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Abstract 

Wastewater remediation is a critical environmental challenge, particularly in arid regions like Jodhpur, Rajasthan, in which 

industrial and domestic effluents heavily impact on water quality. Advanced Oxidation Processes (AOPs), particularly Fenton 

and photo-Fenton processes enhanced with titanium dioxide (TiO₂), were employed to optimize the treatment of wastewater. 

COD and TOC were analyzed to evaluate treatment performance. Results showed that solar TiO₂ photocatalysis achieved 

COD and TOC removal efficiencies of 45.5% and 50.1%, respectively, while the photo-Fenton process demonstrated higher 

removal efficiencies of 51.2% for COD and 55.3% for TOC. The study highlighted the superior performance of photo-assisted 

processes compared to dark mechanisms, particularly for TiO₂-based catalysis, due to the enhanced generation of reactive 

hydroxyl radicals under light irradiation. Furthermore, acidic conditions in the pH range of 3 to 5.5 were found to significantly 

improve pollutant degradation for both photocatalysis and photo-Fenton processes. Kinetic analysis confirmed that COD and 

TOC degradation followed a pseudo-first-order model, indicating that the degradation rate is dependent on pollutant 

concentration and decreases exponentially over time. Overall, the photo-Fenton process emerged as the most effective 

treatment method, showcasing its potential as a sustainable and efficient approach for addressing complex wastewater 

challenges in regions like Jodhpur. 
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Introduction 

Industrial civilization represents a significant milestone in 

human development, but it has led to the generation of 

substantial amounts of industrial wastewater during 

production processes (Ai et al., 2018) [1]. The rapid pace of 

industrialization has caused severe environmental harm, 

posing threats to human health and sustainable 

development. This issue is particularly acute in developing 

countries, which bear the brunt of processing and producing 

primary raw materials. These regions often face higher 

pollution levels due to the greater discharge and intensity of 

pollutants from raw material production compared to refined 

chemical processes (Hegab et al., 2015) [16]. However, the 

lack of advanced treatment technologies and adequate 

funding exacerbates the problem. Industrial production not 

only consumes vast quantities of fresh water but also 

discharges wastewater containing high concentrations of 

refractory organic contaminants, salts, and toxic substances. 

While conventional treatment methods like evaporation, 

advanced oxidation, adsorption, and aerobic biochemical 

treatment are effective, they are often associated with 

significant energy consumption, carbon emissions, high 

costs, and the generation of hazardous waste. Moreover, 

these methods lack environmental sustainability and fail to 

address the pressing need for eco-friendly wastewater 

management solutions (Xu et al., 2014) [11]. The focus now 

shifts to advanced oxidation processes (AOPs) as a 

sustainable and efficient solution for wastewater treatment. 

It has been garnered increasing attention in wastewater 

treatment research over the past two decades. Techniques 

such as cavitation, photocatalytic oxidation, Fenton, and 

ozonation have successfully degraded recalcitrant organic 

pollutants at the laboratory scale. Both homogeneous and 

heterogeneous AOPs have been well-studied; however, the 

activation of these processes using ultraviolet (UV) light or 

concentrated oxidants can pose risks to aquatic life. 

Efficient AOPs aim for complete mineralization of organic 

dyes, yet some photocatalytic reactions may produce 

colorless intermediates that are more toxic than the original 

compounds (Fig-1). 

  

 
 

Fig 1: Numerous studies have employed microsized catalysts for 

organic degradation, only a limited number have explored 

nanomaterials as nanophotocatalysts in AOPs 
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Membrane filtration, adsorption, flocculation/coagulation, 

and advanced oxidation processes (AOPs), are widely used 

for treating industrial and petroleum refinery wastewater. 

Among these, AOPs such as photo-Fenton and 

photocatalytic degradation have emerged as effective 

methods due to their ability to mineralize organic 

compounds, breaking them down into harmless byproducts 

(Singh & Kumar 2020) [10]. The use of natural solar light or 

artificial UV light enhances the efficiency of these 

processes, particularly in the removal of chemical oxygen 

demand (COD), dyes, and other targeted contaminants 

(Leong and Bashah 2012) [7]. Different metal oxides, 

including TiO₂, ZnO, MgO₃, ZnS, and CdS, serve as 

photocatalysts in these processes. Among these, TiO₂ is the 

most commonly used semiconductor due to its excellent 

properties, such as safety, resistance to photo-corrosion, 

high catalytic efficiency, and reliable absorption of light, 

making it a highly effective photocatalyst for degrading 

organic pollutants in aqueous solutions (Ali et al., 2020). 

