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Graphical abstract 

Abstract 

This research explores the optimization of the most
important parameters (Fe²⁺ dosage, H₂O₂ concentration
and pH) in the Fenton and photo-Fenton processes for the
treatment of distillery wastewater (DWW). The impact of
these parameters on COD removal efficiency was assessed
and the findings proved that Fe²⁺ dosage, H₂O₂
concentration and pH have a significant effect on 
treatment efficiency. The Fenton process achieved a 
maximum COD removal efficiency of 54.5% under the
operational conditions of 1.25 g L⁻¹ Fe²⁺, 1110 mg L⁻¹ H₂O₂,
and pH 3. In contrast, the photo-Fenton process exhibited 
an enhanced COD removal efficiency of 59.6% at a lower 
Fe²⁺ concentration of 0.75 g L⁻¹, the same H₂O₂
concentration of 1110 mg L⁻¹, and pH 3, facilitated by the
presence of UV irradiation which accelerates the
generation of hydroxyl radicals, thereby increasing the
reaction kinetics. Kinetic modelling indicated that the
Fenton process was pseudo-first-order and followed
second-order kinetics in the photo-Fenton process with
UV radiation contributing significantly to enhancing the
rate of reaction. ANOVA analysis validated all three
parameters as statistically significant with the most
significant factor being pH. The research emphasizes that
both the Fenton and photo-Fenton processes are efficient 

for DWW treatment with the photo-Fenton process
showing greater efficacy due to the catalytic action of UV 
light. The results provide useful information for 
maximizing these processes for industrial wastewater 
treatment with the possibility of cost-effective and
sustainable use in distillery and other industries. Future
studies may investigate hybrid oxidation technologies and
other UV sources to further enhance process efficiency
and sustainability.

Keywords: Distillery wastewater, comparative study,
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1. Introduction

Distillery industry is reported to be very water-intensive 
(Saha et al. 2005) and is directly associated with the 
requirement of alcoholic drinks (Kharayat 2012). Alcohol is 
a major constituent in many products including medicines, 
cosmetics, drinks and perfumes and has also become 
significant in gasoline blending and hand sanitizers as a 
result of the Covid-19 pandemic (Drury et al. 2021). Its 
demand is also growing as a renewable source of energy 
(Mohana et al. 2009; Robak and Balcerek 2020). In India, 
nearly 60% of ethanol is manufactured from sugarcane 
molasses, a sugar manufacturing by-product (Anand et al. 
2021). Molasses have residual sugars, organic compounds 
and minerals (Kumar et al. 2022). During the process of 
alcohol production, fermentation takes place and alcohol 
is removed and the rest of the material becomes spent 
wash (Dubey et al. 2024). More ethanol production leads 
to more volumes of distillery wastewater (DWW) with 
about 10-15 L of DWW being generated per L of ethanol. 
DWW is marked by the presence of high organics 
(Chemical oxygen demand or COD: ~80-180 g L-1) 
particularly in molasses distilleries, generating wastewater 
with exceptionally high COD (~130-180 g L-1) and 
comprising different pollutants such as melanoidins, 
phenolic compounds and inorganic ions (Johnson et al. 
2023). 
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Advanced oxidation processes (AOPs) are often employed 
for industrial wastewater treatment because they can 
destroy organic contaminants and decolorize (Ilhan et al. 
2019; Minnalkodi Senguttuvan et al. 2024). Fenton 
oxidation, an efficient AOP can efficiently degrade 
recalcitrant substances without the need for costly 
reagents or specific apparatus (Ribeiro and Nunes 2021). 
But the reduction in the regeneration rate of ferrous (Fe2+) 
ions in Fenton oxidation decreases its efficiency 
(Guimaraes et al. 2019). Photo-Fenton enhances the 
efficiency of Fenton oxidation using ultraviolet radiation 
(UV) to regenerate Fe2+ enhancing hydroxyl radical (OH•) 
production and oxidation efficiency (Mohadesi and Shokri 
2019). This process has been well researched to be 
effective in degrading organic pollutants, stripping toxic 
metals such as lead and arsenic and disinfecting bacterial 
pathogens (Ortega-Gómez et al. 2014; Wahyuni et al. 
2019, 2021). In this study, the treatability of DWW using 
Fenton and photo-Fenton oxidation processes is assessed, 
the efficiencies of their removal were compared and 
kinetic behaviour of the processes under ideal conditions 
was analyzed. 

2. Materials and Methodology 

2.1. Materials 

A distillation plant close to Chengalpattu, Tamil Nadu, 
India provided the distillery wastewater sample used in 
this investigation. After being gathered in a high-density 
polyethylene container, the sample was sent straight to 
the lab and kept at 4°C until additional examination. 
Sodium hydroxide (NaOH; 97% purity, RANKEM, India), 
hydrogen peroxide (H₂O₂; 30% w/w, RANKEM, India) and 
sulfuric acid (H₂SO₄; 98% w/w, MERCK, Germany) were 
the reagents utilized in the Fenton and photo-Fenton 
processes. The following reagents were used to determine 
COD: ammonium iron (II) sulfate hexahydrate 
[(NH₄)₂Fe(SO₄)₂·6H₂O; 99% purity, Sigma Aldrich, U.S.), 
potassium dichromate (K₂Cr₂O₇; > 99% purity, MERCK, 
Germany), silver sulfate (Ag₂SO₄; ≥ 98% purity, RANKEM, 
India) and mercuric sulfate (HgSO₄; ≥ 99% purity, 
RANKEM, India). The photo-Fenton apparatus had a 16 W 
UVC germicidal light (254 nm, INDETOUCH, India) and 
continuous aeration was provided using a fish tank 
aerator (Model 108, Gujarat, India). 

