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General introduction

Although water covers more than 71% of the earth's surface, the scarcity of clean, high-quality

drinking water has emerged as one of the most urgent global challenges, nowadays [1, 2].

This situation is exacerbated by the rapid growth of the global population, and expanding

industrial activities, which have significantly increased the demand for clean water [3].

Among these industries, the textile sector stands out as a major contributor to water
consumption [4]. It has been investigated that the textile industry alone consumes 79 billion
cubic meters of freshwater annually [4, 5], contributing to nearly 20% of global water pollution
by generating large volumes of wastewater [6-8]. This wastewater contains high concentrations
of persistent and toxic pollutants, which degrade water quality [9], disrupt aquatic ecosystems
[10], and alter ecological balances, ultimately posing serious health risks to both humans and

the environment [11].

Considering these challenges, traditional wastewater treatment methods are widely employed
owing to their ability to handle a diverse range of pollutants [12]. While they can be effective
in reducing pollutant concentrations and improving water quality, these methods often have
significant drawbacks. A major limitation is their tendency to transfer pollutants from one
medium to another rather than degrading and mineralizing them, which results in secondary,
complex toxic pollution [13]. This limitation emphasizes the need for the development of

advanced wastewater treatment methods to ensure sustainable access to clean water [14].

Among these technologies, advanced oxidation processes (AOPs), such as photocatalysis (PC),
have gained widespread attention due to their ability to generate highly reactive radicals [15],
which mineralize complex organic pollutants partially or completely into carbon dioxide (CO2),

and water (H20), offering more effective and eco-environmental alternatives [16].

To further enhance the efficiency of these processes, innovative strategies and material

modifications are essential [17, 18].

Within this framework, the current study focuses on optimizing the PC process for the
degradation of organic pollutants, specifically methyl orange (MO), a model dye pollutant in
this work. This involves using a supported TiO: photocatalyst instead of its powdered form.

Additionally, composite-based TiO. photocatalysts are synthesized to further enhance the
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photocatalytic performance. The study also explores the synergistic effects of combining PC

with other AOPs, such as the hydrodynamic cavitation (HC) process, to enhance the

performance and effectiveness of dye-containing wastewater treatment. Thus, this work

addresses both photocatalyst optimization and process enhancement, facilitating practical

application.

The thesis is structured into three chapters, each focusing on different aspects of wastewater

treatment:

Chapter 1 provides a comprehensive review of water pollution and wastewater
treatment, focusing on dyes and their environmental and health risks. It discusses the
limitations of conventional treatment methods and introduces heterogeneous
photocatalysis as a promising alternative for dye degradation. Special emphasis is
placed on titanium dioxide (TiO:), a commonly used photocatalyst, exploring its
properties, limitations, and strategies for enhancing its performance, including
immobilization and doping. The chapter also highlights innovative techniques for

optimizing the efficiency of the PC process in wastewater treatment applications.

Chapter II is divided into three main parts. The first part focuses on the degradation of
MO using HC alone. The second part examines the impact of combining HC with
varying concentrations of hydrogen peroxide (H20:). The third part explores the
coupling of HC, H20-, and PC using TiO2-coated glass fibers tissue (TiOz-coated GFT),
evaluating the synergistic effects and overall performance of this integrated treatment

system, including a mineralization study to assess the extent of MO degradation.

Chapter III is structured into three main sections. The first section investigates the
degradation of MO using PC alone, emphasizing the optimization of the synthesis
method and the photocatalyst type, light intensity, and photocatalyst loading. The
second section examines the synergistic effect of combining PC using different H.O:
concentrations to enhance the degradation of MO. The third section explores the
coupling of PC, H.0:, and HC, evaluating the overall performance and synergistic

effects of this integrated system in MO degradation.

General Conclusion summarizes the key findings of the thesis, discusses their

implications, and suggests potential directions for future research.
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Chapter I: Literature Review

1.1 Introduction

This chapter provides a comprehensive review of the literature concerning textile wastewater
and its treatment methods. It begins by providing an overview of dyes including their
classification, highlighting their environmental impacts such as toxicity to aquatic ecosystems,

as well as their potential adverse effects on human health.

The chapter then examines some traditional wastewater treatment methods, discussing their
limitations and introducing advanced alternatives, such as heterogeneous photocatalysis for dye
removal. Emphasis is placed on TiO:-based PC, a widely recognized photocatalyst for dye
degradation. Its historical development, crystalline structures, applications, and limitations are
discussed. Some strategies for enhancing its performance, such as immobilization on supports

and doping with metal elements like silver (Ag), are explored.

