long-term risks to ecosystem health and human 

populations through potential bioaccumulation and 

trophic transfer. 

The recalcitrance of these compounds is exacerbated 

by their molecular structures, which often include 

multiple benzene rings, sulfonic acid groups, halogen 

atoms, and metal complexes. These functional groups 

confer high solubility and chemical stability but hinder 

biodegradation. Even when biodegradation is initiated, 

the products may be more toxic or mutagenic than the 

parent dye molecules. Furthermore, the presence of 

salts, heavy metals, and surfactants in the wastewater 

matrix can inhibit microbial activity, making 

biological treatment methods inefficient or unstable 

for dye degradation (Ojika, et al., 2021, Onaghinor, et 

al., 2021, Sobowale, et al., 2021). Many conventional 

activated sludge systems experience shock loading 

and biomass inhibition when handling dye-rich 

effluents, leading to incomplete treatment and the 

discharge of colored or toxic effluents. 

The persistence of dyes in the aquatic environment 

also raises concerns about their interactions with 

natural organic matter and sediments. Some dye 

molecules exhibit strong affinities for humic 

substances and sediment particles, leading to their 

accumulation in benthic layers. Over time, changes in 

environmental conditions such as redox potential or 

pH can cause the remobilization of these adsorbed 

dyes or their degradation intermediates, reintroducing 

them into the water column (Ajayi, et al., 2021, Odio, 

et al., 2021, Onukwulu, et al., 2021). Moreover, dyes 

that are not removed during wastewater treatment can 

enter the water cycle and persist through drinking 

water treatment processes, posing risks to human 

health. This scenario underscores the urgency of 

developing treatment technologies capable of 

achieving not just decolorization, but complete 

mineralization or safe conversion of dye molecules. 
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Suryawan, et al., 2021, presented Schematic diagram 

from raw wastewater and treated to ozone pre-

treatment and activated sludge reactor with aerated 

with different DO condition in figure 4. 

 

Figure 4: Schematic diagram from raw wastewater 

and treated to ozone pre-treatment and activated 

sludge reactor with aerated with different DO 

condition (Suryawan, et al., 2021). 

In addition to environmental persistence, the variable 

nature of textile wastewater complicates the design of 

treatment systems. The composition and concentration 

of dyes and auxiliary chemicals can vary significantly 

not only between different textile facilities but also 

within a single facility depending on the product line, 

dye batch, and operational schedule. This variability 

requires treatment technologies that are robust, 

flexible, and capable of adapting to rapid changes in 

influent quality (Adeoba & Yessoufou, 2018, 

Oyedokun, 2019). Fixed-parameter systems or those 

designed for specific effluent characteristics often 

underperform when exposed to fluctuating loads, 

leading to inconsistent removal efficiency and greater 

operational costs. 

In conclusion, colorant-heavy textile wastewater 

presents a uniquely complex and persistent pollution 

problem due to its chemical composition, 

physicochemical properties, and environmental 

behavior. The dominance of synthetic, stable dyes like 

azo, reactive, and vat dyes contributes to high COD, 

variable pH, low biodegradability, and toxicity. The 

recalcitrant nature of these compounds renders 

conventional treatment methods ineffective and 

underscores the need for advanced oxidation 

technologies, such as ozonation and AOPs, which are 

capable of degrading dye molecules through radical-

based reactions. A thorough understanding of the 

characteristics of textile wastewater is essential to 

optimize treatment performance, select appropriate 

technologies, and mitigate the ecological and health 

risks associated with untreated or partially treated dye 

effluents. 

2.3.  Overview of Oxidation Technologies 

Oxidation technologies have become central to the 

treatment of colorant-heavy textile wastewater due to 

their capability to degrade complex dye molecules that 

are resistant to conventional treatment processes. 

Among the oxidation-based approaches, ozonation 

and various advanced oxidation processes (AOPs) 

have shown particular promise, especially when the 

objective extends beyond simple decolorization to 

complete or partial mineralization of persistent 

organic compounds. These processes operate by 

generating reactive oxidative species most notably 

hydroxyl radicals that are capable of non-selectively 

attacking and breaking down the chemical structures 

of dyes. The performance of these technologies is 

influenced by numerous factors, including reaction 

conditions, the type and concentration of oxidants, and 

the molecular characteristics of the dyes themselves. 

Ozonation, which utilizes molecular ozone (O₃) as the 

oxidant, has been extensively studied for the treatment 

of dye-laden textile effluents. Ozone is a powerful 

oxidizing agent with a standard redox potential of 2.07 

V, capable of reacting with a broad spectrum of 

organic compounds through both direct and indirect 

mechanisms. In the direct reaction pathway, ozone 

attacks electron-rich centers in dye molecules, such as 

the double bonds in azo dyes or the aromatic rings in 

anthraquinone-based dyes, leading to the cleavage of 

chromophoric groups and subsequent loss of color 

(Edwards, Mallhi & Zhang, 2018, Tula, et al., 2004). 

This pathway is particularly effective for dyes that are 

water-soluble and contain activated functional groups. 

In the indirect reaction pathway, ozone decomposes in 

aqueous solutions to form hydroxyl radicals (•OH), 

especially under alkaline conditions. These radicals 

have a much higher redox potential (2.80 V) and react 

even more rapidly and non-selectively with organic 

compounds, including the stable aromatic structures 

found in many textile dyes. 

Ozonation’s efficacy in dye degradation is highly 

dependent on the solution pH, the ozone dose, and the 
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contact time. At acidic pH values, the direct action of 

ozone dominates, whereas at neutral to alkaline pH, 

the decomposition of ozone to form hydroxyl radicals 

becomes more prominent. Although ozonation is 

effective in achieving rapid decolorization, it may not 

always result in complete mineralization. 

Intermediates such as carboxylic acids, aldehydes, or 

aromatic amines may form, requiring additional 

treatment or further oxidation (Adeoba, etal., 2018, 

Omisola, et al., 2020). The formation of these partially 

oxidized byproducts also underscores the importance 

of optimizing ozonation kinetics to balance 

decolorization efficiency with safety and 

environmental compliance. 

To enhance the generation of hydroxyl radicals and 

improve the degradation efficiency, ozonation can be 

combined with hydrogen peroxide (H₂O₂) in what is 

commonly known as the peroxone process (O₃/H₂O₂). 

This AOP relies on the reaction between ozone and 

hydrogen peroxide to produce hydroxyl radicals in 

situ. The reaction proceeds through a series of steps, 

starting with the decomposition of ozone to form 

hydroperoxide ions (HO₂⁻), which then react with 

additional ozone molecules to yield •OH radicals. The 

synergistic effect between ozone and H₂O₂ 

dramatically increases the rate and extent of pollutant 

degradation, particularly for recalcitrant compounds 

that resist oxidation by ozone alone (Ajayi, et al., 

2020, Ofori-Asenso, et al., 2020). 

The efficiency of the O₃/H₂O₂ process is governed by 

the molar ratio of ozone to hydrogen peroxide, as an 

excess of either reagent can lead to scavenging 

reactions that reduce the availability of hydroxyl 

radicals. For instance, excess H₂O₂ may react with 

•OH to form less reactive species like HO₂•, thereby 

diminishing the oxidative potential of the system. 

Temperature, pH, and the presence of radical 

scavengers such as bicarbonates or natural organic 

matter further influence the reaction kinetics (Ilori & 

Olanipekun, 2020). Nevertheless, when carefully 

optimized, the peroxone process offers superior 

performance in terms of dye decolorization, COD 

reduction, and mineralization compared to ozonation 

alone. It has shown particular effectiveness in 

degrading dyes with complex aromatic structures or 

those substituted with halogens, sulfonic groups, or 

nitrogen heterocycles. 

