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Abstract: This exploration investigates integrated treatment systems combining advanced oxidation
processes (Fenton and photo-Fenton) with biological methods for the effective elimination of stubborn
organic compounds in simulated textile wastewater composed of azo Dichlorotriazine dye. A com-
prehensive optimization of key process factors including catalyst dosage, hydrogen peroxide quantity,
irradiation duration, etc. was systematically conducted for both Fenton and photo-Fenton processes
to realize maximum COD and color removal. Under ideal conditions (0.4 g/L photocatalyst, 1 mL/L
H2O2, and 75-Watt UV intensity for 60 min), the photo-Fenton process realized 80% COD elimination
and complete decolorization, meeting industrial discharge limits without needing extra biological
treatment. Statistical models correlating process parameters to treatment efficiency were developed,
giving important design insights. For Fenton, effluent COD exceeded discharge thresholds, so a
post-biological treatment using activated sludge was essential to comply with regulations. This
integrated Fenton–biological scheme utilizes synergism between chemical and biological processes
for enhanced overall treatment. Notable economic benefits were achieved by photo-Fenton over
conventional UV-only and UV/H2O2 methods regarding energy consumption and operating costs.
Overall, this pioneering work successfully proves integrated advanced oxidation–biological systems
as a superior, sustainable alternative to traditional techniques for economically removing obstinate
pollutants, such as azo Dichlorotriazine dye, as it is a simulated textile wastewater treatment used to
satisfy environmental standards.

Keywords: azo dichloratriazine dye; Fenton process; photo-Fenton process; aerobic biological;
integrated treatment

1. Introduction

Textile industries are among the greatest sources of wastewater, as a great quantity of
water is utilized in coloration and finishing operations. Effluents’ emission from textile in-
dustries comprise biodegradable and non-biodegradable substances like dyes, dispersants,
levelling agents, chromium, methanol, and so on [1–4]. These effluents are discharged
into water bodies that can change the physical, chemical, and biological nature of the
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receiving water bodies, causing harm to humans and the environment [5]. For this reason,
the wastewater treatment in efficient and harmless approaches, before discharging it into
the environment or utilizing it for other intents so as to conserve human health and the
environment, is crucial [6]. Recently, these methods used for the production of valuable
products from wastewater have been mentioned in some studies [7].

There are several technologies utilized to treat industrial effluents inclusive of textile
wastewater and even the solids that are produced from this industry as they harm the
landfill [8]. Generally, these technologies are assorted into physical, chemical, and biological
methods [9,10]. The most commonly utilized methods for textile wastewater treatment
are adsorption process, advanced oxidation (AOP), electrochemical treatment, membrane
filtration, and flocculation and coagulation [11]. An incorporation of two or more primary
treatment technologies may also be applied. Physicochemical, bio-physical, and electro-
chemical technologies are simple examples of an incorporation of the treatment techniques.
Both physical and chemical techniques are regarded as the traditional techniques to treat
textile wastewater that have their own constraints on an enormous band [12]. These
techniques are unable to eliminate unconventional dyes and their organic metabolites.
In addition, they form a large amount of sludge and by-product residues that require
additional treatment and safe elimination from them. These methods are also characterized
by elevated cost, depressed competence, and are very specified in nature [13].

The biological treatment of wastewater has some advantages such as being environ-
mentally friendly, producing less sludge, and being inexpensive, so it is often the most
cost-effective alternative compared to other treatment solutions [14,15]. However, the bio-
logical treatment systems are not efficacious in the treatment of industrial effluents when
utilized independently because these effluents, especially textile effluent, usually contain
toxic and/or refractory organic chemicals that are complicated to treat so, the biological
treatment should be combined or using dual of biological stage [16]. Consequently, the
incorporation of chemical, photochemical, and biological treatment processes has been
suggested for these instances. The biological method is utilized as a pre-treatment to
remove the biodegradable contaminates from the textile wastewater and a post-treatment
using an advanced oxidation process (AOP) is utilized to transform non-biodegradable
contaminates into biodegradable materials that can be disposed of by biological methods
as notified by Basha et al. [17]. The incorporation of one or more chemical methods with
other techniques such as biological methods rely on the contaminate type present in the
wastewater, output goodness, and the technique cost.

Numerous studies have been developed and have elucidated the efficacy of the incor-
poration of chemical/photochemical with biological treatment methods. These comprise
pre-treatment of anaerobic flow-through sludge followed by H2O2/UV or ozonation sys-
tems or activated sludge treatment or attached growth systems (bio filters) followed by
advanced oxidation processes (suspended or fixed film heterogeneous photo catalysis, Fen-
ton’s reagent, O3 and H2O2 coupled with UV, etc.). One of the most inspected integrations
are the consecutive photo-Fenton as well as activated sludge treatment processes, where
even visual lighting can enhance the photochemical oxidation of organic matters [18]. Ac-
cordingly, textile wastewater, which include Refractory Organic Compounds (ROCs), can
be treated with high efficiency by photo-Fenton followed by biological treatment [19]. Fen-
ton is an efficient advanced treatment process. The hydroxyl radical (OH•) is formed from
the reaction between hydrated Fe+2 and hydrogen peroxide (H2O2), which degrade the
refractory and toxic organic contaminates present in wastewater [16]. There are many ad-
vantages of the Fenton process, such as high performance, inexpensive reagents, H2O2 can
decompose into environmentally harmless sorts such as H2O and O2, and it is conducted
at ambient temperature and atmospheric pressure for the organic oxidation [20].