Finally, the chapter presents some strategies to further improve the PC process, including the

addition of oxidants and coupling PC with other AOPs, such as the HC process.

This literature review aims to identify some of the existing knowledge gaps, establish the
pivotal role of PC within the framework of advanced wastewater treatment, and highlight the
importance of innovative strategies in developing effective, efficient, and sustainable solutions

to mitigate dye pollution.
1.2 Overview of dyes

The historical development of synthetic dyes is a captivating narrative that highlights the blend
of scientific advancement, technological progress, and artistic creativity. Dyes, whether natural,
derived from plants such as the root of madder (Rubia tinctorum), served as a primary source
of red and orange dyes utilized in ancient civilizations such as Egypt and Greece [19], animals
like the Murex Trunculus, and Murex brandaris, a sea snails, used to produce Tyrian purple,
produced from their secretions, highly prized in Rome [20], or minerals such as Lapis lazuli,
used to produce ultramarine blue [21], or synthetic, created through chemical processes such as
tartrazine (E102), a lemon-yellow synthetic dye [22], are substances designed to impart color
to various materials, including textiles, paper, cosmetics, pharmaceutical, and food products
[23]. Their ability to absorb and reflect light at specific wavelengths enables them to produce a

diverse spectrum of colors.
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Before synthetic dyes led to birth in the late 19 century, various civilizations depended on
natural materials, which were often limited in both availability and color variety, for coloring

fabrics, and materials [24].

The accidental discovery of the first synthetic dye, mauveine, by the British chemist, William
Henry Perkin in the mid-1800s, was a pivotal moment in this journey. Perkin stumbled upon
mauveine while trying to synthesize quinine from coal tar derivatives, paving the way for the
synthetic dye industry [25]. This new dye offered consistent and striking colors that natural

sources could not match, sparking significant interest and further research [26].

In 1863, Frangois-Emmanuel Verguin, A French chemist, synthesized alizarin, the first synthetic
red dye, from coal tar [27], while Carl Graebe and Carl Liebermann, German chemists, made

strides with fuchsine in 1858 [28].

The late 19th century marked the global establishment of the dye industry, as chemists
systematically explored the relationship between chemical structures and color. Innovators like
Paul Friedldnder and Adolf von Baeyer played crucial roles in identifying the molecular

structures of various dyes [29].

The 20" century witnessed groundbreaking advancements in dye chemistry, leading to the
advancement of a diverse range of synthetic dyes that offered improved color fastness,

brightness, and a broader spectrum of hues.

These innovations were driven by the growing demands of the textile industry, as well as the
need for dyes in other applications such as plastics, inks, and coatings. For example, the
introduction of reactive dyes in the 1950s, revolutionized the dyeing process for cellulose fibers,

providing more intense and long-lasting colors [30].

Today, the synthetic dye industry continues to thrive, driven by the demand for high-quality
colors in various sectors [31]. Despite growing awareness of environmental issues, many
industries still rely heavily on synthetic dyes owing to their cost-effectiveness, wide range of
available colors, and superior performance characteristics [32], making them indispensable in

mass production processes [23].

Consequently, the global market for synthetic dyes is expected to expand dramatically due to

the fast industrialization and urbanization of emerging economies [33].

5
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Dyes are primarily composed of two key components: chromophores, and auxochromes [34].
Chromophores are the part of the dye molecule responsible for light absorption and color
production. They typically contain conjugated systems of double bonds, such as -C=C-, -C=N,
or aromatic rings, along with specific functional groups like nitro (-NO:), azo (-N=N-), carbonyl
(C=0), or quinoid groups. Auxochromes, on the other hand, are functional groups attached to
the chromophore that do not themselves generate color, but enhance the dye's properties, such
as color intensity, solubility, and the dye's ability to bind to substrates. These groups include

hydroxyl (-OH), amino (-NH2), carboxyl (-COOH), and sulfonic acid (-SOsH) [35, 36].
I.2.1 Classification of dyes

Dyes are classified according to their chemical structure and intended application, which
reflects their versatility across industrial and commercial sectors. The chemical structure
classification is based on the chromophore [29]. This classification system is crucial for
comprehending the behavior of dyes in various contexts, such as their stability under different
environmental conditions, their interaction with various chemicals, and their performance on
different materials. On the other hand, classification by application considers how dyes are
selected based on their compatibility with specific materials and the dyeing processes they

require [37].