Fenton and Fenton-like processes represent another 

category of advanced oxidation techniques that have 

demonstrated efficacy in the treatment of colorant-

heavy textile wastewater. The classical Fenton process 

involves the reaction of ferrous iron (Fe²⁺) with 

hydrogen peroxide under acidic conditions (typically 

pH 2.5–3.5) to generate hydroxyl radicals. The 

reaction is initiated when Fe²⁺ catalyzes the 

decomposition of H₂O₂, yielding •OH and ferric iron 

(Fe³⁺). The ferric iron can be subsequently reduced 

back to Fe²⁺ in the presence of additional H₂O₂ or 

organic reducing agents, thereby sustaining the 

catalytic cycle. Fenton’s reagent is particularly 

effective for degrading dyes such as reactive black, 

methylene blue, and rhodamine B, breaking down 

their chromophores and aromatic cores into simpler, 

less toxic molecules (Ajibola & Olanipekun, 2019, 

Olanipekun & Ayotola, 2019). 

Fenton-like processes extend the applicability of the 

original method by employing alternative iron species 

(e.g., Fe³⁺ instead of Fe²⁺), heterogeneous catalysts 

(such as iron oxides or zero-valent iron), or other 

transition metals (like copper or cobalt) to catalyze 

H₂O₂ decomposition. These variants address some of 

the drawbacks of the classical Fenton process, such as 

the narrow pH range and sludge generation due to iron 

precipitation (Olanipekun, 2020; West, Kraut & Ei 

Chew, 2019). Nevertheless, sludge handling and iron 

recovery remain important considerations in large-

scale applications. The simplicity, low cost, and strong 

oxidative potential of the Fenton process make it 

attractive for pre-treatment or polishing stages in dye 

effluent management, especially in settings where pH 

adjustment and iron recovery infrastructure are 

feasible. 

Comparing the reactivity and effectiveness of various 

oxidant species in textile dye degradation provides 

critical insights into process selection and 

optimization. Hydroxyl radicals, generated in most 

AOPs including ozonation, peroxone, and Fenton 

systems, are among the most potent oxidants available, 

with extremely high reaction rate constants for organic 

pollutants, typically in the range of 10⁷ to 10¹⁰ M⁻¹s⁻¹. 

Their non-selective nature allows them to react with a 

wide variety of dye molecules, breaking down 

complex structures that resist other forms of treatment 

(Belot, 2020; Olanipekun, Ilori & Ibitoye, 2020). 
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However, this same non-selectivity can lead to side 

reactions with background organic matter or radical 

scavengers, reducing the overall efficiency of the 

process unless carefully managed. 

Ozone, as a molecular oxidant, offers selectivity for 

specific functional groups, particularly those with high 

electron density, such as the azo (-N=N-) bonds in 

common textile dyes. While its oxidation potential is 

lower than that of •OH, it often achieves faster initial 

decolorization due to its affinity for chromophoric 

structures. In contrast, the Fenton process benefits 

from a well-understood catalytic mechanism and can 

be implemented with relatively low-cost reagents, but 

it requires careful control of iron dosage, pH, and 

sludge handling (Kolade, et al., 2021; Ramdoo, et al., 

2021). The choice of oxidation technology thus 

depends not only on the type of dye and wastewater 

matrix but also on economic, environmental, and 

operational constraints. 

In summary, ozonation and advanced oxidation 

processes offer a suite of powerful tools for the 

degradation of colorants in textile wastewater. 

Ozonation alone can achieve rapid decolorization, 

while its combination with hydrogen peroxide 

enhances radical production and overall treatment 

efficiency. Fenton-based processes provide a cost-

effective alternative, especially when acidic pH and 

manageable iron recovery can be maintained. 

Understanding the mechanistic pathways and kinetics 

of these reactions is essential for optimizing their 

application in real-world scenarios. As textile 

industries seek sustainable and regulatory-compliant 

wastewater solutions, the strategic use of oxidation 

technologies will continue to play a pivotal role in 

transforming colorant-heavy effluents into 

environmentally benign discharges. 

2.4.  Experimental Design and Methodology 

The experimental design and methodology for the 

kinetic evaluation of ozonation and advanced 

oxidation processes (AOPs) in the treatment of 

colorant-heavy textile wastewater require a systematic 

and controlled approach to simulate real-world 

effluent conditions and accurately capture degradation 

dynamics. The study may be conducted using either 

synthetic or real textile wastewater depending on the 

research objectives, resource availability, and the need 

for reproducibility. Synthetic wastewater offers a 

controlled composition, enabling the isolation of 

variables and the replication of experiments (Akang, 

et al., 2019; Ezenwa, 2019). Typically, synthetic 

wastewater is prepared by dissolving representative 

textile dyes such as Reactive Black 5, Methylene Blue, 

or Acid Orange 7 in distilled water, with 

concentrations ranging from 50 to 300 mg/L to mimic 

actual dye loads observed in industrial effluents. 

Additional constituents such as sodium chloride, 

sodium carbonate, surfactants, and buffering agents 

can be added to approximate the ionic strength and pH 

variability of real textile wastewater. 

In contrast, real textile wastewater is collected directly 

from dyeing or printing units, preferably post-primary 

treatment but prior to any oxidation process. This type 

of wastewater presents more complex matrices with 

fluctuating organic and inorganic loads, reflecting the 

operational conditions of industrial plants 

(Ochinanwata, 2019; Negi, 2021; Otuoze, Hunt & 

Jefferson, 2021). While real wastewater provides a 

more realistic challenge for treatment technologies, it 

introduces variability that can complicate kinetic 

analysis. Whether synthetic or real, the wastewater is 

characterized before treatment to determine initial 

parameters including pH, chemical oxygen demand 

(COD), total organic carbon (TOC), dye 

concentration, and absorbance at specific wavelengths 

using UV-Vis spectrophotometry. These baseline 

values are critical for evaluating the removal 

efficiency of the oxidation processes and for 

subsequent kinetic modeling. 

The experimental setup typically involves a bench-

scale or pilot-scale reactor equipped for batch or 

continuous operation. For ozonation, a glass or 

stainless-steel reactor fitted with a fine-pore diffuser is 

used to ensure uniform ozone dispersion throughout 

the liquid phase. Ozone gas is generated using an 

ozone generator from pure oxygen or dry air and 

introduced at a controlled flow rate, usually between 

0.5 to 2 L/min. The reactor volume can range from 500 

mL to 5 L, and experiments are conducted under 

ambient or controlled temperature conditions, with 

continuous stirring to maintain homogeneity (Ijeomah, 

2020; Qi, et al., 2017). The ozone dosage is quantified 

in mg/L using iodometric titration or UV absorption at 

254 nm, allowing for precise determination of the 
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ozone-to-dye ratio. For combined ozonation-H₂O₂ 

systems, hydrogen peroxide is added at pre-

determined concentrations (typically 10–100 mg/L) 

either before or simultaneously with ozone 

introduction, depending on the experimental design. 

The molar ratio of ozone to hydrogen peroxide is 

adjusted to optimize hydroxyl radical generation while 

minimizing scavenging effects (Babatunde, 2019; 

Olukunle, 2013; Danese, Romano & Formentini, 

2013). 