2.2. Experimental Setup 

2.2.1. Fenton Process 

Fenton process was conducted in a 1 L cylindrical glass 
reactor. About 600 mL of distillery wastewater was used 

for each batch. A fish tank aerator was utilized to provide 
a continuous flow of oxygen as depicted in Figure 1a. 
Initial H₂O₂ concentration was adjusted at 555 mg L-1 and 
Fe²⁺ dosage was kept at 0.5 g L-1. Reaction was initially 
done at the native pH of DWW, with subsequent 
optimization under different experimental conditions. The 
reaction was performed for 1.5 h and 5 mL samples were 
drawn at 10 min intervals and analyzed. 

 

Figure 1. Schematic representation of the (a) Fenton and (b) 

Photo-Fenton processes 

2.2.2. Photo-Fenton Process 

For the photo-Fenton process the reactor configuration 
was identical, but for quartz glass the reactor was 
constructed to allow UV light to pass through as 
presented in Figure 1b. A UVC lamp of 16 W was placed at 
the back of the reactor to improve the photo-activation of 
the Fenton reaction. 

2.3. Optimization of Process Parameters 

To enhance the conditions for maximum COD removal 
efficiency, batch experiments were carried out by 
changing the pH of DWW, Fe²⁺ dosage and H₂O₂ 
concentration. pH of the DWW was modified between 2 
and 7 using 1 N H₂SO₄ and 1 N NaOH. FeSO₄ salt was 
added in the range of 0.5-1.5 g L-1, while H₂O₂ was used at 
concentrations between 555-2220 mg L-1. Every 
parameter was independently changed, while others were 
maintained constant. These optimization experiments 
were carried out for the Fenton as well as the photo-
Fenton process. The experimental conditions of the 
Fenton and photo-Fenton processes with varying levels of 
Fe²⁺ dosage and other parameters applied in this work are 
listed in Table 1. 

Table 1. Experimental design for the treatment of DWW 

Independent Variable Unit 1 2 3 4 

Fe2+ Dosage g L−1 0.5 1 1.25 1.5 

H2O2 Dosage mg L−1 555 1110 1665 2220 

Initial pH - 2 3 4 7 

2.4. Kinetic Modelling and Data Analysis 

The speed of chemical reactions is conventionally 
measured through kinetic models, which outline the 
relationship between the concentration of reactants and 
the rate of reaction (Qiu et al. 2015). In this research, the 

kinetics of the Fenton and photo-Fenton processes were 
measured through a number of kinetic models such as the 
zero-order, first-order, second-order and pseudo-first-
order models under the best experimental conditions. 
These models were: 
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a) Zero-order kinetics 
[C]- [Co] = -kt, where [C] is the concentration of the 
contaminant at time t, [C₀] is the initial concentration and 
k is the rate constant. 

b) First-order kinetics 
loge[C] - loge[C]o = -kt, where k is the rate constant for 
first-order reaction. 

c) Second-order kinetics 
1/[C]-1/[Co] = kt, where k is the rate constant for second-
order reaction. 

d) Pseudo-first-order kinetics 
Ln (Co/C) = kt, where k is the rate constant for pseudo-
first-order reaction. 

The experimental data were linearized via these equations 
in order to calculate the rate constants. The linear 
regression technique was utilized to estimate the rate 
constants (k) and identify the goodness of fit for the 
individual models. The coefficient of determination (R²) 
was employed in measuring the best-fitting model of the 
data. The reaction rate constants were derived from the 
slope of the corresponding linearized plots. 

2.5. Statistical Analysis 

Analysis of Variance (ANOVA) was utilized to determine 
the factors' significance such as Fe²⁺ dosage, H₂O₂ dosage 
and initial pH towards the removal efficiency of COD in 

DWW. ANOVA was also utilized to determine the 
interactions among the factors and how they influence 
the treatment performance. Data analysis was carried out 
using Minitab version 22.1 software. 

3. Results and Discussion 

3.1. Results 

3.1.1. Fe²⁺ Dosage Optimization 

Effect of Fe²⁺ concentration on COD elimination was 
prominent for both the Fenton and photo-Fenton systems 
with a very distinct correlation between the concentration 
of Fe²⁺ and elimination efficiency. In the Fenton process as 
indicated in Figure 2a, at 0.5 g L-1 Fe²⁺, COD elimination 
was 15.8%. Upon increasing the concentration of Fe²⁺ to 
0.75 g L-1, elimination efficiency of COD notably enhanced 
to 24.3%. But at 1.25 g L-1 Fe²⁺, COD removal further rose 
to 25.7%. When the concentration was increased to 1.5 g 
L-1, the efficiency fell to 17%. This implies that Fe²⁺ which 
is crucial for catalysis of H₂O₂ to OH• causes the 
precipitation of iron hydroxides [Fe(OH)₂ and Fe(OH)₃] in 
excess and thereby decreases the availability of Fe²⁺ to 
catalyze, lowering the formation of OH• and oxidation 
capacity (Ahile et al. 2020; De Luca et al. 2014; Wahyuni et 
al. 2024). 

 

 

Figure 2. Effect of Fe²⁺ dosage on COD removal efficiency in the (a)Fenton and (b) photo-Fenton processes 

 

For the photo-Fenton process also the same trend was 
followed as is evident from Figure 2b. Increasing the 
concentration of Fe²⁺ from 0.5 g L-1 to 0.75 g L-1 increased 
the COD removal efficiency from 12.6% to 24.3%. But 
after that there was a decrease in COD removal efficiency 
since the concentration of Fe²⁺ had gone beyond 0.75 g L-

1. At higher concentrations excess Fe²⁺ ions are scavengers 
for the formed OH• radicals lowering the efficiency of 
photo-oxidation (Buitrago et al. 2020; Ebrahiem et al. 
2017a). The iron hydroxide precipitation also causes light 
scattering further inhibiting the photo-oxidation process 
(O'Dowd & Pillai 2020; Saldaña-Flores et al. 2021). These 
results are in accordance with earlier studies which 
showed that high Fe²⁺ concentrations may decline the 
process efficiency (Ting et al. 2009; Ribeiro et al. 2020; 

Calik and Cifci 2022; Gamarra-Giiere et al. 2022; Wang et 
al. 2023; Wahyuni et al. 2019; Wahyuni et al. 2021). 