Each classification is crucial for selecting the appropriate dye for use in various industrial

applications, ensuring optimal performance and quality
1.2.1.1 Classification based on chemical structure

Among the chemical classifications, azo dyes are the most prevalent, making up approximately
50 % of commercial dyes, known for their vibrant and diverse colors due to nitrogen-to-nitrogen
double bonds (—N=N-) [38]. Other groups include nitro dyes, defined by nitro groups (—NO>).
[39], anthraquinone dyes, characterized by unique chromophore containing two carbonyl
groups positioned on either side of a benzene ring [40], phthalocyanine dyes, synthesized
through the reaction of dicyanobenzene with metal ions, such as copper, nickel, cobalt, or
platinum [41], trimethylmethane dyes, defined by a structure in which a central carbon atom is

bonded to three aryl groups [42], and xanthene dyes, characterized by a
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xanthenone backbone with an oxygen atom linking two aromatic rings [43]. Table L2.1

summarizes these classifications.

Table 1.2.1 Classification of synthetic dyes based on chemical structure

Type Chromophore Examples

Azo Dyes

F—
L
—=

H, ./”
o
N
N
o= =0
|
.-

Na *

Acid orange

Nitro Dyes

Vel

Nitroblue tetrazolium

Anthraquinone o

Dyes (T (L

Alizarin
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N- ;/ \; "N
N":/: \ ("

N : \

. = N 70N
Phthalocyanine M 7N\
dyes Ny AN

Zinc phthalocyanine

HsC

W
/N N\‘ Cl
UL () e
Trimethylmethane | |
‘ HaC. O O n-CDs

dyes \ \
CH; CDy

CHs3

Crystal Violet-ds trihydrate

Br Br

Xanthane dyes ‘ = ‘
o

Solvent Red 43

1.2.1.2 Classification based on application

Dyes are also classified based on their application to optimize their use in various processes.
This classification helps in selecting the appropriate dye for different types of fibers and desired

outcomes. Table 1.2.2 outlines these application-based classifications.
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Table 1.2.2 Classification of synthetic dyes based on application.

Type Description Examples
Ma + Ma +
0-9 9 o-
Direct Water-soluble dyes applied 0 0
Dyes directly to cellulose fibers i I
N gy oy N
(e.g., cotton) without the need G @
for a mordant. They may have ) O
lower wash fastness. N
L,
H
Direct Black
Na * 0\' -0
D’..
Used in acidic conditions to Q .
Na *
Acid Dyes  dye protein fibers (e.g., wool, N=N o-
silk, nylon). Ideal for bright N
N
colors in textiles and biological
staining.
[ -0
b-
Na +
Acid Yellow
. Cationic dyes that bind to H. W
Basic N
negatively charged synthetic N
Dyes N
fibers (e.g., acrylics). Known u-
for vivid colors but maybe less ’
wash and light-resistant. Chrysoidine
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' +
Form a strong covalent bond 5 N
Reactive with fibers in an alkaline
Dyes solution. Used for dyeing wool,

0 N ‘
H ., S
cotton, and silk. Offers vibrant U 0 o0

colors and durability.
Reactive Blue 19

Insoluble in water and require
a reduction process to dye

Vat Dyes cellulose fibers (e.g., cotton).
Durable and stable, used in

products like denim.

Used for synthetic fibers (e.g.,

Disperse  polyester, acetate). Insoluble in

Dyes water and applied at high
temperatures, suitable for N o 0.

rtswear and activewear. :
Sportswear and activewea Disperse Blue 56

1.2.2 Environmental impact and health concerns of synthetic dyes

Although synthetic dyes provide substantial benefits, they raise environmental concerns [44].
These dyes contain aromatic amines, which are associated with cancer and genetic mutations.

Exposure to these synthetic dyes can result in serious health issues [45].

It has been reported that approximately 800,000 tons of dyes are produced annually, with 10—
15% of this amount released into the environment during manufacturing and application
processes. Among more than 10,000 synthetic dye types, azo dyes represent nearly 70%,

highlighting their predominance in industrial usage [46].
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The textile sector, one of the largest consumers of water and chemicals, utilizes over 8,000
chemical species in its processes [47]. Consequently, it represents a significant source of dye-

contaminated wastewater, often discharged untreated or partially treated into natural water

bodies [48], which severely damage aquatic ecosystems and pose long-term health risks to
exposed populations [49]. For instance, in Malaysia alone, textile-finishing wastewater
accounts for 22% of industrial effluents, with some facilities consuming up to 3000 m?® of water

per day [S0].

These figures underscore the scale of resource consumption and environmental damage
associated with textile production [51]. Consequently, dye pollution has become a critical

environmental challenge.