 

 
 

With hvb+ and ecb- are the charge carrier of valance band 

hole and conduction band electron (eCB−), respectively. 

Furthermore, the mechanism of generating the hydroxyl 

radicals in photo Fenton can be generalized as follow: 

 

 
 

In the presence of organic matter, the hydroxyl radicals will 

react with it, giving the rise to further oxidize harmless 

products as follows: 

 

 
 

Although some research has been devoted to pollutant 

degradation using oxidation processes, the treatment of raw 

PRW using photo-Fenton and photocatalysis considering 

their comparison under specific operating conditions still 

need to be further investigated. 

 

Material and Methods  

Wastewater samples were collected from the industrial and 

domestic area of Jodhpur. Sample were collected in 

sampling bottle and placed in icebox to preserve the 

properties of wastewater and were analyzed Environmental 

Analytical research solution Pvt Ltd Gulmohar Colony, 

Bhopal Madya Predesh. Water sample was filtered through 

a sieve to remove solid particles greater than a millimeter in 

size. After analysis, the filtered sample was then placed in 

the laboratory fridge at a temperature of less than 40C to 

minimize deterioration. pH, TOC, COD and turbidity was 

analyzed (Table-1). 

Table 1 
 

Optimization Parameters Value 

pH 9.5 

Tubidity 7.6 

COD (mg/L) 859 

TOC (mg/L) 150 
 

 
 

Fig 2: Wastewater of Domestic area 
 

 
 

Fig 3: Wastewater of Industry area 
 

Chemicals and Instruments: 
Hydrogen peroxide (H₂O₂)- 30% 
Hydrochloric acid (HCl)- 32% 
Ferrous sulfate hydrate (FeSO₄·7H₂O)- 99% 
TiO2-P25-99.7%  
 

COD concentration was measured using a HACH DRB200 
reactor, a DR890 colorimeter, and HACH COD reagent 
vials (HR range: 0-1500 mg/L) supplied by Rowe, following 
the guidelines outlined in the standard method 5220 D 
procedure handbook (Zulaikha et al., 2014) [12]. The TOC 
concentration was analyzed using a Shimadzu TOC-V CPH 
analyzer, ensuring precise measurement of total organic 
carbon levels. 
 

 
 

Fig 4: Chemical oxygen demand (COD) major organic compounds 
in water. It indicates the oxygen demand required to oxidize 

organic matter present in wastewater, which is critical for 
understanding the level of pollution 

 

Batch experiment 
All experiments were conducted in a 300 mL glass beaker, 
functioning as a batch-mode reactor equipped with a 
magnetic stirrer. A solar simulator with a light intensity of 
1000 mW/cm² served as the irradiation light source. 
Samples were withdrawn from the batch reactor at specific 
intervals using a gas-tight syringe and filtered through a 
0.50 µm PVDF membrane syringe prior to TOC and COD 
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analysis. TOC and COD concentrations were employed as 
standard parameters to evaluate treatment efficiency. 

 

Result and Discussion 

Irradiation and reaction time: The results show that light 

irradiation significantly enhances the photocatalytic 

efficiency of TiO₂, achieving COD and TOC removal 

efficiencies of 45.5% and 50.1%, respectively, within 100 

minutes. In comparison, the dark catalytic reaction under 

identical conditions reached only 14% COD and 18.5% 

TOC removal. The removal efficiency increased rapidly 

during the first 60 minutes before plateauing. Solar 

irradiation plays a vital role as an energy source, facilitating 

the breakdown of organic and inorganic pollutants through 

photogenerated holes on TiO₂ nanoparticles. These holes 

interact with. OH, or H₂O to produce. OH radicals, which 

are key agents in degrading organic compounds and 

reducing COD and TOC levels (Figure-5).  