3.1.2. H₂O₂ Dosage Optimization 

In the Fenton and photo-Fenton processes, H₂O₂ 
concentration was a key parameter affecting COD removal 
efficiency. In the Fenton process, with increasing H₂O₂ 
concentration COD removal efficiency increased with the 
highest efficiency (34.3%) at 1110 mg L-1 H₂O₂ as indicated 
in Figure 3a. But when the concentration of H₂O₂ was 
raised above this level (to 2220 mg L-1) COD removal 
efficiency decreased to 28.8%. This reduction is due to the 
creation of perhydroxy radicals (HO₂•) at elevated H₂O₂ 
concentrations which are less reactive than OH• and 
compete with the oxidation of organic contaminants 
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thereby decreasing the overall efficiency of the process 
(babuponnusami and muthu kumar 2014; Khataee et al. 
2019; Riberiro and Nunes 2021; Sayin et al. 2022; Wang et 
al. 2023). In the photo-Fenton process as depicted in 
Figure 3b, an increase in the concentration of H₂O₂ also 
increased the rate of photo-oxidation. The peak efficiency 
was 24.3% at 1110 mg L-1. When the concentration of 
H₂O₂ was above 1110 mg L-1, a COD removal efficiency 

decrease was observed. This might be due to the fact that 
surplus H₂O₂ scavenges OH• radicals generating peroxy 
radicals (•OOH) which further limit the availability of OH• 
for oxidation (Ahile et al. 2020; O'Dowd & Pillai 2020; 
Wahyuni et al. 2024). The results point toward the need 
to sustain an optimal level of H₂O₂ concentration for both 
reactions. 

 

Figure 3. Effect of H₂O₂ dosage on COD removal efficiency in the (a) Fenton and (b) photo-Fenton processes 

 

Figure 4. Effect of pH on COD removal efficiency in the (a) Fenton and (b) photo-Fenton processes 

 

3.1.3. pH Optimization 

The reaction medium pH was a determining factor 
affecting the Fenton and photo-Fenton processes as 
evident from Figure 4a. The maximum COD removal 
efficiency (54.5%) was at pH 3 for the Fenton process. For 
pH 2, the COD removal was 39.2% while for higher pH 
levels of 4 and 5 COD removal reduced to 34.3% and 
25.7%, respectively. This means that acidic environments 
favor the Fenton process since pH 2 to 3 increases the 
solubility of Fe²⁺ ions making them available for the 
production of OH• (Bokare and Choi 2014). Increasing the 
pH below 2 reduces the solubility of Fe²⁺ and begins to 
precipitate the iron hydroxides thus decreasing the 
available Fe²⁺ for the reaction and inhibiting OH• 
formation (Umar et al. 2010). Likewise, during the photo-
Fenton process as indicated by Figure 4b, COD removal 
efficiency was raised from 27.5% to 59.6% upon 
decreasing the pH from 4 to 3. But decreasing the pH 
further to 2 reduced the COD removal efficiency to 23.3%. 
The reduction at extremely low pH levels is because the 

excess hydrogen (H⁺) ions combine with OH• weakening 
the radicals' oxidation capability. At elevated pH, the 
solubility of Fe²⁺ reduces and precipitates iron hydroxides 
and reduces available Fe²⁺ for the catalytic process 
(Sreeha and Sosamony 2016; Dbira et al. 2019; Li et al. 
2021; Machado et al. 2023; Cavalheri et al. 2023). 
Therefore for both the Fenton and Photo-Fenton 
processes optimum conditions for maximal COD removal 
exist under acidic pH 2 to 3. 

3.1.4. Kinetics of the Fenton Reaction 

The kinetic models for the removal of COD in DWW were 
tested and the results are shown in Table 2. The model’s 
regression coefficients (R²) showed that the pseudo-first-
order model was the best fit for the Fenton process with a 
high R² value of 0.898. This indicates that the COD 
removal rate in the Fenton process is largely dependent 
on the concentration of the organic pollutants which is 
typical of a pseudo-first-order reaction. The photo-Fenton 
process on the other hand had the highest fit with the 
second-order kinetic model which had a better R² value of 
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0.931. This disparity in the optimal kinetic models 
between the photo-Fenton and Fenton processes 
indicates that UV light is involved in changing the reaction 
mechanism increasing the rate of degradation through the 
reduction of Fe³⁺ to Fe²⁺ and then further increasing the 
production of OH• (Wahyuni et al. 2019, 2021, 2024). The 
two rate constants (k) for the two processes were 
determined as follows: in the Fenton process, k according 

to the pseudo-first-order model was 0.0067 min-1 and for 
the photo-Fenton process, k using the second-order 
model was found to be 1E-06 min-1. Its higher rate constant 
corresponds to its increased reaction rate versus the 
traditional Fenton process and indicates the further 
catalytic impact of UV irradiation in raising the reaction 
speed (Eddy et al. 2023; Vorontsov 2019; Wu et al. 2024). 