1.2.2.1 Toxicity to aquatic ecosystems

Textile wastewater, particularly when inadequately treated and discharged into aquatic
ecosystems, represents considerable threats to aquatic ecosystems. The visible coloration of the
water resulting from dye contamination causes a depletion of dissolved oxygen levels and
obstructs sunlight penetration. This disruption hinders photosynthesis, which is essential for the

survival of aquatic plants and algae, ultimately damaging the entire aquatic ecosystem [52].

This issue is evident in many regions. For instance, in Italy the reported characterization of real
textile effluents from dyeing baths indicated a high organic load, with TOC levels reaching
158.0 +£9.8 mg/L and COD at 1017 + 58 mg/L. These values reflect the substantial presence of
organic contaminants in the discharged wastewater, [S3]. Similarly, in China, the Haicheng
River has been subjected to significant industrial wastewater discharge, with 8.5x10° tons from
textile and paper industries, and 36 billion tons of untreated wastewater each year, affecting

rivers, lakes, and coastal waters [54].

Other regions also face similar challenges such as the Yamuna River in India, which faces
severe pollution due to daily discharges of approximately 15,000 million liters of effluent from
textile industries, with dye concentrations reaching up to 200 mg/L and COD (Chemical
Oxygen Demand) levels exceeding 500 mg/L, far surpassing the permissible limit of 120 mg/L
[S5].
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These pollutants create hypoxic conditions in the water, significantly harming aquatic life [56].
Table 1.2.3 summarizes the effects of some dyes on some aquatic organisms. The LCso (lethal
concentration for 50% of organisms) is a critical measure of toxicity that indicates the
concentration of a substance required to cause death in 50% of a test population of organisms.
This value highlights that even relatively low concentrations of certain dyes can be highly toxic

to aquatic life.

Table 1.2.3 Impact of certain dyes on aquatic organisms

Dye name Fish species/ Effects LCso Ref
Algea
Erratic behavior, skin
Reactive Red Catla catla darkening, scale loss, anemia - [57]
120 with low hemoglobin/RBC and
high WBC.
Hepatotoxicity, developmental
Sudan Black Zebrafish defects, liver dysfunction, 0.65 mM [58]
B larvae increased mortality.

Mortality, developmental

Solvent Violet Zebrafish defects, malformations, edema, 4.37 mg/L [59]
47 embryos impaired swimming, BBB
disruption.

Mortality, hepato-renal

toxicity, weight loss, 40 mg/L [60]
Trypan Blue Cirrhinus hemolysis, congestion,
mrigala necrosis, tubular/glomerular
damage.
Methylene Chlorella Reduced chlorophyll-a/b and [61]
Blue vulgaris photosynthetic capacity. -
Decreased |Fecundity (—65%
Disperse Blue Zebrafish at 500 pg/L), reduced growth, 500 pg/L [62]
79 (Danio rerio) impaired hatching, altered

metabolome/transcriptome.
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1.2.2.2 Adverse effects on human health

Synthetic dyes have been associated with numerous adverse health effects in humans. [63].
These effects are due to the chemical composition of synthetic dyes, which can contain toxic,
carcinogenic, or biologically disruptive contaminants. When textile dyes and heavy metals are
released into water bodies, these pollutants are taken up by the tissues of fish and other seafood.
Through the food chain, they ultimately accumulate in human organs or directly through

drinking water [64].

The exposure to synthetic dyes has been associated with allergic reactions, such as asthma, skin
rashes, and other skin irritations [65]. Certain dyes, such as Tartrazine (Yellow No. 5), and
Sunset Yellow (Yellow No. 6), have been linked to hyperactivity and behavioral changes,
especially in children with Attention Deficit Hyperactivity Disorder (ADHD) [66, 67].

Studies have shown that long-term exposure to some synthetic dyes can bind to DNA and
proteins inside cells, potentially leading to mutations and cancer, mainly bladder cancer,

particularly for dyes that contain carcinogenic impurities, such as Citrus Red 2 [68,69].

Additionally, some dyes act as endocrine disruptors, interfering with hormone systems, which
could result in reproductive health issues [70]. Table 1.2.4 illustrates the adverse health effects

associated with several commonly used synthetic dyes.

Table 1.2.4 Summary of the effects of various synthetic dyes on human health.