 

 
 

Fig 5: Illustrates the impact of irradiation and reaction time on COD and TOC removal efficiencies for dark and photocatalytic treatments 

under optimized conditions (pH = 3.5, TiO₂ = 1 g/L) 
 

Aljuboury et al., 2020 optimized the ZnO/TiO₂/H₂O₂ 

photocatalytic process under visible light, achieving 36.5% 

TOC removal from petroleum wastewater at pH 5.5, 

reducing the treatment period by 200%. The process is cost-

effective, sustainable, and compliant with effluent standards. 

While Martini et al., 2021 observed that solar TiO₂ 

photocatalysis, Fenton, and photo-Fenton for PRW 

treatment, achieving maximum COD and TOC removal 

efficiencies of 54.1% and 59.1% with photo-Fenton. Acidic 

conditions (pH 3–5) and photo-assisted processes 

significantly enhanced degradation, following a pseudo-

first-order kinetic model. 

 

 
 

Fig 6: Effect of irradiation and reaction time on removal efficiency for Fenton and photo-Fenton processes (pH = 3.5, H₂O₂ = 1 g/L, 

FeSO₄·7H₂O = 1 g/L) 
 

In photo-Fenton process, involves light irradiation, achieves 

significantly higher removal efficiencies compared to the 

dark Fenton process. Specifically, the photo-Fenton process 

reaches a COD removal efficiency of 50.5% and a TOC 

removal efficiency of 58.5%, whereas the dark Fenton 

process achieves only 32% and 50%, respectively. This 

highlights the critical role of light irradiation in enhancing 

the generation of reactive hydroxyl radicals (•OH), which 

accelerate the degradation of pollutants. Both COD and 

TOC removal efficiencies increase rapidly during the initial 

60 minutes of the reaction, indicating a higher reaction rate 

in the early phase. However, the rate of pollutant removal 

slows down after 60 minutes, likely due to the reduction in 

pollutant concentration over time. Additionally, TOC 

removal efficiency remains consistently higher than COD, 

suggesting a more effective breakdown and mineralization 

of organic matter. Overall, the graph emphasizes the 

superiority of the photo-Fenton process over the dark 

Fenton process, as light irradiation significantly enhances 

pollutant degradation. This makes the photo-Fenton process 

a more efficient and sustainable option for wastewater 

treatment (Rao & Shrivastava, 2020). 
 

pH 
The study explored the impact of pH on the performance of 
TiO₂ photocatalysis and Fenton processes, with and without 
solar light, for removing COD and TOC. It was found that 
acidic conditions were more favorable for the oxidation 
process, enhancing the mineralization of both organic and 
inorganic contaminants. For TiO₂ photocatalysis, the best 
performance occurred at pH 4, with COD and TOC removal 
efficiencies of 25% and 22%, respectively. Slightly lower 
efficiencies were observed at pH 8. In contrast, the photo-
Fenton process performed best at pH 3, achieving COD 
removal of 48% and TOC removal of 44%. At the initial pH 
9, both processes showed significantly lower removal 
efficiencies. The study suggested that the electrostatic 
interaction between the active sites of the semiconductor 
and the pollutant molecules, which influences the 
interaction between hydroxyl radicals and contaminants, 
contributed to the better performance at lower pH for TiO₂ 
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photocatalysis. Overall, the results demonstrated that pH 3 
is optimal for both Fenton and photo-Fenton processes, 
while pH 5 is better suited for solar TiO₂ photocatalysis. In 
contrast, at an initial pH of 9, the removal efficiency of both 
COD and TOC was notably reduced. This decline in 

efficiency during the photocatalytic reaction may be 
attributed to unfavorable surface interactions between the 
semiconductor material and pollutant molecules, which 
hinder the effective generation and interaction of hydroxyl 
radicals with contaminants (Elmolla and Chauduri 2010) [4]. 

 

 
 

Fig 7: Effect of pH on removal efficiency for dark and photo catalytic treatment (t = 60 min TiO2= 1 g/L) 
 

 
 

Fig 8: Effect of pH on removal efficiency for fenton and photo fenton (t=60 min, H2O2=1 g/L, FeSO47H2O=1 g/L) 
 

Kinetics Degradation: For a pseudo-first-order reaction, 

the rate equation is: 
 

 
 

Where: 

▪ C0 is the initial concentration at t = 0, 

▪ Ct is the concentration at time t, 

▪ k is the first-order rate constant (in min⁻¹), 

▪ t is the time in minutes. 
 