Table 2. Kinetic model equation and fit for Fenton and photo-Fenton processes 

S. No. Kinetic model Process Equation  R2 

1 Zero order kinetics 
F y = -0.0054 x + 0.8925 0.769 

PF y = -0.0075 x + 0.8855 0.845 

2 First order kinetics 
F y = 0.0031 x + 0.0494 0.820 

PF y = 0.0048 x + 0.05 0.902 

3 Second order kinetics 
F y = 1E-06 x + 0.0002 0.858 

PF y = 1E-06 x + 0.0002 0.931 

4 Pseudo first order kinetics 
F y = 0.0067 x + 0.118 0.898 

PF y = 0.011 x + 0.1152 0.902 

F – Fenton process; PF – Photo-Fenton Process 

 

Figure 5. Kinetic Model on COD Removal Efficiency (a) Fenton process (Pseudo-First order model) and (b) photo-Fenton process 

(Second order model) 

 

Kinetic analysis therefore validated that the Fenton and 
photo-Fenton processes show different kinetic behaviours 
with the Fenton process showing pseudo-first-order 
kinetics while the photo-Fenton process showing closer 
adherence to second-order kinetics. The enhanced 
reaction rate in the photo-Fenton process highlights the 
positive function of UV light in speeding up pollutant 
degradation, thus it is a more efficient process for DWW 
treatment (Brillas and Sengura 2020). These findings are 
in agreement with the findings reported in earlier 
research by Hasani et al. (2020) and Babuponnusami and 
Muthukumar (2022) validating the strong potential of 
these treatments for efficient wastewater treatment. 

3.1.5. ANOVA Analysis 

The ANOVA findings reported in Table 3 show that Fe²⁺ 
dosage, H₂O₂ dosage and pH significantly influence COD 
removal efficiency under both the Fenton and photo-
Fenton processes as reflected by p-values of less than 
0.05. This emphasizes the need for the regulation of these 
factors for effective performance. Fe²⁺ dosage specifically 
contributed the most to COD removal efficiency with p-
values of 0.008 in the Fenton process and 0.002 in the 
photo-Fenton process. These findings show the crucial 

role of Fe²⁺ during the oxidation process since it produces 
OH• responsible for degrading organic pollutants. The 
regression equations for the Fenton and photo-Fenton 
processes COD removal efficiency are represented by Eq. 
(1) and (2), respectively as follows: 

Fenton process 

COD removal Efficiency = 22.8 + 21.2 Fe2+ + 2.00 H2O2 - 
4.56 pH  

Photo-Fenton process 

COD removal Efficiency = 8.85 + 5.28 Fe2+ + 0.01670 H2O2 - 
1.00 pH (2)  

For the Fenton process, the regression equation (Eq. 1) 
indicates that an increase of 1 unit in Fe²⁺ concentration 
results in a significant 21.2% increase in COD removal 
efficiency. Likewise, in the photo-Fenton process, Fe²⁺ 
dosage was equally effective with the regression equation 
(Eq. 2) indicating a 5.28% increase in COD removal 
efficiency for every unit increase in Fe²⁺ concentration. 
The dose of H₂O₂ was also found to be statistically 
significant with p-values of 0.018 and 0.042 for the Fenton 
process and photo-Fenton process, respectively. The 
regression equation for the Fenton process (Eq. 1) shows 
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that an increase of 1 unit in H₂O₂ causes a 2% increase in 
COD removal efficiency. In photo-Fenton, the influence of 
H₂O₂ is relatively more pronounced as the regression 
equation (Eq. 2) indicates an increase of 1.67% in COD 
removal efficiency for every unit increase in H₂O₂. This 

indicates that H₂O₂ concentration is a significant factor 
specifically in the photo-Fenton process, wherein it co-
operates with UV radiation to increase the formation of 
OH•. 

 

Table 3. ANOVA results for Fenton and photo-Fenton processes 

Source  
DF Adj. SS Adj. MS F-value p-Value 

F PF F PF F PF F PF F PF 

Model  3 3 289.13 394.91 96.38 131.64 0.76 52.77 0.087 0.004 

Linear 3 3 289.13 394.91 96.38 131.64 0.76 52.77 0.087 0.004 

Fe²⁺ dosage 1 1 66.35 230.45 66.35 230.45 0.52 92.38 0.008* 0.002* 

H₂O₂ dosage 1 1 8.00 29.01 8.00 29.01 0.06 11.63 0.018* 0.042* 

pH 1 1 110.72 16.58 110.72 16.58 0.87 6.65 0.049* 0.082 

Error 3 3 381.10 7.483 127.03 2.49     

Total 6 6 670.23 402.40       

*Significant; SS – Sum of squares; MM – Mean Square; F – Fenton process; PF – Photo-Fenton 

 

The pH factor was also important in the Fenton process 
where p = 0.049. The regression equation (Eq. 1) indicates 
that a 1-unit drop in pH results in a decrease of 4.56% in 
COD removal efficiency which confirms that acidic 
conditions are best for the Fenton process. But in the 
photo-Fenton process the influence of pH was not 
statistically significant (p-value = 0.082) though there was 
a weak negative trend. The photo-Fenton process 
regression equation (Eq. 2) shows that for every 1-unit 
drop in pH, COD removal efficiency drops by 1% which 
implies that the photo-Fenton process is less sensitive to 
changes in pH compared to the Fenton process. The 
predictive accuracy of the models was evaluated using the 
R² values which are presented in Table 3. The Fenton 
process model has a predicted R² of 63.91% indicating 
that the model accounts for a moderate percentage of 
variation in COD removal efficiency. This implies that the 
model is fairly accurate for the experimental conditions 
but may be improved with further optimization. 
Conversely, the photo-Fenton process model with a 
higher predicted R² of 76.79% indicates that this process 
can react more uniformly to the factors tested and might 
provide improved performance upon optimization. 