A lot of examinations have been performed to decolorize dyes using Fenton oxidation,
but photo-Fenton, which is also a newly emerged advanced oxidation process, has also
been applied to the treatment of dye materials [21]. The adding of the UV radiation to the
Fenton process may be an attention-provoking element of the dye elimination owing to
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its ability to impact the direct formation of OH• radicals, which increases the processing
efficiency [22,23]. The formation of OH• radical in the photo-Fenton process is similar to
that in the Fenton process in addition to irradiation (UV), which leads to the reduction in
Fe3+ to Fe2+ as revealed below [24]:

Fe3+ + H2O + hv → Fe2+ + HO• + H+ (1)

Fe3+ + H2O2 + hv → Fe2+ + HO2
• + H+ (2)

Therefore, a larger production of OH• radicals by UV light is expected in the photo-Fenton
process, which leads to the degradation of more organic matter in a shorter time [24–26].

H2O2 + hv → 2HO• (3)

The photo-Fenton process has many advantages, such as reducing the catalyst dose
and H2O2 dose in Fenton, reducing the iron sludge formation efficiently compared to the
Fenton process, and UV radiation rises H2O2 utilization [20].

The target of this exploration is to establish an integrated treatment unit that combines
advanced methods such as Fenton and photo-Fenton with a traditional method, which is
biological treatment, to treat azo Dichlorotriazine dye, which contains refractor organic
compounds, so that these compounds are disposed of and the treated water reaches the
required environmental specifications. For Fenton and photo-Fenton processes, the impact
of processing conditions such as catalyst dose and hydrogen peroxide amount on the color
removal percent and the COD removal percent, and the COD/BOD5 ratio was inspected.
Moreover, an economical study and statistical study for this integration of the treatments
has been provided.

Some of the key contributions that have been completed in the current study include:

• This examination exhibits the integration of advanced oxidation processes (Fenton
and photo-Fenton) with biological treatment for the effective removal of recalcitrant
organic compounds from textile industry wastewater. The integrated schemes provide
a novel, efficient, and economical solution for treating toxic textile effluents;

• A comprehensive optimization of critical process parameters like catalyst dose, H2O2
amount, irradiation time etc. was carried out for both Fenton and photo-Fenton
processes to achieve maximum COD and color removal;

• The development of statistical regression models correlating the process factors to
treatment efficiency, providing important design guidelines;

• Photo-Fenton realized 80% COD removal and complete decolorization of the dye,
enabling direct discharge without needing an additional biological treatment step.
This makes it an economical and sustainable solution;

• For Fenton, the effluent COD exceeded discharge limits, so a post-biological treatment
was required to finally comply with regulations. The Fenton–biological integrated
scheme provides a novel treatment approach exploiting synergism between chemical
and biological processes;

• A techno-economic analysis revealed photo-Fenton to be more economical than UV-
only and UV/H2O2 treatment in terms of energy consumption and operating costs;

• Overall, the study successfully demonstrates integrated AOP–biological schemes as a
superior and sustainable alternative to conventional methods for removing recalcitrant
compounds from textile wastewater (simulated azo dye) in an economical manner.

2. Materials and Methods
2.1. Raw Materials

Raw materials utilized in our test such as dye from a type of azo Dichloratriazine
dye, FeSO4·7H2O, were purchased from Merck Company (Darmstadt, Germany), H2O2
(30% purity), NaOH (48% purity), and H2SO4 (98% purity) from Pure Egypt Company
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El-Mottahda company (Fayoum, Egypt) but the activated sludge utilized is mainly extra
sludge reaped from the large-scale activated sludge treatment plant located in Greater Cairo.

2.2. Experimental Systems

Figure 1 exhibits an integrated unit designed representing the process setup to achieve
the purpose of this research. It consists of a feed plastic tank made of polyethylene (PET)
with a capacity of 19 L, a height of 40 cm, a filter containing green sand with a grain size
ranging from 0.5 mm to 1 mm, and a granule-activated carbon with 830/1240 mesh size, as
well as a chemical reactor made of plexiglass with a capacity of 24 L, which has a wooden
cover, 2 lamps each of 75 watts, and a type of UVA-UVB (280–400 nm) with a motor of
14 watts, and a stainless-steel mixer at 30 rpm. It also contains 3 tubes and 2 super booster
pumps. The first tube is used to transfer dye solution from the feeding tank to the filter
made of polyvinyl chloride (PVC) with a length of 168 cm and a diameter of 6 mm, the
second tube is used to transfer dye solution from a filter to a chemical reactor made of
polyvinyl chloride (PVC) with a length of 111cm and a diameter of 6 mm, and the third
tube is used to transfer wastewater from the chemical reactor to the biological reactor made
of polyvinyl chloride (PVC) with a length of 1 m and a diameter of 14 mm. The first super
booster pump is used to transfer dye solution from a filter to a chemical reactor with a
capacity of 75 gallon per day (GPD), flow rate of 1.6 L/min, and a power supper to reduce
voltage from 220 to 24 v, and the second pump is used to transfer wastewater from the
chemical reactor to the biological reactor with flow rate of 1100 L/h and power of 15 watts.
It also contains a cylinder tank made of plexiglass with capacity of 16 L, an air pump
(compressors) of 4-watt power and 240 L/h flow rate, and air flow through a pipe with a
diameter of 4 mm and a length of 0.5 m.
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Figure 1. Schematic experimental setup for the proposed current study (left) and the photographic
picture (right).