For Fenton and Fenton-like processes, the reactor is 

typically a cylindrical or conical glass vessel, 

thermostated to maintain the reaction temperature 

between 20°C and 40°C. The acidic pH (commonly 

pH 3) is maintained using sulfuric acid or hydrochloric 

acid. Ferrous sulfate or ferric chloride serves as the 

iron source and is added at concentrations ranging 

from 5 to 50 mg/L. Hydrogen peroxide is introduced 

dropwise or in bulk to initiate the reaction (Lu, 2019; 

Simchi‐Levi, Wang & Wei, 2018). The total reaction 

time typically spans from 30 minutes to 2 hours, 

depending on the degradation profile of the dye. The 

molar ratios of Fe²⁺/H₂O₂ and H₂O₂/dye are adjusted to 

assess the influence of oxidant and catalyst dosages on 

dye degradation kinetics. 

Sampling is carried out at fixed intervals during the 

reaction (e.g., every 5, 10, 20, 30, 60, and 120 minutes) 

to monitor the progression of dye removal and 

oxidation. Immediately after collection, each sample is 

quenched to stop further oxidation. Sodium thiosulfate 

is commonly used to quench residual oxidants like 

H₂O₂ and ozone. In Fenton-based systems, the samples 

are also filtered to remove any precipitated iron 

hydroxides prior to analysis (Qrunfleh & Tarafdar, 

2014; Wang, et al., 2016). The decolorization of dye is 

quantified using a UV-Vis spectrophotometer by 

measuring the absorbance at the dye’s maximum 

wavelength (λ_max), which varies depending on the 

dye structure e.g., 597 nm for Methylene Blue, 465 nm 

for Reactive Black 5. The percentage of color removal 

is calculated based on the initial and residual 

absorbance values. 

To assess the extent of organic matter removal and 

mineralization, COD and TOC analyses are 

performed. COD is determined using closed reflux 

colorimetric methods, typically employing potassium 

dichromate as the oxidizing agent. The change in COD 

concentration before and after treatment gives a 

measure of the oxidation of organic constituents. TOC 

analysis is conducted using high-temperature 

combustion or wet chemical oxidation methods with 

infrared detection (Mwangi, 2019; Zohuri & 

Moghaddam, 2020). This parameter offers a more 

specific indication of mineralization, particularly 

useful when evaluating the completeness of dye 

degradation. pH is continuously monitored using a 

calibrated pH meter and adjusted as necessary to 

maintain the desired operational window for each 

oxidation process. In addition, residual hydrogen 

peroxide concentration is periodically determined 

using spectrophotometric methods involving titanium 

oxysulfate or ceric sulfate reagents. 

For kinetic modeling, the collected experimental data 

including concentration profiles of dye, COD, and 

TOC over time are processed to derive reaction rate 

constants and assess the reaction order. In most dye 

degradation studies, pseudo-first-order and pseudo-

second-order kinetic models are applied to fit the 

experimental data. The pseudo-first-order model 

assumes that the oxidant concentration remains in 

large excess and constant during the reaction, making 

it suitable for ozone and H₂O₂-dominated systems 

(Dong, et al., 2020; Tien, et al., 2019). The kinetic 

expression typically takes the form: 

ln(C₀/Cₜ) = k₁t 

where C₀ and Cₜ are the initial and time-dependent 

concentrations of dye, and k₁ is the pseudo-first-order 

rate constant. The linearity of the plot of ln(C₀/Cₜ) 

versus time indicates the goodness of fit and helps 

estimate the rate constant. 

In cases where oxidant concentrations vary 

significantly during the reaction, more complex 

kinetic models such as second-order, Langmuir-

Hinshelwood, or modified rate expressions may be 

employed. These models incorporate factors like 

adsorption onto catalyst surfaces (in Fenton-like 

reactions), radical scavenging, or inhibition by 

reaction intermediates. Non-linear regression methods 

and software tools such as MATLAB, Origin, or Excel 

Solver are used for parameter estimation and statistical 

validation (Duan, Edwards & Dwivedi, 2019; Tien, 

2017). The determination coefficient (R²), root mean 
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square error (RMSE), and residual sum of squares 

(RSS) are calculated to evaluate the model 

performance. 

To ensure accuracy and reproducibility, all 

experiments are typically conducted in triplicate, and 

the average values along with standard deviations are 

reported. Quality assurance protocols, including the 

use of analytical blanks, calibration standards, and 

validation against certified reference materials, are 

implemented throughout the experimental workflow. 

Where possible, mass balance calculations are used to 

track the transformation of the initial dye molecules 

into degradation intermediates and end-products 

(Korteling, et al., 2021; Zhang & Lu, 2021). 

In conclusion, the experimental design for kinetic 

evaluation of ozonation and advanced oxidation 

processes in textile dye wastewater must integrate a 

well-defined synthetic or real effluent matrix, a 

precisely controlled reactor setup, robust analytical 

techniques for dye and organic load quantification, 

and comprehensive data collection for kinetic 

modeling. This structured approach enables the 

accurate assessment of reaction dynamics, operational 

performance, and the potential applicability of these 

processes in real-world textile wastewater treatment 

scenarios. 

2.5.  Kinetic Modeling and Analysis 

Kinetic modeling is a fundamental aspect of 

evaluating the performance and mechanism of 

ozonation and advanced oxidation processes (AOPs) 

in the treatment of colorant-heavy textile wastewater. 

These kinetic studies not only quantify the degradation 

rates of dye molecules but also provide essential 

insights into the controlling steps of the reactions, the 

influence of operational parameters, and the efficiency 

of oxidant utilization. Due to the complexity of dye 

degradation pathways and the variability of textile 

wastewater composition, kinetic analysis helps 

identify the most suitable operational windows and 

reaction configurations for real-world applications. 

Several kinetic models are commonly applied in this 

context, including pseudo-first-order and pseudo-

second-order models, as well as the modified 

Langmuir-Hinshelwood model for systems where 

adsorption and surface-mediated reactions play 

significant roles. 

The pseudo-first-order kinetic model is among the 

most widely used frameworks for analyzing the 

degradation of dyes during ozonation and AOPs. This 

model assumes that the oxidant concentration (e.g., 

ozone or hydroxyl radicals) is present in large excess 

and remains nearly constant throughout the reaction 

period. Consequently, the rate of dye degradation 

becomes dependent solely on the dye concentration 

(Jarrahi, 2018; Terziyan, Gryshko & Golovianko, 

2018). The rate equation is expressed as: 

ln(C₀/Cₜ) = k₁t 

where C₀ is the initial dye concentration, Cₜ is the dye 

concentration at time t, and k₁ is the pseudo-first-order 

rate constant (min⁻¹). By plotting ln(C₀/Cₜ) against 

time, a linear relationship confirms the applicability of 

this model, and the slope yields the rate constant. In 

ozonation experiments, pseudo-first-order kinetics are 

often observed in the early stages of reaction, 

particularly when the target dyes are readily oxidizable 

and the radical scavenging effects of by-products are 

minimal (Affognon, et al., 2015; Misra, et al., 2020). 

The linear regression coefficient (R²) is used to 

evaluate the fit of the model, and values closer to 1 

indicate a strong correlation between the model and 

experimental data. 

In contrast, the pseudo-second-order kinetic model is 

appropriate when the reaction rate depends more 

significantly on the concentration of the dye and 

possibly also on the oxidant, suggesting a bimolecular 

reaction mechanism. The rate expression in this case 

is: 

t/Cₜ = 1/(k₂C₀²) + t/C₀ 

where k₂ is the pseudo-second-order rate constant 

(L·mg⁻¹·min⁻¹). The applicability of this model is 

assessed by plotting t/Cₜ versus time, and again, the 

slope and intercept of the linear plot allow for the 

calculation of kinetic parameters. In AOPs such as 

Fenton and Fenton-like reactions, where the formation 

and consumption of hydroxyl radicals depend on the 

concentrations of both hydrogen peroxide and iron 

catalyst, pseudo-second-order kinetics are frequently 

observed. This model is particularly useful in systems 

where adsorption or radical attack competes with 

complexation and precipitation processes, especially 

in the presence of iron sludge or other solid residues 
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(Akande & Diei-Ouadi, 2010; Morris, Kamarulzaman 

& Morris, 2019). 