Dye name Use Adverse health effects Ref
Cosmetics,
Congo Red leather, food, Genotoxic, hemotoxic, neurotoxic, [71]
pharmaceuticals, carcinogenic, and mutagenic
and paper
Coloring silk,
Methylene wool, cotton, Carcinogenic, respiratory distress,
Blue paper, cosmetics, abdominal disorders, blindness, digestive [72]
and and mental disorders, methemoglobinemia
pharmaceuticals
Amaranth Food coloring Genotoxic, cytotoxic, and cytostatic [73]

13



Chapter I: Literature Review

Disperse Textile dye Mutagenic effects on human hepatoma cells
Red 1 and lymphocytes, leading to cancer [74]
Textile dye, Skin irritation, allergic dermatitis, mutations,
Basic Red 9  biological stain, liver sarcoma, bladder cancer [13]

and cosmetics

Biological stain, Skin irritation, digestive tract failure,
Crystal pharmaceuticals, respiratory and renal organ failure, [75]
violet textile, and paper genotoxicity, and carcinogenicity

1.3 Traditional wastewater treatment methods
1.3.1 Overview and application

Traditional wastewater treatment methods have been developed and refined over many decades
to satisfy the growing demand for effective water purification [76]. These techniques employ
physical, chemical, and biological processes to remove different contaminants from wastewater.
Common methods include adsorption [77], coagulation-flocculation [78], filtration [79],

electrocoagulation [80], and biological treatments [81].

These methods have been extensively studied and applied for the removal of several pollutants
such as synthetic dyes, demonstrating varying degrees of success. Their performance depends
on different factors such as pollutant concentration, process time, and other operating conditions
[82]. A summary of the application of some traditional methods for the removal of dyes is

presented in Table 1.3.1.

Table 1.3.1 Application of traditional treatment methods for dye removal

Method Dye Operating Concentration  Degradation Time Ref
Conditions (mg/L) Rate (%)
pH 9, adsorbent
dosage: 60 mg/100
Adsorption MB  mL, max adsorption 100 99.9 60 [83]
(Activated capacity: 322 mg/g min
carbon)

pH 6, Polyferric-

silicate-acetate
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Coagulation- CR  coagulant: 0.1 g/L, 100 93.3 32 [84]
Flocculation 300/60 rpm mixing, min
16 mg/L dosage

pH 7, AUNi anodes,
Fe cathode, 8

Electro-
coagulation MO mA/cm? 1 g/L NaCl 100 97.74 30 [85]
Energy consumed: min
36.299 kWh/kg
Biological Saccharomyces, pH
treatment 5,37°C, NaCl 4 g/L, 50 94.5 48 h [86]
(Yeast) MO glucose 60 mL/L
Polyethersulfonepol Initial dye
yethylenei ine— concentration:
Membrane Blue graphene oxide 10 mg/L, real 97.8 /96 50h [87]
filtration Cora membrane, flat dye bath
zol  sheet, pore size: 0.2  concentration:
um, pH: 6-10, 3 bar, 40 mg/L
water flux: 99
L/m*>-h
Sedimentation = MB  Palygorskite material 0.001 w/v 100 24h [88]

1.3.2 Challenges of traditional wastewater treatment methods

Despite their widespread use, traditional wastewater treatment methods have notable limitations
that hinder their performance and sustainability [89]. One of the major drawbacks is the
generation of large amounts of sludge, which requires additional treatment and safe disposal
[12]. For instance, adsorption using activated carbon is not only costly but also energy-intensive
due to the need for adsorbent regeneration [90]. In addition, coagulation-flocculation generates
substantial amounts of chemical sludge, increasing the burden on waste management systems
[91]. Furthermore, electrocoagulation, though efficient, consumes considerable energy and is
prone to electrode corrosion, which affects operational efficiency [92]. Biological treatment
methods, such as those utilizing yeast, often have lower degradation time, low biodegradability
for azo dyes, and vulnerability to dye harmfulness, limiting their application in variable settings

[93]. Similarly, membrane filtration, despite its effectiveness, suffers from issues like
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membrane fouling, which reduces its long-term viability, and it also incurs high operational
costs [94]. The sedimentation, while a common and simple process for separating solid particles

from liquids, often requires a long settling time and also leads to the generation of sludge [88].

Therefore, these limitations highlight the need for ongoing research and development to

improve the efficiency and sustainability of wastewater treatment methods.

1.4 Heterogeneous photocatalysis for wastewater treatment

Photocatalysis, a notably advanced oxidation process (AOP), relies on the use of light-activated
catalysts to promote chemical reactions that break down complex organic pollutants in water
[96]. Among its various forms, heterogeneous photocatalysis has gained significant attention as
an effective method for wastewater treatment, particularly for its potential to mineralize organic

pollutants while maintaining an eco-friendly profile [97, 98].