2.3. Experimental Run

The feeding tank is filled up to 12 L with distilled water, then 9 gm of dye is added.
The color of the wastewater was a dark blue with a COD value of 4200 ppm, and a BOD
value of 630 ppm with pH 8.2.

2.4. Physical Treatment

After preparing the dyed simulated wastewater, a filter containing green sand and
activated carbon is used to remove color and odor from the contaminated water. This step
is most effective if the real wastewater is used in future studies.

2.5. Chemical Treatment
2.5.1. Fenton and Photo-Fenton Process

The pH of the dye solution is set to 3.0 by adding H2SO4 and this value is verified by
a pH meter. In this work, the impact of pH on the process efficiency was not exhibited but
pH 3.0 is selected according to the previous literature [24,27,28]. These studies stated that
the maximum color and COD removal percent was accomplished at pH 3.0. Then, 0.6 gm/L
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of catalyst dose and 1.5 mL/L of H2O2 are simultaneously added to the wastewater sample
and the stopwatch is triggered from the beginning of its placement in the contaminated
water contained in the chemical reactor. A sample (50 mL) was drawn every 5 min, over
a 20-min period, to measure the color elimination percent. A small drop of NaOH is
placed in the sample to stop the reaction. A sample is drawn every 15 min within an
hour, to measure the COD removal percent. A small drop of NaOH is placed to stop
the reaction. A series of runs are conducted with the diverse catalyst dose as 0.2 gm/L,
0.4 gm/L, and 0.8 gm/L and the diverse amount of H2O2 as 0.5 mL/L, 1 mL/L, and
2 mL/L. The experiments were conducted at 25 ◦C. Regarding the photo-Fenton process,
the same procedure that was performed in the Fenton technique has been completed, and
UV radiation was also conducted.

2.5.2. Biological Treatment
Pre-Biological Preparations

Fenton is stopped by raising the pH of wastewater sample to 11. After that, the
suspended dye residues and iron particles were eliminated from water treated with the
Fenton process by gravity sedimentation for 3 to 4 h. Then, water free from dye residues and
iron particles was placed in a tank for ventilation for a day to ensure that there were no H2O2
particles available to turn into H2O and O2, and finally, the pH of the water was reduced
to 7.5, so that the water sample was suitable for biological treatment. The equivalent of
5 L of activated sludge was taken and placed in an aeration tank for approximately 8 h as
preparation. After 8 h, the activated sludge was ready for biological water treatment.

Biological Treatment Procedure

Only one liter of water treated with the Fenton process is placed in a biological reactor
(aerobic type) for two hours, then it is passed through a sedimentation tank and a sample
is taken for COD measurement to ensure that the activated sludge is compatible with the
water to be treated. This process is repeated more than once (approximately 3 times), and
samples are taken for analysis to ensure that the water reaches the required specifications.
In all cases, pH was measured before and after treatment by pH-meter type Schott Greate
CG820. The Chemical Oxygen Demand (COD), and color removal in the influent and
effluent were determined by a spectrophotometer; the Direct Reading; Dr/2000; Hach, and
the reactor with model HI839800 Reactor; Hanna instruments—USA. The biochemical or
biological Oxygen Demand (BOD) in the influent and effluent were determined by a BOD
determination, Model BD 600; Lovibond type—UK, and the BOD incubator, which takes
5 days in incubation.

3. Result and Discussion
3.1. Fenton Process

The impact of numerous operating factors such as catalyst dose (0.2–0.8 gm/L), hy-
drogen peroxide amount (0.5–2 mL//L), irradiation time (5–60 min), and wastewater flow
rate (20–80 mL/min) on the COD removal percent, color removal percent, and BOD5/COD
ratio was inspected.

Effect of Irradiation Time and Catalyst Dose on COD and Color Removal Percent

To investigate the optimal time for the Fenton process and its impact on the removal
of COD and color, a series of experiments were conducted for durations ranging from
10 to 60 min. Figure 2 demonstrates that the highest removal percentages were achieved
after 30 min for dye removal (100%) and 60 min for COD removal (70%). The percentage
of COD removal initially increased as time increased from 10 to 60 min, but then began
to decrease due to the formation of intermediate compounds that reacted with hydroxyl
radicals, ultimately reducing performance and eliminating hydroxyl [29,30].
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flow rate to reveal the impact of catalyst dose on the COD removal percent. As exhibited in
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which is the ideal dose of catalyst in 60 min, reducing COD from 4200 ppm to 1260 ppm.
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Figure 3. Effect of catalyst dose on color removal percent in homogeneous photo-catalytic oxidation
by Fenton oxidation [pH = 3, reaction time = 30 min, H2O2 = 1.5 mL/L, 20 mL/min flow rate, and
initial dye concentration = 0.75 gm/L].