3.2. Discussion 

The optimization runs gave pertinent information 
regarding the effect of Fe²⁺ dosage, H₂O₂ concentration, 
pH and reaction kinetics on Fenton and photo-Fenton 
process efficiency for the treatment of DWW. All these 
parameters are important to the treatment process and 
their interactions need to be well controlled in order to 
get the best out of it. These results agree with the 
literature (Salazar et al. 2012; Lee et al. 2014; Garcia-
Sengura et al. 2016) which emphasizes the significance of 
these parameters in making Fenton-based processes more 
efficient. Fe²⁺ concentration had a very significant effect 
on COD removal efficiency consistent with previous 
research (Brink et al. 2017; Rebeiro et al. 2022). Firstly, 
Fe²⁺ dosage increases enhanced COD removal by 
facilitating the formation of OH• which are highly active 
and play key roles in the oxidation of organic 
contaminants (Ribeiro et al. 2020; Wang et al. 2016). But 

beyond 1.25 g L-1 of Fe²⁺, an excess of Fe²⁺ formed iron 
hydroxides which are precipitated from the solution and 
hence reduce the concentration of Fe²⁺ available for 
catalysis and the formation of OH•. This effect 
documented well in the literature (Gunes et al. 2019; Li et 
al. 2021; Machado et al. 2023) restricts the efficiency of 
the Fenton reaction and emphasizes the maintenance of a 
proper Fe²⁺ concentration to prevent undesired 
precipitation but provide ample Fe²⁺ for the reaction. 

In the same fashion, optimization of H₂O₂ concentration 
displayed trends as experienced in previous literature. The 
initial increase in concentration of H₂O₂ boosted COD 
removal efficiency but thereafter efficiency decreased 
upon increased concentration levels. This deterioration 
can be due to competition of OH• with HO₂• radicals a 
less reactive ion that inhibits the oxidation reaction 
(babuponnusami and muthu kumar 2014; Riberiro and 
Nunes 2021). This effect has been reported in earlier 
research which points out that surplus H₂O₂ is also 
capable of scavenging OH• radicals during the photo-
Fenton process making them less available for oxidation. 
These results are in line with current literature, highlight 
the importance of precise control of H₂O₂ concentration 
to prevent the generation of competing radicals and 
ensure optimal oxidation efficiency (Ahmadzadeh and 
Dolatabadi 2018; Hasani et al. 2020; Zhang et al. 2019). 
The pH role in the Fenton and photo-Fenton processes 
was also in line with previous studies (Liu et al. 2020). 
Acidic pH levels (pH 2-3) were optimal because they 
preserve the solubility of Fe²⁺ which is required to 
produce OH• radicals. Increasing pH values result in 
decreasing Fe²⁺ solubility which causes iron hydroxide 
precipitation, thus reducing the availability of Fe²⁺ and 
compromising the efficiency of the reaction. This 
conclusion is supported by earlier research (Al-Raad and 
Hanafiah 2021; Bokare and Choi 2014) that highlights the 
necessity of acidic pH in ensuring optimal Fenton reaction. 
Nevertheless, photo-Fenton process was also efficient at 
low pH levels, efficiency reduced drastically at very low pH 
(pH 2) possibly because of excessive H⁺ ion interference 
with OH• radicals (Umar et al. 2010). Such a finding is 
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further in accordance with literature evidence against the 
side effects of high acidity on OH• production (Zhou et al. 
2019; Liu et al. 2020). 

Kinetic analysis showed that both Fenton and photo-
Fenton processes obeyed pseudo-first-order kinetics with 
photo-Fenton process having a greater reaction rate 
constant. This result is consistent with previous research 
that documents increased degradation rates in the photo-
Fenton process due to the regeneration of Fe²⁺ from Fe³⁺ 
under UV irradiation which increases OH• radical 
formation (Ahile et al. 2020; De Luca et al. 2014; popova 
et al. 2021; Wahyuni et al. 2024). The enhanced rate of 
reaction in the photo-Fenton process also reinforces the 
literature indicating that UV light can be very effective in 
improving the efficiency of the Fenton process especially 
in the treatment of wastewater containing high levels of 
organic pollutants or compounds that are recalcitrant to 
degradation under normal conditions (Ahile et al. 2020; 
De Luca et al. 2014; Verma et al. 2015; Wahyuni et 
al.,2019). The ANOVA test verified that Fe²⁺ dose, H₂O₂ 
concentration and pH are statistically significant 
parameters influencing the COD removal efficiency and 
that pH was the most significant parameter. This is in 
agreement with previous research which often highlights 
the key role of pH in the Fenton and photo-Fenton 
processes (Calus–Makowska et al. 2025; Guo et al. 2021; 
Wahyuni et al. 2024). Nevertheless, the comparatively low 
estimated R² indicates that the model might not yet 
capture all the intricacies of the system, which has also 
been reported in comparable studies wherein other 
variables like temperature and reaction time were found 
to have an impact on treatment efficacy (Behrouzeh et al. 
2022; Calus–Makowska et al. 2025; Guo et al. 2021; 
Wahyuni et al. 2024). 

4. Conclusion 

Maximizing the efficiency of Fenton and photo-Fenton 
processes for the treatment of DWW is dependent on the 
optimization of crucial parameters like Fe²⁺ dosage, 
concentration of H₂O₂ and pH. The photo-Fenton process 
with an enhanced catalytic effect of UV light proved more 
efficient compared to the traditional Fenton process as 
reported by earlier studies and in line with the benefits of 
UV integration. Fenton's optimum condition was 
established to be Fe²⁺ of 1.25 g L-1, H₂O₂ of 1110 mg L-1 
and pH of 3 for the greatest amount of OH• formation 
and minimizing the risk of precipitation of hydroxide from 
iron and attained the maximum COD removal efficiency of 
54.5 %. Photo-Fenton reaction by enhancement of 
kinetics under UV radiation was specifically advantageous 
in dealing with highly contaminated wastewaters. The 
optimal conditions for the photo Fenton process were 
determined to be a concentration of Fe²⁺ at 0.75 g L⁻¹, 
H₂O₂ at 1110 mg L⁻¹, and a pH level of 3, which collectively 
achieved the highest observed COD removal efficiency of 
59.6 %. These results provide useful lessons for 
wastewater treatment in industries such as distilleries 
producing high amounts of organic pollutants and 
indicating potential to scale up and optimize these 
reactions for cost-saving sustainable processes. Future 

work might investigate integration of photo-Fenton with 
other advanced oxidation processes, different catalysts 
and UV sources to increase efficiency further, lower 
operational costs and enhance sustainability. Studies on 
catalyst regeneration and byproduct recycling can also 
minimize environmental effects and decrease treatment 
costs in industrial-scale applications. 