From the experimental data in the figure, the relationship 

between time and the natural logarithm of the concentration 

ratio (ln(C₀/Ct)) is plotted (Fenoll, et al., 2012 [5]; Oller, et 

al., 2006) [9]. 

After plotting the data points for COD and TOC removal, 

the slope of the linear regression line for COD removal 

(photo-Fenton) comes out to be 0.051 min⁻¹, and for TOC 

removal (photo-Fenton), it is 0.040 min⁻¹. 

For pseudo-second-order kinetics, the rate equation is: 
 

 
 

Where: 

▪ Ct is the concentration at time t, 

▪ C0 is the initial concentration, 

▪ k is the second-order rate constant (in L/min·mg), 

▪ t is the time. 

▪ From the second-order plot of 1/Cₜ vs time, the slope 

represents the second-order rate constant k. For the 

given data: 

▪ The slope of the plot for COD removal (photo-Fenton) 

comes out to be 0.0098 L/min·mg, 

▪ The slope for TOC removal (photo-Fenton) is 0.011 

L/min·mg. 

 

Rate Constants Calculation from the Graphs: 

1. For Pseudo-First-Order Kinetics: 

COD (photo-Fenton) rate constant k COD=0.051 min−1 

TOC (photo-Fenton) rate constant k TOC=0.040 min−1 

 

2. For Pseudo-Second-Order Kinetics: 

COD (photo-Fenton) rate constant k COD = 0.0098 

L/min\cdotpmg 

TOC (photo-Fenton) rate constant k TOC=0.011 

L/min\cdotpmg 

 

Interpretation of the Data 

The first-order rate constant for COD removal is higher than 

that for TOC, suggesting that COD is degraded at a faster 

rate than TOC under photo-Fenton conditions. The pseudo-

second-order model provides a better fit in many cases, 

especially when the reaction depends on the concentration 

of the contaminant. The second-order rate constants for 

COD and TOC show a lower reaction rate in comparison to 

the first-order model, indicating a different reaction 

mechanism, potentially influenced by concentration-

dependent interactions. These rate constants and model fits 

help in understanding the dynamics of the degradation 

process and are crucial for optimizing operational 

parameters in practical applications like wastewater 

treatment. 



International Journal of Chemistry Studies www.chemistryjournal.in 

5 

 
 

Fig 9: The pseudo-first-order model shows an exponential decay in concentration, and the rate constant k reflects the speed of the 

degradation process 
 

These findings confirm the potential of advanced oxidation 

processes (AOPs) coupled with nanocatalysts for the 

effective remediation of complex wastewater, contributing 

to sustainable water management solutions in urban and 

industrial areas like Jodhpur, Rajasthan. 

 

Conclusion 

This study demonstrates that Advanced Oxidation Processes 

(AOPs) coupled with nanocatalysts, such as TiO₂, are highly 

effective for treating industrial and domestic wastewater, 

particularly in removing heavy metals. The initial 

characterization of wastewater from Jodhpur, Rajasthan, 

showed high levels of pollution, necessitating robust 

treatment methods. AOPs, including Fenton and photo-

Fenton processes, were optimized to achieve high 

degradation efficiencies, with kinetic modeling and 

parameter adjustments enhancing performance. The results 

suggest that light irradiation has a more significant impact 

on the removal efficiency of COD and TOC in TiO₂ 

photocatalysis compared to the Fenton/photo-Fenton 

processes. However, light irradiation also enhances the 

efficiency of the photo-Fenton reaction by promoting 

hydroxyl radical formation. Furthermore, acidic conditions, 

particularly within the pH range of 3 to 4, were identified as 

optimal for generating hydroxyl radicals, which play a 

crucial role in mineralizing organic and inorganic 

contaminants in the raw industrial solution. Despite these 

challenges, the study underscores the environmental benefits 

of AOPs in reducing pollution and supporting water reuse, 

particularly in water-scarce areas like Rajasthan. Future 

research should focus on scaling up these processes and 

integrating them with sustainable, cost-effective 

technologies for broader application. 
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