This process relies on the capacity of semiconductor materials to absorb photons with energies
equal to or exceeding their band gap energy. This absorption results in the excitation of electrons
from the valence band to the conduction band, generating electron-hole pairs (e - h"). These
photogenerated charge carriers play a crucial role in facilitating redox reactions at the surface
of the photocatalyst, leading to the formation of reactive oxygen species (ROS) such as
hydroxyl radicals (-OH) and superoxide ions (-O:7). These highly reactive species can
mineralize pollutants, adsorbed onto the semiconductor’s surface, completely or partially, by
breaking down their chemical bonds, into carbon dioxide (CO:), water (H20), and other simpler
by-products [99]. Fig. 1.4.1 depicts the photocatalytic mechanism of a semiconductor for the

degradation of organic pollutants.

Common semiconductor materials used in PC, such as titanium dioxide (TiO2), zinc oxide
(ZnO), and cadmium sulfide (CdS), are favored for their efficient ability to facilitate the

generation of ROSs, and the subsequent degradation of pollutants [100-102].
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Fig. 1.4.1 Photocatalytic mechanism of semiconductor-mediated degradation of organic

pollutants

The mechanism of PC can be described through the following steps [103]:
Catalyst + hv —— eg, + hi
H,0 + h{, —» OH™ + H",
0,+e; —> 072
072+ H*—>» OH™?,
20H™2 — H,0, + 0,
H,0, — 20H;,
OH' + Dye — CO, + H,0 + by — products.

1.4.1 Factors influencing the PC process

Several key factors significantly impact the photocatalytic efficiency in the removal of organic
dyes. These parameters are essential in determining the performance of catalysts for pollutant
degradation, as they directly influence the photocatalytic activity of the composites. Among
these factors are the light source’s nature and intensity, dye concentration, catalyst dosage, pH
levels, and temperature. Understanding and optimizing these variables is vital to achieve high

photocatalytic performance while minimizing costs [104].

17



Chapter I: Literature Review

e The light source's wavelength and intensity

The choice of a suitable light source is a critical factor in designing and optimizing
photocatalytic processes. This choice should align with the properties of the photocatalyst and
the goals of the photocatalytic reaction. Several aspects of light sources influence the efficiency
of PC. First, the wavelength of light plays a key role, as different sources emit photons in
specific ranges, such as ultraviolet (UV) or visible light. PC occurs when photons possess
sufficient energy to excite the electrons in the photocatalyst, triggering the desired reactions.
Additionally, the intensity of light, which refers to the amount of light emitted over time, can
significantly impact the process. Higher light intensity increases the number of photons
interacting with the catalyst, enhancing its reactivity. The duration of exposure to light, or
irradiation time, also affects the reaction's progress. Prolonged illumination can lead to more
complete reactions, ensuring better results. Finally, the type of light source, such as UV lamps,
LEDs, fluorescent lamps, halogen lamps, or natural sunlight, influences photocatalytic
performance due to their distinct spectral profiles. The choice of the light source should match

the optical properties of the photocatalyst to maximize its efficiency [105-107].

o Effect of pH

pH significantly affects photocatalytic degradation by modifying the surface charge of the
catalyst. The point at which the catalyst surface charge becomes neutral is known as the point
of zero charge (pHpzc), which for TiO: is typically around 6 & 0.5 [108]. According to Dutta et
al., [109] when the pH is lower than the pHpzc, the catalyst surface becomes positively charged,
attracting anions. On the other hand, when the pH exceeds the pHpzc, the surface becomes
negatively charged, attracting cations. This variation in charge influences the adsorption of
pollutants and, consequently, the efficiency of the photocatalytic process. Anionic dyes, for
instance, tend to adsorb more effectively onto positively charged surfaces in acidic conditions,
while cationic dyes are more likely to adsorb onto negatively charged surfaces in basic
environments [110]. These interactions are crucial in determining the overall photocatalytic
activity, as the surface charge affects the catalyst's ability to interact with and degrade different

pollutants.
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e Photocatalyst loading

To optimize the photocatalytic process, it is important to avoid using an excessive amount of
photocatalyst. From an economic perspective, the photocatalytic process should achieve
maximum efficiency with the minimum amount of photocatalyst used [111]. It has been
observed that increasing the amount of photocatalyst generally enhances photocatalytic activity,
as more active sites are available on the surface of the catalyst. This leads to the generation of
higher quantities of hydroxyl radicals (*OH) and other reactive oxygen species (ROS), thus
enhancing the PC. However, beyond a certain threshold, using too much photocatalyst can
decrease efficiency. Excessive photocatalyst leads to reduced light penetration within the
solution, as the reactor becomes cloudy, ultimately diminishing photocatalytic performance