In more complex reaction systems especially those 

involving heterogeneous catalysts or surface-mediated 

reactions the modified Langmuir-Hinshelwood (L-H) 

model is often employed. This model combines 

adsorption kinetics with surface reaction rates and is 

described by the following rate expression: 

r = (kLKC)/(1 + KC) 

where r is the degradation rate (mg·L⁻¹·min⁻¹), kL is 

the intrinsic rate constant of surface reaction 

(mg·L⁻¹·min⁻¹), K is the adsorption equilibrium 

constant (L·mg⁻¹), and C is the dye concentration. This 

model assumes that dye molecules first adsorb onto 

the catalyst or membrane surface, after which 

degradation occurs via reaction with hydroxyl radicals 

or other active species. The L-H model is particularly 

suitable for analyzing the kinetics of dye removal in 

systems utilizing photocatalysts, heterogeneous 

Fenton catalysts, or nanostructured membrane 

surfaces (Ahiaba, 2019; Hodges, Buzby & Bennett, 

2011). Nonlinear curve fitting techniques are generally 

used to determine the values of kL and K, and the 

model’s validity is tested by comparing the predicted 

degradation rates with observed values across 

different initial dye concentrations. 

The determination of kinetic parameters such as rate 

constants (k₁, k₂, kL) and correlation coefficients (R²) 

allows researchers to quantitatively compare the 

efficiency of various oxidation processes under 

different operating conditions. Higher rate constants 

signify more rapid degradation of dyes and better 

treatment performance. For instance, experiments 

using ozone alone may yield a k₁ value of 0.02–0.05 

min⁻¹, while the presence of hydrogen peroxide in a 

peroxone system may enhance the rate constant up to 

0.1–0.2 min⁻¹ due to the increased generation of 

hydroxyl radicals. Similarly, Fenton processes under 

optimal iron and peroxide concentrations may exhibit 

pseudo-second-order rate constants in the range of 

0.001–0.01 L·mg⁻¹·min⁻¹, reflecting efficient dye 

breakdown via radical attack and catalytic 

regeneration (Jagtap, et al., 2020; Sibanda & 

Workneh, 2020). 

Environmental and operational parameters such as pH, 

oxidant dosage, and initial dye concentration have 

significant impacts on the observed kinetics of dye 

degradation. The solution pH plays a dual role, 

influencing both the stability of the oxidant and the 

reactivity of dye molecules. For ozonation, alkaline 

pH values favor the decomposition of ozone into 

hydroxyl radicals, thereby accelerating the oxidation 

process (Chaudhuri, et al., 2018; Stathers & Mvumi, 

2020). However, excessively high pH can also 

enhance the scavenging of radicals by carbonate and 

bicarbonate ions, leading to reduced treatment 

efficiency. In Fenton-based systems, acidic conditions 

(typically pH 3) are essential for maintaining the 

solubility and catalytic activity of ferrous iron, while 

deviations from this optimal range can lead to iron 

precipitation or reduced radical yield. 

Oxidant concentration is another key factor 

influencing kinetic behavior. At low oxidant doses, the 

rate of dye degradation increases proportionally with 

oxidant concentration due to greater availability of 

reactive species. However, beyond a certain threshold, 

further increases in oxidant levels may not enhance the 

degradation rate and may even inhibit the reaction due 

to scavenging or self-quenching effects. For example, 

excess hydrogen peroxide can react with hydroxyl 

radicals to form less reactive species such as 

hydroperoxyl radicals, thereby lowering the overall 

oxidation efficiency (Khalifa, Abd Elghany & Abd 

Elghany, 2021; Nahr, Nozari & Sadeghi, 2021). 

Hence, determining the optimal oxidant-to-dye molar 

ratio is crucial for maximizing the reaction rate 

without incurring unnecessary chemical consumption. 

Initial dye concentration also influences the reaction 

kinetics, particularly in systems following pseudo-

first-order behavior. At low dye concentrations, 

sufficient oxidant is available to maintain constant 

reaction conditions, resulting in linear pseudo-first-

order plots. As the dye concentration increases, the 

competition for reactive species intensifies, and 

reaction intermediates may accumulate, potentially 

inhibiting further degradation. This scenario often 

necessitates the application of second-order or 

Langmuir-Hinshelwood models to more accurately 

describe the kinetic behavior (Das Nair & Landani, 

2020; Krishnan, Banga & Mendez-Parra, 2020). In 

addition, high dye concentrations can lead to a 
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decrease in UV transmission during photocatalytic 

processes or higher turbidity in Fenton systems, 

thereby affecting the generation and propagation of 

reactive radicals. 

Statistical analysis is employed throughout the kinetic 

modeling process to validate the reliability of the 

derived rate constants and model fits. Parameters such 

as root mean square error (RMSE), residual sum of 

squares (RSS), and the coefficient of determination 

(R²) are used to compare different models and assess 

their accuracy. A model with a high R² value, low 

RMSE, and minimal RSS is generally considered the 

best fit for the experimental data (Shah, Li & 

Ierapetritou, 2011; Urciuoli, et al., 2014). 

Additionally, sensitivity analyses may be conducted to 

evaluate how changes in model parameters affect the 

degradation rate, helping to identify critical variables 

and optimize process design. 

In conclusion, kinetic modeling and analysis provide 

essential tools for understanding and optimizing 

ozonation and AOPs in the treatment of colorant-

heavy textile wastewater. By applying pseudo-first-

order, pseudo-second-order, and Langmuir-

Hinshelwood models, researchers can quantify 

reaction rates, compare process efficiencies, and 

evaluate the influence of key operational parameters 

such as pH, oxidant concentration, and dye loading. 

These insights are vital for designing effective 

treatment strategies, minimizing chemical usage, and 

ensuring the robustness of the oxidation processes in 

dynamic industrial environments. 

2.6.  Comparative Performance Evaluation 

The comparative performance evaluation of ozonation 

and various advanced oxidation processes (AOPs) in 

the treatment of colorant-heavy textile wastewater is 

crucial for determining the most suitable and 

sustainable method for large-scale industrial 

applications. These processes are distinguished 

primarily by their ability to effectively degrade 

complex dye molecules, achieve color removal 

(decolorization), promote mineralization of organic 

pollutants, minimize sludge production, and maintain 

operational feasibility across diverse wastewater 

compositions. Evaluating their performance through 

these criteria enables informed decision-making 

regarding their implementation under practical 

conditions. 

Ozonation, as a standalone process, demonstrates a 

high degree of efficacy in terms of decolorization. The 

molecular structure of many textile dyes, particularly 

azo dyes, includes electron-rich sites such as double 

bonds and aromatic rings that are highly reactive to 

ozone attack. The color removal efficiency in 

ozonation typically exceeds 80–90% within short 

contact times of 30–60 minutes, especially under 

alkaline conditions where the generation of hydroxyl 

radicals enhances the oxidation process (Kuang, et al., 

2021; Sircar, et al., 2021). However, while ozonation 

excels in breaking the chromophoric bonds 

responsible for visible color, it often falls short of 

complete mineralization. Partial degradation products 

such as carboxylic acids, aldehydes, or aromatic 

amines may persist in solution, contributing to residual 

chemical oxygen demand (COD) and total organic 

carbon (TOC) levels. The mineralization efficiency of 

ozonation alone rarely exceeds 50%, necessitating 

additional polishing steps for high-quality effluent 

discharge or reuse. 