Conflict of Interest 

The authors have no conflicts of interest to disclose  

Funding 

No funding was received. 

References 

Ahile U. J., Wuana R. A., Itodo A. U., Sha’Ato R. and Dantas R. F. 

(2020). A review on the use of chelating agents as an 

alternative to promote photo-Fenton at neutral pH: Current 

trends, knowledge gap and future studies. In Science of the 

Total Environment (Vol. 710). Elsevier B.V.  

Ahmadzadeh, S., & Dolatabadi, M. (2018). Removal of 

acetaminophen from hospital wastewater using electro-

Fenton process. Environmental earth sciences, 77, 1-11. 

Al-Raad, A. A., & Hanafiah, M. M. (2021). Removal of inorganic 

pollutants using electrocoagulation technology: A review of 

emerging applications and mechanisms. Journal of 

Environmental Management, 300, 113696. 

Anand, S. J., Priyadarsini, K., Selvi, G. A., Poornima, D., & 

Vedanarayanan, V. (2021). Iot-based secure and energy 

efficient scheme for precision agriculture using blockchain 

and improved leach algorithm. Turkish Journal of Computer 

and Mathematics Education, 12(10), 2466-2475. 

Babuponnusami, A., & Muthukumar, K. (2012). Advanced 

oxidation of phenol: a comparison between Fenton, electro-

Fenton, sono-electro-Fenton and photo-electro-Fenton 

processes. Chemical Engineering Journal, 183, 1-9. 

Behrouzeh, M., Parivazh, M. M., Danesh, E., Dianat, M. J., 

Abbasi, M., Osfouri, S., ... & Akrami, M. (2022). Application of 

Photo-Fenton, Electro-Fenton, and Photo-Electro-Fenton 

processes for the treatment of DMSO and DMAC 

wastewaters. Arabian Journal of Chemistry, 15(11), 104229. 

Bokare, A. D., & Choi, W. (2014). Review of iron-free Fenton-like 

systems for activating H2O2 in advanced oxidation 

processes. Journal of hazardous materials, 275, 121-135. 

Brillas, E. (2025). A review on the application of single and 

combined Fenton, photo-Fenton, and electrochemical 

advanced oxidation processes to remove diclofenac from 

aqueous media. Journal of Environmental Chemical 

Engineering, 115443. 

Brillas, E., & Garcia-Segura, S. (2020). Benchmarking recent 

advances and innovative technology approaches of Fenton, 

photo-Fenton, electro-Fenton, and related processes: A 

review on the relevance of phenol as model molecule. 

Separation and Purification Technology, 237, 116337. 

Buitrago J. L., Sanabria J., Gútierrez-Zapata H. M., Urbano-Ceron 

F. J., García-Barco A., Osorio-Vargas, P. and Rengifo-Herrera 

J. A. (2020). Photo-Fenton process at natural conditions of 

pH, iron, ions, and humic acids for degradation of diuron and 

amoxicillin. Environmental Science and Pollution Research, 

27(2), 1608–1624.  

Całus-Makowska, K., Dziubińska, J., Grosser, A., & Grobelak, A. 

(2025). Application of the Fenton and photo-Fenton 



UNCORRECTED PROOFS

8  SENGUTTUVAN et al. 

processes in pharmaceutical removal: New perspectives in 

environmental protection. Desalination and Water 

Treatment, 321, 100949. 

Cavalheri, P. S., Machado, B. S., da Silva, T. F., de Oliveira, K. R. 

W., Magalhães Filho, F. J. C., Nazário, C. E., ... & Junior, A. M. 

(2023). Ketoprofen and diclofenac removal and toxicity 

abatement in a real scale sewage treatment plant by photo-

Fenton process with design of experiments. Journal of 

Environmental Chemical Engineering, 11(5), 110699. 

Dbira, S., Bensalah, N., Zagho, M. M., Ennahaoui, M., & Bedoui, 

A. (2019). Oxidative degradation of tannic acid in aqueous 

solution by UV/S2O2− and UV/H2O2/Fe2+ processes: a 

comparative study. Applied Sciences, 9(1), 156. 

De Luca A., Dantas R. F. and Esplugas S. (2014). Assessment of 

iron chelates efficiency forphoto-Fenton at neutral pH. 

Water Research, 61, j.watres.2014.05.033  

Drury, J., Carter, H., Ntontis, E., & Guven, S. T. (2021). Public 

behaviour in response to the COVID-19 pandemic: 

understanding the role of group processes. BJPsych open, 

7(1), e11. 

Dubey, S., Rekhate, C., Sharma, A., Joshi, A., & Prajapati, A. K. 

(2024). Optimizing distillery effluent treatment through 

sono-electrocoagulation: A response surface methodology 

approach. Total Environment Advances, 9, 200093. 

Eddy, N. O., Ukpe, R. A., Ameh, P., Ogbodo, R., Garg, R., & Garg, 

R. (2023). Theoretical and experimental studies on 

photocatalytic removal of methylene blue (MetB) from 

aqueous solution using oyster shell synthesized CaO 

nanoparticles (CaONP-O). Environmental Science and 

Pollution Research, 30(34), 81417-81432. 

Endalew, M., Alemayehu, E., & Asaithambi, P. (2025). Hospital 

Wastewater Treatment using Integrated Sono-Photo-Fenton 

Process: Experimental Design through RSM. Scientific 

African, e02585. 