[112].
e Pollutant concentration

The concentration of the contaminant in the solution is another significant factor that influences
the photocatalytic process. There is typically an inverse relationship between dye concentration
and photocatalytic degradation efficiency [112]. As the dye concentration increases, more dye
molecules adsorb onto the photocatalyst's surface, decreasing the number of available active
sites for photon absorption and decreasing the generation of hydroxyl radicals (*OH) [113]. This
reduction in active sites and radical generation leads to a decrease in overall dye degradation.
Additionally, higher dye concentrations limit the distance photons can travel through the
solution, reducing the amount of light reaching the catalyst and further hindering photocatalytic
activity. At elevated concentrations, dye molecules can also cause surface blocking by
occupying active sites and competing with photons and reactive species, further diminishing
catalytic efficiency. According to Mamun et al., [114] a 23% decrease in the photocatalytic
degradation of MO dye, was observed at an initial concentration of 50 mg/L when using a doped
TiO2 composite under solar light irradiation, attributing the reduction to the limited penetration

of simulated solar light into the dye solution

e Effect of temperature

The photocatalytic process is activated by photons and does not require heat, typically

functioning at room temperature [115]. However, there exists an optimal temperature range that
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strikes a balance between improving reaction rates and minimizing the adverse effects of
increased recombination rates [116]. Generally, elevated temperatures can accelerate
photocatalytic reactions by providing additional kinetic energy to molecules, promoting more
frequent and effective collisions between reactants and the photocatalyst. Studies have shown
that temperatures ranging from 20°C to 80°C tend to offer optimal conditions for pollutant
photodegradation [117]. However, excessive heating can lead to a rise in the recombination rate
of electron-hole pairs, thereby reducing photocatalytic efficiency. Furthermore, temperature
variations can alter the adsorption-desorption equilibrium of pollutants on the photocatalyst
surface, with higher temperatures potentially diminishing adsorption due to an increase in
desorption rates. Thus, while moderate heating can enhance photocatalytic activity, excessive

temperatures may adversely affect the overall process efficiency [115].
L.5 TiO: as a photocatalyst

L.5.1 Key functional advantages of TiO:Titanium dioxide is widely used in photocatalysis due
to its unique combination of properties such as an chemical stability, low-toxicity [118], high
corrosion resistance [119], and strong oxidative ability under UV light [120]. It operates
effectively at low temperatures and is abundant, cost-effective [121]. These advantages make
TiO2 a preferred practical material for real-world applications, such as water purification

systems [122].

Today, TiO: remains indispensable in diverse applications, from environmental remediation to

renewable energy technologies.
I.5.2 Crystalline forms

TiO: exists in three primary crystalline forms, each with distinct structural properties and

varying photocatalytic performances [123], as illustrated in Fig. L.5.1.

e Anatase

Characterized by its tetragonal crystal structure and relatively open atomic arrangement,
features Ti*" ions coordinated with six O* ions in distorted octahedra (Fig. I.5.1 (a)). This
structure facilitates efficient pathways for electron mobility, enhancing its photocatalytic
activity. With a density of 3.894 g/cm® [124], anatase is less dense compared to the rutile phase

of TiO2 (density 0f4.25 g/cm?) owing to its more open atomic packing. This less dense structure
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reduces recombination sites for charge carriers, boosting photocatalytic efficiency. Its bandgap
of approximately 3.2 eV makes anatase highly effective under UV light, and its refractive index
of 2.5 further contributes to its optical properties [125,126]. Due to its high photocatalytic
activity, anatase is commonly used in environmental purification applications, such as water

purification systems. Its efficiency under UV light also makes it suitable for solar cells [127].

e Rutile

Also possessing a tetragonal structure, rutile is the most stable phase, due to its dense crystal
structure, in which Ti* ions are closely packed in an octahedral configuration (Fig. L.5.1 (b)).
This phase is thermodynamically stable and typically forms at high temperatures (600—700°C)
[128]. Rutile is the densest phase of TiO2, with a density of 4.25 g/cm? [129], and a refractive
index of 2.7 [130]. The dense packing results in fewer surface sites, reducing its photocatalytic
efficiency compared to anatase, but it enhances durability, making rutile suitable for industrial
applications as a white pigment for paints, plastics, and papers [131]. With a bandgap of about
3.0 eV, rutile is less efficient under UV light for photocatalytic applications but is valued for its
stability and robustness [132].