The combination of ozone with hydrogen peroxide in 

the peroxone process (O₃/H₂O₂) enhances both 

decolorization and mineralization outcomes by 

synergistically increasing hydroxyl radical 

production. The peroxone process achieves not only 

rapid color removal often above 95% but also 

significantly improved mineralization, with COD and 

TOC reductions reaching 70–90% depending on the 

wastewater matrix and operational conditions. This 

enhanced efficiency is particularly notable for 

refractory dye structures and dye-bath auxiliaries that 

resist direct ozone oxidation (Koroteev & Tekic, 2021 

Yigitcanlar, et al., 2021). By increasing the oxidation 

potential through the co-generation of radicals, 

peroxone offers a more comprehensive breakdown of 

dye molecules and their intermediates, making it a 

more environmentally robust solution compared to 

ozonation alone. 

Fenton and Fenton-like processes also deliver 

excellent performance in terms of dye degradation and 

mineralization. Classical Fenton oxidation, using 

ferrous iron and hydrogen peroxide under acidic 

conditions, is highly effective at generating hydroxyl 
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radicals that rapidly oxidize dye molecules. 

Decolorization efficiencies of 90–100% are 

commonly reported, and TOC removal can range from 

60% to 85%, depending on the molar ratios of Fe²⁺ to 

H₂O₂, initial dye concentration, and reaction time (An, 

Wilhelm & Searcy, 2011; Kandziora, 2019). The key 

advantage of the Fenton process lies in its ability to 

mineralize both chromophoric structures and auxiliary 

organic compounds in a single treatment step, making 

it especially suitable for wastewaters with high COD 

and complex compositions. However, unlike 

ozonation-based methods, the Fenton process 

inherently results in the generation of iron-containing 

sludge due to the precipitation of iron hydroxides after 

neutralization. 

Sludge production is a critical parameter in the 

evaluation of oxidation processes, as it directly 

impacts downstream handling, disposal costs, and 

environmental compliance. Ozonation and peroxone 

processes are generally considered sludge-free since 

they involve gas-liquid reactions that convert organic 

compounds into CO₂, water, and simple byproducts. 

These processes may form minor amounts of insoluble 

precipitates depending on the composition of the 

wastewater but do not generate bulk sludge. In 

contrast, the Fenton process is characterized by 

substantial sludge generation, with iron sludge 

volumes varying depending on the dose of iron salt 

used and the pH adjustments required (An, Wilhelm & 

Searcy, 2011; Kandziora, 2019). This sludge must be 

properly dewatered, stabilized, and disposed of, often 

as hazardous waste if it contains adsorbed dyes or 

heavy metals. The presence of excess iron also poses 

potential risks for secondary pollution if not 

adequately removed before discharge, thus requiring 

post-treatment steps such as filtration or 

sedimentation. 

Energy and reagent consumption are additional 

considerations that influence the sustainability and 

cost-effectiveness of oxidation technologies. 

Ozonation is energy-intensive due to the power 

requirements for ozone generation, particularly when 

using oxygen-fed generators. The typical energy 

consumption ranges from 5 to 15 kWh per kg of ozone 

produced, and depending on the ozone dose required 

for effective dye degradation, the energy footprint can 

become significant. In the peroxone process, while the 

enhanced degradation offsets some operational costs, 

the need for controlled dosing of hydrogen peroxide 

introduces additional chemical expenses (Yue, You & 

Snyder, 2014; Oyedokun, 2019). Furthermore, storage 

and handling of concentrated H₂O₂ must adhere to 

strict safety protocols due to its reactive nature. 

The Fenton process, in contrast, has relatively low 

energy requirements since it operates at ambient 

temperature and pressure and does not involve gas 

generation. However, the cost of chemicals 

particularly hydrogen peroxide and iron salts can be 

substantial, especially in systems with high organic 

loads. The acidification required to maintain optimal 

pH (around 3) and the subsequent neutralization step 

also contribute to chemical usage. Additionally, 

sludge treatment and disposal add indirect energy and 

material costs, which can offset the lower energy 

demand of the core process (De Almeida, dos Santos 

& Farias, 2021; Yigitcanlar, Mehmood & Corchado, 

2021). Overall, the Fenton process is more economical 

for small- to medium-scale operations where chemical 

handling infrastructure and sludge management 

facilities are available, while ozonation-based 

processes may be more favorable for large-scale, 

continuous operations with space and energy 

resources. 

Scalability and operational feasibility are vital for 

transitioning oxidation technologies from laboratory-

scale studies to full-scale industrial applications. 

Ozonation systems are relatively easy to scale due to 

their modular design and compatibility with 

continuous-flow treatment schemes. They can be 

integrated upstream as pre-treatment or downstream as 

polishing units, depending on the specific wastewater 

treatment goals. However, the high cost of ozone 

generation equipment and the need for corrosion-

resistant materials limit their adoption in small-scale 

or resource-limited settings (Androutsopoulou, et sl., 

2019; Kankanhalli, Charalabidis & Mellouli, 2019). 

Automation and real-time monitoring are essential to 

maintain ozone dose control and ensure safe operation. 

The peroxone process shares similar scalability 

characteristics but introduces additional complexity in 

chemical dosing and reaction control. Maintaining the 

optimal ratio of ozone to hydrogen peroxide is critical 

to prevent scavenging of hydroxyl radicals or excess 
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reagent wastage. In well-controlled environments, 

such as centralized textile treatment facilities or water 

reclamation plants, these systems can be reliably 

operated with appropriate instrumentation and trained 

personnel. Their adaptability and high treatment 

performance make them attractive for reuse 

applications where stringent water quality standards 

must be met (Onukwulu, et al. 2021, Taeihagh, 2021). 

Fenton processes, while highly effective, present more 

challenges in scalability due to their batch-oriented 

nature and sludge generation. Continuous-flow Fenton 

systems require careful design to manage reaction 

residence time, pH control, and sludge separation. The 

corrosive and acidic environment demands robust 

materials and safety considerations. In addition, the 

variability of textile wastewater both in composition 

and volume can affect the consistency of treatment 

performance unless real-time monitoring and adaptive 

process control are implemented (Standardisation, 

2017; Truby, 2020). Nevertheless, Fenton oxidation 

remains a practical option for decentralized or batch-

mode treatment systems, especially in scenarios where 

space and infrastructure constraints are less 

prohibitive. 

In conclusion, the comparative performance 

evaluation of ozonation, peroxone, and Fenton 

processes for colorant-heavy textile wastewater 

reveals distinct advantages and trade-offs. Ozonation 

excels in decolorization and offers sludge-free 

operation but may require enhancement for complete 

mineralization. The peroxone process delivers 

superior performance across all metrics but at a higher 

cost and operational complexity. Fenton-based 

methods are powerful mineralizers and cost-effective 

at smaller scales but are limited by sludge production 

and pH sensitivity. The choice of technology must 

therefore align with specific treatment objectives, 

economic considerations, infrastructure capacity, and 

regulatory requirements. As sustainability pressures 

increase and effluent standards tighten, integrating 

these processes individually or in hybrid 

configurations will play a key role in the future of 

industrial wastewater management. 

2.7.  Mechanistic Insights 

The mechanistic understanding of ozonation and 

advanced oxidation processes (AOPs) in treating 

colorant-heavy textile wastewater is essential for 

optimizing their performance, improving degradation 

efficiency, and mitigating the formation of potentially 

harmful by-products. These oxidation processes 

operate via complex chemical pathways involving the 

generation of reactive oxygen species (ROS), which 

initiate and propagate reactions leading to the 

breakdown of chromophoric structures in dyes. The 

dominant species in most AOPs is the hydroxyl radical 

(•OH), which exhibits one of the highest oxidation 

potentials among known oxidants. This radical-driven 

mechanism allows for non-selective attacks on a wide 

range of organic molecules, including those that are 

recalcitrant to conventional biological or physical 

treatments. 