Gamarra-Güere, C.D., Dionisio, D., Santos, G.O.S., Lanza, M.R.V. 

and de Jesus Motheo, A., (2022). Application of Fenton, 

photo-Fenton and electro-Fenton processes for the 

methylparaben degradation: A comparative study. Journal of 

Environmental Chemical Engineering, 10(1), p.106992. 

Garcia-Segura, S., Brillas, E., Cornejo-Ponce, L., & Salazar, R. 

(2016). Effect of the Fe3+/Cu2+ ratio on the removal of the 

recalcitrant oxalic and oxamic acids by electro-Fenton and 

solar photoelectro-Fenton. Solar Energy, 124, 242-253. 

Ghafoori, S., Mehrvar, M., & Chan, P. (2014). Optimisation of 

photo‐Fenton‐like degradation of aqueous polyacrylic acid 

using Box‐Behnken experimental design. The Canadian 

Journal of Chemical Engineering, 92(1), 97-108. 

Güneş, E., Demir, E., Güneş, Y., & Hanedar, A. (2019). 

Characterization and treatment alternatives of industrial 

container and drum cleaning wastewater: comparison of 

Fenton-like process and combined coagulation/oxidation 

processes. Separation and Purification Technology, 209, 426-

433. 

Hasani, K., Peyghami, A., Moharrami, A., Vosoughi, M., & 

Dargahi, A. (2020). The efficacy of sono-electro-Fenton 

process for removal of Cefixime antibiotic from aqueous 

solutions by response surface methodology (RSM) and 

evaluation of toxicity of effluent by microorganisms. Arabian 

Journal of Chemistry, 13(7), 6122-6139. 

Ilhan, F., Ulucan-Altuntas, K., Dogan, C., & Kurt, U. (2019). 

Treatability of raw textile wastewater using Fenton process 

and its comparison with chemical coagulation. Desalination 

and Water Treatment, 162, 142-148. 

Johnson, I., Krishnan, C., & Kumar, M. (2023). A sequential 

electrochemical oxidation–algal photobioreactor system for 

the treatment of distillery wastewater. Journal of 

Environmental Chemical Engineering, 11(5), 110208. 

Kharayat, Y. (2012). Distillery wastewater: bioremediation 

approaches. Journal of Integrative Environmental Sciences, 

9(2), 69-91. 

Khataee, A., Kalderis, D., Gholami, P., Fazli, A., Moschogiannaki, 

M., Binas, V., ... & Konsolakis, M. (2019). Cu2O-CuO@ 

biochar composite: synthesis, characterization and its 

efficient photocatalytic performance. Applied Surface 

Science, 498, 143846. 

Kumar, S. D., Mande, A. B., Premalatha, M., & Sivasankar, T. 

(2022). Experimental studies on the impact of porous bed-

induced solar evaporation (PBISE) and thermal degradation 

of the solid content of the distillery effluent using cocopeat-

A sustainable approach. Journal of Cleaner Production, 377, 

134250. 

Lee, H. J., Lee, H., & Lee, C. (2014). Degradation of diclofenac and 

carbamazepine by the copper (II)-catalyzed dark and photo-

assisted Fenton-like systems. Chemical Engineering Journal, 

245, 258-264. 

Li, C., Mei, Y., Qi, G., Xu, W., Zhou, Y., & Shen, Y. (2021). 

Degradation characteristics of four major pollutants in 

chemical pharmaceutical wastewater by Fenton process. 

Journal of Environmental Chemical Engineering, 9(1), 

104564. 

Machado, F., Teixeira, A. C. S. C., & Ruotolo, L. A. M. (2023). 

Critical review of Fenton and photo-Fenton wastewater 

treatment processes over the last two decades. International 

Journal of Environmental Science and Technology, 20(12), 

13995-14032. 

Minnalkodi Senguttuvan, K.R., Sellappa, K. and Kuppusamy, S., 

2024. Performance Evaluation of the Electro-Fenton Process 

for Distillery Wastewater Treatment. Sustainability, 16(15), 

p.6512. 

Mohadesi M, Shokri A (2019) Treatment of oil refnery 

wastewater by photo-Fenton process using Box–Behnken 

design method: kinetic study and energy consumption. Int J 

Environ Sci Technol 16:7349–7356 

Mohana, S., Acharya, B. K., & Madamwar, D. (2009). Distillery 

spent wash: treatment technologies and potential 

applications. Journal of hazardous materials, 163(1), 12-25. 

Mosleh, S., Rahimi, M. R., Ghaedi, M., Asfaram, A., Jannesar, R., 

& Sadeghfar, F. (2018). A rapid and efficient 

sonophotocatalytic process for degradation of pollutants: 

Statistical modeling and kinetics study. Journal of Molecular 

Liquids, 261, 291-302. 

O’Dowd, K., & Pillai, S. C. (2020). Photo-Fenton disinfection at 

near neutral pH: Process, parameter optimization and recent 

advances. Journal of Environmental Chemical Engineering, 

8(5), 104063.  

Oliveira Guimarães, C., Boscaro França, A., Lamas Samanamud, 

G. R., Prado Baston, E., Zanetti Lofrano, R. C., Almeida 

Loures, C. C., ... & Naves, F. L. (2019). Optimization of 

treating phenol from wastewater through the TiO 2-

catalyzed advanced oxidation process and response surface 

methodology. Environmental Monitoring and Assessment, 

191, 1-14. 



UNCORRECTED PROOFS

COMPARATIVE STUDY OF FENTON AND PHOTO-FENTON PROCESSES FOR THE TREATMENT OF DISTILLERY WASTEWATER  9 

Ortega-Gómez, E., Martín, M. B., García, B. E., Pérez, J. S., & 

Ibáñez, P. F. (2014). Solar photo-Fenton for water 

disinfection: an investigation of the competitive role of 

model organic matter for oxidative species. Applied Catalysis 

B: Environmental, 148, 484-489. 