The catalyst dose also impacts decolorization as exhibited by the results signified in
Figure 3. The maximum color removal percent is 100% at 0.6 gm/L of catalyst dose in
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30 min. Also, after 0.6 gm/L, the color removal efficiency reduced for the same reason
mentioned above.

3.2. Effect of Hydrogen Peroxide Amount on COD and Color Removal Percent

The utilization of H2O2 is fundamental, but an excess of it backfires. The addition of
H2O2, as a means of controlling the OH• radical concentration, is the farthest significant
operating factor in the Fenton process, which influences both the outcome of reaction and
the cost of process [26]. For that reason, a few trials have been devoted to identifying
conditions that enhance the process performance by adding an appropriate amount of
H2O2. Figure S2 elucidates the impact of H2O2 amount on the COD removal percent and
the BOD5/COD ratio.

The impact of H2O2 amount on the COD removal percent was determined at various
H2O2 amounts (0.5 to 2 mL/L) via saving reaction time, pH, catalyst dose, wastewater flow
rate, and initial dye concentration at the values 60 min, 3, 0.6 gm/L, and 20 mL/min, and
0.75 mg/L, respectively. The outcomes indicate that a raise in H2O2 amount from 0.5 to
1.5 mL/L raises the COD removal percent from 40% to 70%. These results also evidenced
that the increase in H2O2 amount to more than 1.5 mL/L caused a decrease in the COD
removal percent, owing to the spontaneous decomposition of H2O2 to oxygen and water
and recombination of OH• radicals [23,31,33–35] as elucidated in Equations (7) and (8):

2H2O2 → H2O + O2 (7)

OH• + H2O2 → HO2
• + H2O (8)

Excess amounts of H2O2 will react with OH• competing with organic pollutants
and consequently reducing the COD removal efficacy, and H2O2 itself contributes to the
scavenging ability of OH• radicals [23,32,36].

The amount of hydrogen peroxide also has an impact on color removal % as clarified
in Figure 4. The outcomes elucidate that the color removal percent rose from 46.39% to
100% with raising the H2O2 amount from 0.5 mL/L to 1.5 mL/L at 30 min. After 1.5 mL/L
of H2O2 approximately 2 mL/L, the color removal % tends to drop to 89.17% for 30 min
owing to the fact that an excess amount of H2O2 will react with OH• competing with
organic pollutants, consequently reducing the efficiency of color removal. Based on this,
1.5 mL/L of H2O2 is selected as the ideal value. In general, the COD and color elimination
rate raises as the H2O2 amount raises until a certain value; after this value, the elimination
may drop or not raise significantly [33,36]. This is consistent with the fact that an excessive
amount of H2O2 in the solution will slightly delay the degradation and elimination of
dyes [36].
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Figure 4. Effect of hydrogen peroxide amount on the color removal percent in homogeneous photo-
catalytic oxidation by Fenton oxidation [pH = 3, catalyst dose = 0.6 gm/L, reaction time = 30 min,
20 mL/min flow rate, and initial dye concentration = 0.75 gm/L].
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3.3. Effect of Flow Rate of Wastewater on COD and Color Removal Percent

To assess the dye removal competence, the flow rate of the dye solution varied from 20
to 80 mL/min, which represents a pilot-scale process. The effect of the flow rate on the color
removal at pH = 3, catalyst dose = 0.6 gm/L, H2O2 = 1.5 mL/L, reaction time = 30 min,
and initial dye concentration = 0.75 gm/L is elucidated in Figure S3. The highest color
removal of 100% was achieved at a flow rate of 20 mL/min. Results also demonstrated
that increasing the flow rate from 20 to 80 mL/min resulted in a decrease in color removal
percent, indicating an inverse relationship between flow rate and color removal competence.
The decrease in COD removal percentage with an increase in flow rate can be attributed
to the shorter degradation time of the contaminated solution. This results in a lower
production of free radicals, which are necessary for COD removal.

The impact of the flow rate on the COD removal was also inspected under the follow-
ing conditions: pH = 3, catalyst dose = 0.6 gm/L, H2O2 = 1.5 mL/L, reaction time = 60 min,
and initial dye concentration = 0.75 gm/L. As exhibited in Figure S4, the COD removal
percent decreased with an increase in the wastewater flow rate. The maximum COD
removal percent of 70% was achieved at a flow rate of 20 mL/min.

3.4. Statistic Study for Fenton the Process

The outcomes above indicate that COD and color removal % is non-linearly affected
by various processing factors, including the catalyst dose (mg/L), H2O2 amount (mL/L),
irradiation time (min), and flow rate (mL/min). To clarify the correlation between these
processing factors and COD and color removal %, a statistical and least squares mul-
tivariate regression technique was employed. The resulting mathematical models are
presented below:

% COD removal → 67.57 − 163.26 A − 693.98 B − 0.38 C + 0.93 D + 184.92 A2 +
1855.77 B2 − 53.79 A3 − 1319.6 B3 (9)

where: A, B, C, and D are the H2O2 amount (mL/L), catalyst dose (mg/L), wastewater
flow rate (mL/min), and irradiation time (min), respectively. The regression coefficient R2

of the resulting correlation was 99.47%.
Table S1 exhibits the data for ANOVA, while Table S2 includes the values, p-values,

standard error, and t-test for all coefficients. Any p-value less than 0.05 indicates that the
correlation term is significant.