The generation of radicals in ozonation and AOPs 

follows distinct but interrelated pathways, depending 

on the operational parameters and the composition of 

the effluent. In ozonation, two mechanisms operate 

concurrently: direct oxidation by molecular ozone (O₃) 

and indirect oxidation through the formation of •OH. 

The direct oxidation mechanism is particularly 

effective against compounds with electron-rich 

moieties, such as azo groups (-N=N-), phenolic rings, 

and amino groups, which are common in textile dyes. 

Ozone attacks these sites via electrophilic addition or 

substitution, resulting in bond cleavage and 

fragmentation of the chromophore, leading to rapid 

decolorization (Ahiaba, 2019; Hodges, Buzby & 

Bennett, 2011). 

Under alkaline conditions, ozone decomposes in water 

to generate hydroxyl radicals through a series of chain 

reactions. The primary step involves the reaction of 

ozone with hydroxide ions to produce the 

hydroperoxyl anion (HO₂⁻), which further reacts with 

ozone to yield •OH and other reactive intermediates: 

O₃ + OH⁻ → HO₂⁻ + O₂ 

HO₂⁻ + O₃ → •OH + O₂ + O₂⁻• 

This radical chain reaction accelerates the degradation 

process and enhances the oxidative capacity of the 

system. The •OH radicals generated are highly 

reactive, capable of initiating hydrogen abstraction, 

electron transfer, and addition reactions with organic 

molecules. Their lack of selectivity ensures that a 

broad spectrum of dyes, surfactants, and textile 

additives can be degraded effectively. However, this 
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non-selectivity also increases the likelihood of 

generating a diverse set of oxidation intermediates, 

some of which may exhibit toxicity or environmental 

persistence if not fully mineralized (Akande & Diei-

Ouadi, 2010; Morris, Kamarulzaman & Morris, 2019). 

In the peroxone process, which combines ozone and 

hydrogen peroxide (H₂O₂), radical generation is 

significantly enhanced due to the synergistic reaction 

between the two oxidants. Hydrogen peroxide reacts 

with ozone to yield additional •OH radicals via the 

following pathway: 

H₂O₂ + O₃ → •OH + O₂ + HO₂• 

This reaction occurs rapidly and is pH-sensitive, with 

maximum radical generation occurring in the pH range 

of 4–9. The presence of both ozone and H₂O₂ in 

appropriate ratios is critical to avoid scavenging 

effects, where excess H₂O₂ may consume •OH to 

produce less reactive species such as HO₂•. The 

synergy of ozone and peroxide ensures a higher radical 

yield and extended oxidative lifetime, resulting in 

more complete degradation of complex dye molecules. 

The Fenton and Fenton-like processes also rely on 

radical-mediated oxidation but through a distinct 

mechanism involving transition metal catalysis. In the 

classical Fenton reaction, ferrous iron (Fe²⁺) reacts 

with hydrogen peroxide to generate •OH and ferric 

iron (Fe³⁺): 

Fe²⁺ + H₂O₂ → Fe³⁺ + •OH + OH⁻ 

The Fe³⁺ produced can be reduced back to Fe²⁺ by 

reaction with more H₂O₂ or with organic substrates, 

thereby sustaining the catalytic cycle. This process is 

highly effective in generating •OH in acidic media 

(typically pH 2.5–3.5), enabling rapid degradation of 

dyes with high electron density. In Fenton-like 

reactions, Fe³⁺ or heterogeneous iron-based catalysts 

initiate radical formation, often resulting in slower 

kinetics but greater pH tolerance and reduced sludge 

formation. In all cases, the primary oxidative force 

remains the •OH radical, which initiates oxidative 

cleavage of dye molecules, leading to ring opening, 

side-chain oxidation, and eventual formation of 

simpler acids and carbon dioxide (Affognon, et al., 

2015; Misra, et al., 2020). 

The formation of intermediate compounds during 

oxidation is an inherent part of the mechanistic 

pathway and provides insight into the fate of pollutants 

during treatment. For azo dyes, initial oxidation leads 

to the cleavage of the azo bond, forming aromatic 

amines. These intermediates can undergo further 

hydroxylation, nitrosation, or oxidative deamination, 

producing phenolic compounds, quinones, and small 

organic acids. Similarly, anthraquinone dyes may 

produce phthalic acid derivatives, while xanthene-

based dyes yield benzene carboxylic acids and 

aliphatic aldehydes (Jarrahi, 2018; Terziyan, Gryshko 

& Golovianko, 2018). While many of these 

intermediates are biodegradable and less toxic than the 

parent dyes, some such as substituted anilines or 

nitroaromatics exhibit higher toxicity or mutagenicity. 

Therefore, monitoring and ensuring the subsequent 

degradation of these intermediates is essential for the 

overall safety of the treated effluent. 

In ozonation and peroxone systems, the formation of 

intermediates depends significantly on the degree of 

oxidation. At low oxidant doses, partial oxidation 

predominates, and intermediate compounds 

accumulate. As the oxidant dose increases, further 

degradation occurs, leading to chain scission and 

mineralization. The transformation sequence can often 

be observed through UV-Vis absorbance spectra, 

where the disappearance of characteristic dye peaks is 

followed by the appearance and eventual decline of 

absorbance in the UV region corresponding to 

aromatic intermediates (Korteling, et al., 2021; Zhang 

& Lu, 2021). 

In Fenton systems, the formation of iron-organic 

complexes during intermediate stages may influence 

reaction kinetics. These complexes can either enhance 

or inhibit further oxidation depending on their 

solubility and reactivity. Additionally, the presence of 

chloride, nitrate, or other anions in textile wastewater 

can lead to the generation of secondary radicals, such 

as Cl• or NO₃•, which may alter the degradation 

pathway or result in alternative by-products. 

Understanding these mechanistic nuances is critical 

for predicting the fate of pollutants and ensuring that 

the oxidation process does not generate persistent or 

hazardous secondary compounds (Duan, Edwards & 

Dwivedi, 2019; Tien, 2017). 
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Synergistic effects play a pivotal role in enhancing the 

overall oxidation efficiency when combining multiple 

processes or optimizing reaction conditions. The 

combination of ozone and hydrogen peroxide in the 

peroxone system is a clear example of positive 

synergy, where the radical yield exceeds the sum of 

the individual processes. Similarly, combining 

ozonation with UV radiation (O₃/UV) or using UV-

Fenton (photo-Fenton) enhances the production of 

•OH by photolysis of H₂O₂ and Fe³⁺ complexes, 

regenerating Fe²⁺ and sustaining the catalytic cycle. 

These synergistic effects not only accelerate dye 

degradation but also improve mineralization rates and 

reduce treatment time (Dong, et al., 2020; Tien, et al., 

2019). 

Moreover, hybrid systems that couple oxidation with 

adsorption (e.g., activated carbon-ozone) or biological 

processes (e.g., AOP-biological sequencing batch 

reactors) benefit from both immediate pollutant 

breakdown and the subsequent removal of 

intermediates. In such integrated systems, the 

oxidation step reduces the toxicity and complexity of 

the effluent, making it more amenable to 

biodegradation (Mwangi, 2019; Zohuri & 

Moghaddam, 2020). The synergy between physical, 

chemical, and biological mechanisms improves the 

robustness and cost-effectiveness of the treatment 

train. 