Popova, S., Tsenter, I., Garkusheva, N., Beck, S. E., Matafonova, 

G., & Batoev, V. (2021). Evaluating (sono)-photo-Fenton-like 

processes with high-frequency ultrasound and UVA LEDs for 

degradation of organic micropollutants and inactivation of 

bacteria separately and simultaneously. Journal of 

Environmental Chemical Engineering, 9(3), 105249. 

Qiu, S., He, D., Ma, J., Liu, T. and Waite, T.D., 2015. Kinetic 

modeling of the electro-Fenton process: quantification of 

reactive oxygen species generation. Electrochimica Acta, 

176, pp.51-58. 

Ribeiro, J. P., & Nunes, M. I. (2021). Recent trends and 

developments in Fenton processes for industrial wastewater 

treatment–A critical review. Environmental Research, 197, 

110957. 

Ribeiro, J. P., Marques, C. C., Portugal, I., & Nunes, M. I. (2020). 

Fenton processes for AOX removal from a kraft pulp 

bleaching industrial wastewater: optimisation of operating 

conditions and cost assessment. Journal of Environmental 

Chemical Engineering, 8(4), 104032. 

Robak, K., & Balcerek, M. (2020). Current state-of-the-art in 

ethanol production from lignocellulosic feedstocks. 

Microbiological Research, 240, 126534. 

Saha, S., Chant, D., Welham, J., & McGrath, J. (2005). A 

systematic review of the prevalence of schizophrenia. PLoS 

medicine, 2(5), e141. 

Salazar, R., Brillas, E., & Sirés, I. (2012). Finding the best Fe2+/Cu2+ 

combination for the solar photoelectro-Fenton treatment of 

simulated wastewater containing the industrial textile dye 

Disperse Blue 3. Applied Catalysis B: Environmental, 115, 

107-116. 

Saldaña-Flores, K. E., Flores-Estrella, R. A., Alcaraz-Gonzalez, V., 

Carissimi, E., de Souza, B. G., Ruotolo, L. A. M., & Urquieta-

Gonzalez, E. (2021). Regulation of hydrogen peroxide dosage in 

a heterogeneous photo-fenton process. Processes, 9(12), 2167. 

Sayın, F. E., Karatas, O., Özbay, İ., Gengec, E., & Khataee, A. 

(2022). Treatment of real printing and packaging wastewater 

by combination of coagulation with Fenton and photo-

Fenton processes. Chemosphere, 306, 135539. 

Sreeja, P. H., & Sosamony, K. J. (2016). A comparative study of 

homogeneous and heterogeneous photo-Fenton process 

for textile wastewater treatment. Procedia Technology, 24, 

217-223. 

 

 

 

 

 

 

 

 

 

 

 

 

Ting, W. P., Lu, M. C., & Huang, Y. H. (2009). Kinetics of 2, 6-

dimethylaniline degradation by electro-Fenton process. 

Journal of Hazardous Materials, 161(2-3), 1484-1490. 

Umar, M., Aziz, H. A., & Yusoff, M. S. (2010). Trends in the use of 

Fenton, electro-Fenton and photo-Fenton for the treatment 

of landfill leachate. Waste management, 30(11), 2113-2121. 

Verma, A., Kaur Hura, A., & Dixit, D. (2015). Sequential photo-

Fenton and sono-photo-Fenton degradation studies of 

Reactive Black 5 (RB5). Desalination and Water Treatment, 

56(3), 677-683. 

Vorontsov, A. V. (2019). Advancing Fenton and photo-Fenton 

water treatment through the catalyst design. Journal of 

Hazardous Materials, 372, 103-112. 

Wahyuni, E. T., Kuncoro, H., Alharrisa, E. Z., & Suratman, A. 

(2024). Improvement of the photo-Fenton performance at 

near neutral pH by the addition of tannic acid from tea 

leaves waste as a complexing agent in the Pb (II) photo-

oxidation. Global Nest Journal, 26(8). 

Wahyuni, E. T., Rahmaniati, T., Hafidzah, A. R., Suherman, S., & 

Suratman, A. (2021). Photocatalysis over N-doped TiO2 

driven by visible light for Pb (II) removal from aqueous 

media. Catalysts, 11(8), 945. 

Wahyuni, E. T., Siswanta, D., Kunarti, E. S., Supraba, D., & 

Budiraharjo, S. (2019). Removal of Pb (II) ions in the aqueous 

solution by photo-Fenton method. Global Nest Journal, 

21(2), 180-186  

Wang, N., Zheng, T., Zhang, G., & Wang, P. (2016). A review on 

Fenton-like processes for organic wastewater treatment. 

Journal of Environmental Chemical Engineering, 4(1), 762-

787. 

Wang, Z., Cheng, Y., Wang, C., Guo, R., You, J. and Zhang, H., 

(2023). Optimizing the performance of Fe-based metal-

organic frameworks in photo-Fenton processes: 

Mechanisms, strategies and prospects. Chemosphere, 339, 

p.139673. 

Wu, M., Guo, X., Cao, Y., Yu, H., Hu, Z., Yang, Y., ... & Wu, J. 

(2024). Cascading H2O2 photosynthesis and Fenton reaction 

for self-sufficient photo-Fenton reactions: A review of recent 

advances. Chemical Engineering Journal, 151091. 

Zhang, M. H., Dong, H., Zhao, L., Wang, D. X., & Meng, D. (2019). 

A review on Fenton process for organic wastewater 

treatment based on optimization perspective. Science of the 

Total Environment, 670, 110-121. 

Zhou, Z., Liu, X., Sun, K., Lin, C., Ma, J., He, M., & Ouyang, W. 

(2019). Persulfate-based advanced oxidation processes 

(AOPs) for organic-contaminated soil remediation: A review. 

Chemical Engineering Journal, 372, 836-851. 