% Color removal → 137.36 − 329.79 A − 1217.34 B − 0.5 C + 2.31 D + 374.75 A2 +
3214.47 B2 − 110.2 A3 − 2278.19 B3 (10)

The regression coefficient R2 of the resulting correlation was 94.32%. The data for
ANOVA are elucidated in Table S3, while Table S4 comprises the values, p-values, standard
error, and t-test for all coefficients. Any p-value less than 0.05 signifies a significant correla-
tion term. Figure 5 compares the experimentally determined COD and color removal %
with the expected values for the Fenton process.

3.5. Fenton Followed by Biological Treatment

The Fenton process fulfilled 70% of COD elimination percent under ideal conditions
of 1.5 mL/L of H2O2, catalyst dose 0.6 gm/L, 20 mL/min flow rate, and 60 min of reaction
time, reducing COD from 4200 ppm to 1260 ppm, and BOD5 from 630 ppm to 378 ppm
with recording the BOD5/COD ratio of 0.3. Even so, the COD value still does not match
the environmental specifications for drainage in industrial areas because it is more than
1100 ppm, so a biological treatment using activated sludge for 2 h should be applied to treat
one liter of the sample. The results indicate a decrease in COD from 1260 ppm to 504 ppm
(60% COD removal percent); therefore, the treated water has become in conformity with
the environmental specifications for discharge in industrial areas.
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4. Photo-Fenton Process

The impact of numerous operating factors such as catalyst dose (0.2–0.8 gm/L), hy-
drogen peroxide amount (0.5–2 mL/L), irradiation time (5–60 min), wastewater flow rate
(20–80 mL/min), and UV irradiation intensity (25–75 watts) on the COD removal percent,
color removal percent, and BOD5/COD ratio was inspected.

4.1. Effect of Irradiation Time on COD and Color Removal Percent

The effectiveness of the photo-Fenton process relies on the composition and recovery
rates of OH•, which can vary depending on the organic substrate and duration of irradia-
tion [37,38]. To determine the optimal duration for COD removal, the impact of various
irradiation times (ranging from 10 to 60 min) on photo-Fenton treatment was examined, at
the following conditions, pH = 3, catalyst dose = 0.4 mg/L, H2O2 = 1 mL/L, 20 mL/min
flow rate, initial dye concentration = 0.75 gm/L, and 75-watt light intensity. Results indi-
cated that the highest COD removal % (80%) was achieved after 60 min of irradiation.

Also, to determine the optimal duration for color removal, the impact of various
irradiation times (ranging from 3 to 30 min) on photo-Fenton treatment was examined,
as depicted in Figure 6. Results denoted that the highest color removal % (100%) was
acquired after 30 min of irradiation. Notably, the percentage of color removal increased with
prolonged irradiation time, as this facilitated the generation of more free radicals resulting
from multiple reactions. These findings align with Tabarek A. Sajjad’s 2020 [37] research.

4.2. Effect of PhotoCatalyst Dose on COD and Color Removal Percent

To define the impact of photocatalyst dose on the COD removal %, runs were carried
out at 3 pH, reaction time = 60 min, 1 mL/L of H2O2, 20 mL/min flow rate, 0.75 mg/L of
initial dye concentration, and 75-watt light intensity. The results are elucidated in Figure S5.
The results clarify that the highest COD removal is 80% for 60 min when the photocatalyst
dose is 0.4 gm/L, which is the ideal dose that reduces COD from 4200 ppm to 840 ppm.
When the photocatalyst dose was higher than 0.4 gm/L, the COD removal percent dropped
as in the case of 0.6 gm/L and 0.8 gm/L of photocatalyst dose. This is owing to the catalytic
impact of ferrous ions on H2O2. When ferrous ions concentration raises, the Fe (OH)2+

formation also rises. Fe (OH)2+ absorbs UV light, causing a decrease in the strength of UV
light [31].
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Figure 6. Effect of irradiation time on COD and color removal % in homogeneous photo-catalytic
oxidation by photo-Fenton oxidation [pH = 3, catalyst dose = 0.4 mg/L, H2O2 = 1 mL/L, 20 mL/min
flow rate, initial dye concentration = 0.75 gm/L, and 75-watt light intensity].

Photocatalyst dose also has an impact on the color removal as displayed in Figure 7.
The maximum color removal % is 100% obtained at 0.4 gm/L of photocatalyst dose for
30 min, which is the ideal amount. When the photocatalyst dose raised to 0.6 gm/L and
0.8 gm/L, the color removal % dropped to 93.61% and 68.43%, respectively, producing
a possible side reaction that interfered with the formation of hydroxyl radicals that are
essential for the oxidation of organic matter.
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Figure 7. Effect of photocatalyst dose on color removal % in homogeneous photo-catalytic oxidation
by photo-Fenton oxidation [pH = 3, reaction time = 30 min, H2O2 = 1 mL/L, 20 mL/min flow rate,
initial dye concentration = 0.75 gm/L, and 75-watt light intensity].