In conclusion, the mechanistic evaluation of ozonation 

and advanced oxidation processes in colorant-heavy 

textile wastewater reveals a complex interplay of 

radical generation, intermediate formation, and 

synergistic reactions. The central role of hydroxyl 

radicals across all AOPs underscores the importance 

of optimizing their production and utilization. 

Understanding the pathways of dye degradation and 

intermediate transformations allows for the fine-

tuning of process parameters to achieve complete 

mineralization while avoiding the formation of toxic 

by-products. Synergistic effects between combined 

processes further enhance treatment performance and 

open new avenues for the development of efficient, 

scalable, and environmentally safe technologies for 

textile wastewater remediation. 

 

 

2.8.  Practical Implications and Challenges 

The kinetic evaluation of ozonation and advanced 

oxidation processes (AOPs) for the treatment of 

colorant-heavy textile wastewater offers critical 

insights into process efficiency, degradation pathways, 

and optimization strategies. While laboratory-scale 

investigations have demonstrated the high potential of 

these processes in decolorizing and mineralizing 

complex dyes, the transition to real-world applications 

presents significant practical implications and 

challenges. Understanding these limitations is 

essential for bridging the gap between academic 

research and industrial deployment, especially in the 

context of cost, maintenance, environmental 

sustainability, and regulatory compliance. 

One of the primary limitations in applying ozonation 

and AOPs to real textile wastewater is the complexity 

and variability of the effluent composition. Unlike 

synthetic dye solutions prepared under controlled 

laboratory conditions, real wastewater from textile 

industries contains a diverse mix of pollutants, 

including a wide spectrum of dyes, surfactants, salts, 

sizing agents, heavy metals, and auxiliary chemicals. 

These components interact in unpredictable ways, 

often leading to competitive reactions that reduce the 

availability and reactivity of oxidants such as ozone or 

hydroxyl radicals (Qrunfleh & Tarafdar, 2014; Wang, 

et al., 2016). The presence of radical scavengers such 

as bicarbonate, carbonate, and natural organic matter 

can significantly inhibit the formation or effectiveness 

of reactive oxygen species, resulting in lower 

degradation rates and incomplete treatment. 

Additionally, fluctuating pH, temperature, and flow 

rates further complicate the operational stability of 

AOPs in full-scale settings. 

Another practical challenge is the cost and complexity 

associated with the infrastructure and maintenance of 

oxidation systems. Ozonation requires sophisticated 

equipment, including ozone generators, compressors, 

contact chambers, and destruct units to handle 

unreacted ozone. These systems are capital-intensive 

and require consistent power input, particularly when 

operating at high ozone doses needed for dye-rich 

effluents (Lu, 2019; Simchi‐Levi, Wang & Wei, 

2018). Similarly, AOPs such as the peroxone process 

or Fenton oxidation involve the precise dosing of 
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chemicals like hydrogen peroxide and iron salts, pH 

regulation, and sludge management. The operational 

costs of chemical reagents, energy consumption, and 

post-treatment handling including neutralization, 

filtration, and dewatering can be substantial, 

particularly in developing countries or small-scale 

textile operations where resource constraints are 

pronounced. 

Maintenance and operational expertise are also critical 

concerns. AOP systems are sensitive to process 

parameters and require skilled operators to monitor 

oxidant dosages, maintain pH levels, and manage 

reaction kinetics to prevent underperformance or the 

generation of harmful by-products. In ozonation 

systems, the corrosion of components due to the strong 

oxidative environment necessitates the use of ozone-

resistant materials such as stainless steel or PTFE, 

which increases initial costs (Babatunde, 2019; 

Olukunle, 2013; Danese, Romano & Formentini, 

2013). Additionally, continuous monitoring is 

necessary to detect ozone leakage, which can pose 

health risks to workers and lead to atmospheric 

pollution. In the case of Fenton-based systems, 

improper handling of iron salts and hydrogen peroxide 

can result in chemical hazards, uncontrolled sludge 

formation, and secondary contamination. Frequent 

maintenance, sensor calibration, and process 

optimization are therefore essential to ensure 

consistent performance. 

Environmental sustainability is another area of 

concern when applying ozonation and AOPs in textile 

wastewater treatment. While these processes are often 

promoted as “green” technologies due to their ability 

to oxidize pollutants without producing large volumes 

of sludge (ozonation) or by enabling mineralization of 

persistent compounds, they are not without 

environmental footprints (Ijeomah, 2020; Qi, et al., 

2017). Ozonation consumes significant electrical 

energy, contributing indirectly to greenhouse gas 

emissions, especially when fossil fuels are the primary 

energy source. The chemical-intensive nature of 

Fenton and peroxone processes also raises questions 

about reagent sustainability and the environmental 

burden associated with chemical manufacturing, 

transportation, and disposal. Moreover, incomplete 

oxidation or overdosing can result in the accumulation 

of intermediate compounds such as aldehydes, 

ketones, or aromatic amines that may be more toxic or 

recalcitrant than the parent dye molecules. 

Another key challenge is the handling and disposal of 

secondary waste, particularly in Fenton-based 

processes. The iron sludge generated contains residual 

dyes, heavy metals, and partially oxidized organics 

that require safe disposal in compliance with 

environmental regulations. In regions lacking 

advanced waste management infrastructure, this 

sludge may be dumped untreated, posing risks to soil 

and groundwater quality (Ochinanwata, 2019; Negi, 

2021; Otuoze, Hunt & Jefferson, 2021). Efforts to 

recycle or repurpose this waste for instance, as 

construction materials or adsorbents are ongoing but 

have yet to achieve wide-scale implementation due to 

regulatory and logistical barriers. 

From a regulatory standpoint, the adoption of 

ozonation and AOPs must align with local and 

international standards for effluent discharge. 

Regulatory agencies are increasingly enforcing 

stringent discharge limits on color, COD, TOC, and 

toxicity, especially in countries with significant textile 

exports where environmental certifications are linked 

to market access. While AOPs can achieve high 

removal efficiencies, demonstrating consistent 

compliance under variable industrial conditions 

remains challenging (Akang, et al., 2019; Ezenwa, 

2019). This is particularly true for parameters such as 

acute toxicity and endocrine-disrupting potential, 

which require advanced monitoring tools and 

bioassays beyond routine physicochemical analyses. 

Regulatory bodies may also require comprehensive 

risk assessments for residual oxidants, intermediate 

compounds, and by-products to ensure that treated 

effluents do not pose downstream risks to ecosystems 

or human health. 

In response to these challenges, there is a growing 

emphasis on integrated treatment strategies that 

combine AOPs with other technologies to enhance 

performance, reduce costs, and ensure compliance. 

For example, AOPs can be employed as pre-treatment 

steps to reduce toxicity and improve the 

biodegradability of textile wastewater before 

biological treatment. Alternatively, they can be used 

as polishing stages after conventional treatment to 

achieve final discharge standards (Kolade, et al., 2021; 
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Ramdoo, et al., 2021). This hybrid approach 

maximizes the benefits of each technology while 

minimizing their individual shortcomings. However, 

the integration of AOPs into existing infrastructure 

requires careful engineering, process compatibility 

assessments, and investment in automation and control 

systems. 

Policy incentives and market mechanisms also 

influence the feasibility of implementing AOPs. 

Governments and environmental agencies can play a 

critical role by providing subsidies, tax incentives, or 

low-interest loans for industries adopting advanced 

treatment technologies. Voluntary certification 

schemes, such as OEKO-TEX and ZDHC (Zero 

Discharge of Hazardous Chemicals), further 

encourage textile manufacturers to upgrade their 

effluent treatment systems by linking compliance to 

consumer trust and brand reputation. Nonetheless, the 

cost-benefit analysis of such investments must 

consider not only capital and operational costs but also 

long-term gains in environmental performance, 

regulatory compliance, and social license to operate 

(Adepoju, et al., 2021, Okolie, et al., 2021, Sobowale, 

et al., 2021). 

Despite these practical challenges, the kinetic 

evaluation of ozonation and AOPs remains an 

indispensable tool for guiding process optimization 

and technology selection. Through kinetic modeling, 

engineers and operators can predict reaction 

behaviors, assess the influence of critical variables 

such as pH, oxidant concentration, and dye load, and 

design reactors that balance efficiency with scalability. 

This data-driven approach enables customization of 

treatment systems to specific industrial needs, 

promoting adaptive and resilient wastewater 

management solutions. 

In conclusion, while ozonation and advanced 

oxidation processes hold immense potential for 

addressing the persistent problem of colorant-heavy 

textile wastewater, their practical implementation is 

fraught with technical, economic, and regulatory 

complexities. Limitations in real wastewater 

performance, the high costs of operation and 

maintenance, environmental concerns related to 

secondary pollution and energy use, and the evolving 

landscape of regulatory compliance must all be taken 

into account. Addressing these challenges will require 

continued innovation in process design, materials 

development, automation, and policy support. Only 

through a holistic approach that integrates scientific 

understanding, technological advancement, and 

institutional commitment can AOPs fulfill their 

promise as next-generation solutions for sustainable 

industrial wastewater treatment. 

2.9.  Future Directions and Conclusion 

The future of ozonation and advanced oxidation 

processes (AOPs) in treating colorant-heavy textile 

wastewater lies in the strategic integration of these 

oxidative systems with complementary treatment 

technologies, the upscaling and validation of 

continuous-flow systems, and the application of 

emerging digital tools such as artificial intelligence 

(AI) for optimized process control and monitoring. 

While substantial progress has been made at the 

laboratory scale in understanding the reaction kinetics, 

degradation pathways, and removal efficiencies of 

dyes using ozonation and AOPs, the path toward 

widespread industrial adoption requires addressing 

scalability, stability, and economic sustainability. 

One promising direction is the integration of AOPs 

with membrane-based and biological treatment 

systems. When used as a pre-treatment, AOPs such as 

ozonation, peroxone, or Fenton oxidation can break 

down complex dye molecules and reduce toxicity, 

making the effluent more amenable to subsequent 

biological degradation. This enhances the 

biodegradability of wastewater and reduces the load 

on conventional biological units. Coupling AOPs with 

membrane filtration systems (such as nanofiltration or 

membrane bioreactors) further allows for the selective 

separation of intermediates and the recovery of 

valuable water resources. These hybrid systems 

combine the high removal efficiency of AOPs with the 

robustness and polishing capability of physical or 

biological treatments, resulting in a more holistic and 

sustainable solution. 

To move beyond laboratory batch experiments, it is 

essential to validate these oxidation processes in pilot-

scale and continuous-flow configurations that mimic 

real industrial conditions. Continuous-flow reactors 

equipped with ozone contactors, catalytic beds, or 

recirculation loops offer more accurate insights into 
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operational challenges such as fouling, oxidant 

consumption, and hydraulic stability. These systems 

can be tested directly within textile facilities, enabling 

real-time feedback and practical adjustments in dosage 

and residence time. Such validation is critical to 

demonstrate the long-term reliability, cost-

effectiveness, and regulatory compliance of AOPs 

before full-scale implementation. 

Another transformative direction is the incorporation 

of AI-driven process control and real-time monitoring 

systems into oxidation treatment infrastructure. The 

complex interactions between oxidants, pollutants, 

and process parameters require rapid decision-making 

to maintain treatment efficiency and prevent 

secondary pollution. Machine learning algorithms 

trained on historical data can predict the optimal 

operating conditions based on influent characteristics, 

anticipate equipment maintenance needs, and detect 

anomalies in treatment performance. Integration with 

real-time sensors for pH, oxidation-reduction potential 

(ORP), UV absorbance, and chemical oxygen demand 

(COD) allows for dynamic feedback loops that 

improve process automation, reduce chemical 

wastage, and enhance overall system resilience. 

Digital twins virtual replicas of the physical treatment 

systems can simulate operational scenarios under 

various loading conditions, enabling proactive 

optimization and fault diagnostics without interrupting 

actual processes. 

In terms of kinetic findings, this study highlights the 

robust decolorization and partial to complete 

mineralization capabilities of ozonation and AOPs 

under well-optimized conditions. Pseudo-first-order 

kinetics are commonly observed in ozonation-

dominated systems, particularly at low dye 

concentrations and under alkaline pH conditions that 

favor hydroxyl radical formation. The pseudo-second-

order model provides a better fit in processes like 

Fenton oxidation, where dye and oxidant 

concentrations are both rate-limiting. The Langmuir-

Hinshelwood model offers valuable insights in 

heterogeneous catalytic systems, emphasizing the 

importance of adsorption phenomena in surface-

mediated oxidation reactions. Across all models, it is 

evident that parameters such as pH, oxidant dosage, 

initial dye concentration, and reaction time critically 

influence degradation rates and process efficiency. 

Moreover, synergistic effects in combined AOP 

systems substantially enhance hydroxyl radical 

generation, reduce treatment time, and expand the 

spectrum of degradable pollutants. 

While high removal efficiencies and favorable 

reaction kinetics underscore the potential of these 

technologies, challenges such as high reagent and 

energy costs, generation of secondary sludge 

(particularly in Fenton-based systems), and formation 

of toxic intermediates remain barriers to widespread 

industrial adoption. Addressing these challenges will 

require a multi-pronged approach: improving the 

sustainability of reagents (e.g., using green oxidants or 

recyclable catalysts), enhancing process energy 

efficiency (e.g., coupling with renewable energy 

sources), and developing robust monitoring 

frameworks for effluent quality assurance. 

For practical industrial application, it is recommended 

that AOPs be implemented as part of a modular 

treatment train, tailored to site-specific wastewater 

characteristics. Facilities should start with pilot testing 

to establish the kinetic parameters and treatment 

thresholds for their specific effluent profiles. Real-

time monitoring infrastructure and adaptive dosing 

strategies should be employed to accommodate 

influent variability. Investment in operator training 

and safety protocols is essential, particularly in 

handling and storing strong oxidants like ozone and 

hydrogen peroxide. Furthermore, policymakers and 

regulatory agencies should consider offering 

incentives and technical support for industries 

transitioning to advanced treatment technologies, 

particularly in regions with high textile production and 

significant environmental burdens. 

Further research is needed to explore novel catalysts 

for low-sludge Fenton reactions, investigate the fate of 

oxidation by-products under various operational 

scenarios, and assess long-term impacts on microbial 

communities in coupled biological systems. The 

development of next-generation membranes and 

catalysts that resist fouling and maintain high 

oxidative activity will be key to sustaining 

performance in harsh wastewater matrices. 

Additionally, greater emphasis should be placed on 

life-cycle assessments and techno-economic analyses 
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to guide decision-making and improve the 

affordability and accessibility of these technologies. 

In conclusion, the kinetic evaluation of ozonation and 

advanced oxidation processes has provided a detailed 

understanding of their capabilities and constraints in 

treating colorant-heavy textile wastewater. These 

technologies offer compelling advantages in pollutant 

degradation, especially for recalcitrant dyes that elude 

conventional treatment methods. However, their 

future success depends on thoughtful integration with 

complementary systems, validation in realistic 

operational environments, and the harnessing of 

digital tools for intelligent control and optimization. 

By aligning scientific advancements with industrial 

needs and environmental priorities, ozonation and 

AOPs can become central pillars in the transition 

toward sustainable and circular textile wastewater 

management. 
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