4.3. Effect of Hydrogen Peroxide Amount on COD and Color Removal Percent

The impact of H2O2 amount was examined (ranging from 0.5 mL/L to 2 mL/L). In
these runs, other factors were held constant at the dye initial concentration of 0.75 mg/L,
0.4 gm/L of catalyst dose, 60 min reaction time, 20 mL/min flow rate, pH value of 3, and
75-watt light intensity. The impact of H2O2 is elucidated in Figure S6. The COD removal %
increased from 40% to 80% with the increase in H2O2 amount from 0.5 mL/L to 1 mL/L.
Increasing the H2O2 amount to 2 mL/L leads to a decrease in COD removal % to 67%,
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owing to H2O2 decomposition spontaneously to oxygen and water and recombination of
OH• radicals as exhibited in Equations (7) and (8). For that reason, the H2O2 amount of
1 mL/L is chosen as the ideal amount.

H2O2 amount also impacts on color removal for that reason the impact of H2O2
amount on the color removal % was inspected to determine the ideal amount of H2O2
that accomplishes the highest removal %. Figure 8 exposes the acquired results. It can
be noticed that the color removal % increased from 56.09% to 100% with increasing the
H2O2 amount from 0.5 mL/L to 1 mL/L for 30 min. On increasing H2O2 amount to 1.5
and 2 mL/L, however, the removal % was reduced because an excess of H2O2 will react
with OH• competing with organic pollutants and consequently dropping the competence
of color removal.
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Figure 8. Effect of hydrogen peroxide amount on color removal % in homogeneous photo-catalytic
oxidation by photo-Fenton oxidation [pH = 3, catalyst dose = 0.4 gm/L, reaction time = 30 min,
20 mL/min flow rate, initial dye concentration = 0.75 gm/L, and 75-watt light intensity].

4.4. Effect of Wastewater Flow Rate on COD and Color Removal Percent

To evaluate the dye removal efficacy, the flow rate of the dye solution varied from 20 to
80 mL/min, representing a pilot-scale process. The impact of the flow rate on color removal
at pH = 3, catalyst dose = 0.4 g/L, H2O2 = 1 mL/L, reaction time = 30 min, initial dye
concentration = 0.75 g/L, and 75-watt UV intensity is elucidated in Figure S7. The highest
color removal efficiency of 100% was achieved at a flow rate of 20 mL/min. However,
increasing the flow rate from 20 to 80 mL/min resulted in a decrease in color removal
percentage, indicating an inverse relationship between flow rate and dye removal efficiency.
This can be attributed to the fact that a higher flow rate leads to a shorter exposure time of
the polluted solution to the UV lamp, which requires a decrease in the amount of H2O2 to
form more hydroxyl radical (OH•), as supported by previous studies [37,39].

The impact of the flow rate on COD removal was examined under the following
conditions: pH = 3, catalyst dose = 0.4 g/L, H2O2 = 1 mL/L, reaction time = 60 min,
initial dye concentration = 0.75 g/L, and 75-watt UV intensity. Figure 9 illustrates that the
percentage of COD removal decreased with an increase in the flow rate of the wastewater.
The highest COD removal percentage of 80% was achieved at a flow rate of 20 mL/min.
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Figure 9. Effect of wastewater flow rate on the COD removal percent and BOD5/COD ratio in homoge-
neous photo-catalytic oxidation by photo-Fenton oxidation [pH = 3, catalyst dose = 0.4 gm/L, reaction
time = 60 min, H2O2 = 1 mL/L, 75-watt UV intensity, and initial dye concentration = 0.75 gm/L].

4.5. Effect of Light Intensity on Irradiation Time, COD and Color Removal Percent

To study the impact of light intensity on irradiation time, two runs were carried out
using two lamps with different intensities, one with a power of 75 watts and the other
with a power of 150 watts. The set of runs was accomplished at 3 pH, 1 mL/L of H2O2,
0.75 gm/L of initial dye concentration, 0.4 mg/L of catalyst dose, and 20 mL/min flow rate.
As shown in Figure S8, the 150-watt lamp achieves 80% COD removal for 30 min and the
75-watt lamp achieves the same COD removal % but for 60 min. This is in consequence of
more OH• radicals being generated with increased UV light intensity in the photo-Fenton
process causing more organic matter to degrade in a shorter period [22,24,25,37].

The impact of the UV radiation intensity on the COD and color removal was also
examined utilizing the ideal factors. The impact of UV radiation intensity on the COD and
color removal was assessed at 25, 50, 75, and 150 watts, as depicted in Figure 10. The results
clarify that the elimination percent of organic matter raises with rising light intensity, owing
to an increase in the number of photons that flow into the dye solution, which leads to an
increase in the degradation rate of organic matter. Therefore, the decolorization rapidity
relies on the number of photons that hit with the dye molecules and their ability to destroy
the chromospheres bonds in the dye molecules [40,41]. The maximum color removal 100%
and COD removal 80% were acquired at high UV intensity (150 watts) for 30 min.
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Figure 10. Effect of the UV intensity on COD and color removal % in the homogeneous photo-catalytic
oxidation [pH = 3, H2O2 = l mL/L, catalyst dose = 0.4 mg/L, reaction time = 30 min, 20 mL/min
flow rate, and initial dye concentration = 0.75 gm/L].
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It is evident that the photo-Fenton process fulfilled 80% COD elimination percent
under ideal conditions such as 0.75 mg/L initial dye concentration, 1 mL/L of H2O2,
catalyst dose 0.4 gm/L, 20 mL/min wastewater flow rate, and 75-watt light intensity at
60 min of reaction time, reducing COD from 4200 ppm to 840 ppm, and BOD5 from 630 ppm
to 252 ppm. Thus, the BOD5/COD ratio is 0.3 and all non-biodegradable materials become
biodegradables. The COD value matches the environmental specifications for drainage in
industrial areas because it is less than 1100 ppm, so biological treatment using activated
sludge is not applied in this case.

4.6. Statistic Study for the Photo-Fenton Process

The results mentioned above denote that COD and color removal percentages are
non-linearly affected by several processing factors, including catalyst dose (mg/L), H2O2
amount (mL/L), flow rate (mL/min), irradiation time (min), and UV radiation intensity. To
understand the correlation between these processing factors and COD and color removal
percentages, a statistical and least squares multivariate regression technique was utilized.
The mathematical models resulting from this analysis are presented below:

% COD removal → −247.29 − 441.18 A − 1172.94 B − 0.43 C + 0.65 D + 0.19 E
− 319.6 A2 − 2247.64 B2 + 71.41 A3 + 1303.21 B3 (11)

where: A, B, C, D, and E are H2O2 amount (mL/L), catalyst dose (mg/L), wastewater flow
rate (mL/min), irradiation time, and UV radiation intensity, respectively. The regression
coefficient R2 of the resulting correlation was 93.61%.

Table S5 exhibits the data for ANOVA, while Table S6 includes the values, p-values,
standard error, and t-test for all coefficients. Any p-value less than 0.05 indicates that the
correlation term is significant.

% Color removal → −677.44 − 245.63 A − 843.84 B − 0.21 C + 1.57 D + 0.17 E +
551.2 A0.5 + 1184.77 B0.5 (12)

The regression coefficient R2 of the resulting correlation was 90.31%. The data for
ANOVA is elucidated in Table S7, while Table S8 comprises the values, p-values, standard
error, and t-test for all coefficients. Any p-value less than 0.05 signifies a significant correla-
tion term. Figure 11 compares the experimentally determined COD and color removal %
with the expected values for the photo-Fenton process.
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4.7. Comparison between % COD Removal and % Color Removal Using Several Techniques

Numerous runs were carried out using several techniques to accomplish the highest
removal percent of COD and color as depicted in Figure 12. It is obvious the most efficient
technique applied to eliminate both COD and color is the photo-Fenton process, which
achieves the largest removal percent of COD (80%) and color (100%).
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[pH = 3, reaction time = 30 min, Fe (II) = 0.4 gm/L, activated carbon = 0.4 gm/L, initial dye
concentration = 0.75 gm/L, 20 mL/min flow rate, and H2O2 = 1 mL/L].

4.8. Economic Study

Recently, using economic studies to prove the efficiency of the used systems has
become more urgent [42,43]. Fenton and photo-Fenton followed by biological treatment is
one of the most efficient as well as very economical techniques. The cost estimation was
calculated according to the prices of raw materials necessary for the treatment of 1 L of
wastewater effluent, and the results were registered in Table 1.

Table 1. Relationship between ideal doses used for the treatment of wastewater with cost (in USD).

Materials
Ideal Dose/L Cost for 1 L Treatment

Fenton Photo-Fenton Fenton Photo-Fenton

Ferrous sulphate, Kg 0.6 gm/L 0.4 gm/L 0.0225 0.0151

Hydrogen peroxide 30%, L 1.5 mL/L 1 mL/L 1.2 0.83

Sulfuric acid 98%, L 0.05 mL/L 0.05 mL/L 1.5 1.5

Sodium hydroxide 48%, Kg 0.0213 gm 0.0213 gm 0.0093 0.00935

Total cost of materials USD/L 2.75 2.35

Total cost of materials USD/L 5.48 4.7

To eliminate 1 kg of COD through different photo-chemical oxidation processes, the
energy results elucidate that the photo-Fenton process is more economic than using UV
only and UV/H2O2 reducing energy consumption from 7.444 to 1.861 Kwhr/Kg and from
3.722 to 1.861 Kwhr/Kg in each case, respectively, when using a 75 W UV lamp. Also,
the photo-Fenton process reduces energy consumption compared to using UV only and
UV/H2O2 from 8.933 to 2.232 Kwhr/Kg and from 4.464 to 2.232 Kwhr/Kg in each case,
respectively, when using a 150 W UV lamp as depicted in Figure S9. It is observed that the
specific energy consumed was calculated only from the converted UV radiation, which
represents only a portion of the total electrical energy.

The cost of energy consumption required to remove 1 kg of COD by different photo-
chemical oxidation processes is elucidated in Figure S10.
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5. Conclusions

This pioneering research successfully demonstrates for the first time integrated treat-
ment systems combining advanced oxidation processes (Fenton and photo-Fenton) with
biological methods for the effective elimination of stubborn organic compounds in simu-
lated textile wastewater composed of azo Dichlorotriazine dye. Key innovations include
comprehensive optimization of critical process parameters like catalyst dosage and hydro-
gen peroxide amount for both Fenton and photo-Fenton to realize maximum COD and
color removal. Under optimized conditions (0.4 gm/L of photocatalyst dose, 20 mL/min
flow rate, 1mL/L of H2O2, and 75-watt UV intensity for one hour), photo-Fenton achieved
80% COD removal and complete decolorization, enabling direct discharge meeting indus-
trial norms without needing additional biological treatment. This makes photo-Fenton an
economical, sustainable solution for treating simulated textile wastewater composed of azo
Dichlorotriazine dye. For Fenton, the integrated Fenton–biological scheme uniquely ex-
ploits synergism between chemical and biological processes for enhanced overall treatment.
Post-biological treatment using activated sludge was required to comply with discharge
limits (less than 1100 ppm). Significant economic benefits were realized by photo-Fenton
over conventional UV-only and UV/H2O2 methods in terms of energy use and operat-
ing costs. Overall, this pioneering work successfully establishes integrated advanced
oxidation–biological systems as a superior, sustainable alternative to traditional techniques
for efficiently and economically removing persistent pollutants from simulated textile
wastewater composed of azo Dichlorotriazine dye to satisfy environmental regulations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w16101327/s1, Figure S1: Effect of catalyst dose on COD re-
moval percent and BOD5/COD ratio in homogeneous photo-catalytic oxidation by Fenton oxi-
dation [pH = 3, reaction time = 60 min, H2O2 = 1.5 mL/L, 20 mL/min flow rate, and initial dye
concentration = 0.75 gm/L]. Figure S2: Effect of the hydrogen peroxide amount on COD removal
percent and BOD5/COD ratio, in the homogeneous photo-catalytic oxidation by Fenton oxidation
[pH = 3, catalyst dose = 0.6 gm/L, reaction time = 60 min, 20 mL/min flow rate, and initial dye
concentration = 0.75 gm/L]. Figure S3: Effect of wastewater flow rate on the colour removal percent
in homogeneous photo-catalytic oxidation by Fenton oxidation [pH = 3, Catalyst dose = 0.6 gm/L, re-
action time = 30 min, H2O2 = 1.5 mL/L, and initial dye concentration = 0.75 gm/L]. Figure S4: Effect
of wastewater flow rate on the COD removal percent and BOD5/COD ratio in homogeneous photo-
catalytic oxidation by Fenton oxidation [pH = 3, Catalyst dose = 0.6 gm/L, reaction time = 60 min,
H2O2 = 1.5 mL/L, and initial dye concentration = 0.75 gm/L]. Figure S5: Effect of photocatalyst dose
on COD removal % in homogeneous photo- catalytic oxidation by photo-Fenton oxidation [pH = 3,
reaction time = 60 min, H2O2 = 1 mL/L, 20 mL/min flow rate, initial dye concentration = 0.75 gm/L,
and 75-watt light intensity]. Figure S6: Effect of hydrogen peroxide amount on COD removal % in the
homogeneous photo-catalytic oxidation by photo-Fenton oxidation [pH = 3, Catalyst dose = 0.4 gm/L,
reaction time = 60 min, 20 mL/min flow rate, initial dye concentration = 0.75 gm/L, and 75-watt light
intensity]. Figure S7: Effect of wastewater flow rate on the colour removal percent in homogeneous
photo-catalytic oxidation by photo-Fenton oxidation [pH = 3, Catalyst dose = 0.4 gm/L, reaction
time = 30 min, H2O2 = 1 mL/L, 75-watt UV-intensity, and initial dye concentration = 0.75 gm/L].
Figure S8: Effect of the light intensity on irradiation time in the homogeneous photo-catalytic oxida-
tion to remove 80 % of COD [pH = 3, H2O2 = l mL/L, Catalyst dose = 0.4 mg/L, 20 mL/min flow
rate, and initial dye concentration = 0.75 gm/L]. Figure S9: Specific energy consumption of 80 %
COD removal for UV, UV/H2O2 and UV/H2O2/Fe (II): (Total UV-power 150-W, irradiation time
30 min) (Total UV-power 75-W, irradiation time 60 min). Figure S10: Cost of energy consumption of
80% COD removal for UV, UV/H2O2 and UV/H2O2/Fe (II): (Total UV-power 75-W, irradiation time
60 min) (Total UV-power 150-W, irradiation time 30 min). Table S1: ANOVA test outcomes for Fenton
process [COD removal]. Table S2: Values, p-values, standard error, and t-test for all coefficients
[COD removal]. Table S3: ANOVA test outcomes for Fenton process [Colour removal]. Table S4:
Values, p-values, standard error, and t-test for all coefficients [Colour removal]. Table S5: ANOVA
test outcomes for photo-Fenton process [COD removal]. Table S6: Values, p-values, standard error,
and t-test for all coefficients [COD removal]. Table S7: ANOVA test outcomes for photo-Fenton
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process [Colour removal]. Table S8: Values, p-values, standard error, and t-test for all coefficients
[Colour removal].
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