e Brookite

The rarest polymorph of TiO», exhibits an orthorhombic structure with a more complex atomic
arrangement (Fig. 1.5.1 (c)). It has a density of4.12 g/cm?® [133] and is less stable compared to
anatase and rutile. It transforms into the rutile phase at 800°C. [134,135]. The optical and
catalytic properties of brookite remain the least explored, primarily due to the challenges

associated with synthesizing a pure brookite phase [136].
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Fig. 1.5.1 Crystallographic structures of a) anatase, b) rutile, and c) brookite TiO-, visualized
and represented using the VESTA software package [137]
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1.5.3 Applications of TiO>

Titanium dioxide (TiO2) is a white, crystalline powder known for its chemical stability,
photocatalytic activity, and corrosion resistance, making it invaluable across various industries.
In environmental applications, TiO- is widely used in PC for water and air purification due to
its ability to degrade organic pollutants under UV light [138]. In the textile industry, it is applied
as a coating to provide UV protection and improve fabric durability [139]. TiO: also finds
extensive use in the food industry as a whitening agent (E171) in confectionery and other
products [140], and in pharmaceuticals, where it serves as a light-protective coating for tablets
[141]. In cosmetics, it is a key ingredient in sunscreens and makeup products due to its UV-
blocking properties and skin safety [142]. Furthermore, TiO: is integral to dye-sensitized and
perovskite solar cells, serving as an efficient photoanode material [143]. Its applications extend
also to paints and coatings, where TiO: is used as a pigment to provide enhanced opacity,

whiteness, and weather resistance [144].

1.5.4 Limitations of TiO;
e High Electron-Hole Recombination Rates

Photocatalytic activity in TiO- is largely hindered by the rapid recombination of photogenerated
electron-hole pairs. This process reduces the availability of charge carriers for key reactions,

such as the generation of reactive oxygen species (ROS), limiting its overall efficiency [145].

e Limited Visible Light Absorption

Because of its large band gap (approximately 3.2 eV for anatase), TiO: primarily absorbs UV-
A light, which makes up only about 5% of the solar spectrum. This restricts its photocatalytic
performance under natural sunlight, requiring modification to extend its absorption into the

visible light range for better applicability in outdoor settings [146].

e Challenges in Recovery and Reusability
When used in powder form, TiO: particles are challenging to recover from treated water due to
agglomeration. This complicates recycling processes, making it less feasible for large-scale

applications [147].
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Therefore, optimizing these parameters is crucial for consistent and reliable photocatalytic

performance.

L.5.5 Strategies to improve TiO: photocatalytic performance

L.5.5.1 Immobilization of TiO: on support materials

The use of support materials for TiO: is a widely studied strategy to improve its photocatalytic

performance while addressing challenges such as nanoparticle aggregation, difficulty in

recovery, and mechanical instability. Various materials have been explored for this purpose,

each offering distinct advantages.

Zeolites [148], have been extensively studied due to their high surface area, porous
structure, and significant adsorption capacity, making them effective at adsorbing and
concentrating pollutants near TiO: active sites [149]. This synergistic effect has been
observed in wastewater treatment applications, particularly for the photodegradation of
synthetic dyes [150].

Carbon-based materials [151], including graphene and carbon nanotubes (CNTs), offer
excellent electrical conductivity that facilitates effective charge separation and
minimizes electron-hole recombination. This property, combined with their ability to
absorb visible light, extends TiO-’s photocatalytic spectrum [152].

Polymeric materials [153], like polyvinyl alcohol (PVA) and polyethylene are favored
for their flexibility, lightweight nature, and ease of fabrication into various shapes. Their
chemical stability makes them suitable for continuous-flow systems [154].

Glass fibers tissue, stands out as a good choice for immobilizing TiO- due to its unique
combination of mechanical strength, thermal stability, and optical characteristics. Its
high surface area ensures uniform TiO- distribution, providing abundant active sites for
photocatalytic reactions [155]. Yu et al., [156] have reported that TiO. particles
deposited on glass fibers exhibited stable photocatalytic activity over 4 reactive cycles,
with minimal deactivation under repeated UV exposure. The TiO2- coated GFT achieved
a consistent nitrogen monoxide degradation rate of approximately 67% throughout the
cycles, highlighting its potential for long-term photocatalytic applications.
Additionally, its excellent thermal stability enables it to withstand high-temperature

treatments [157,158], unlike polymeric materials that exhibit poor thermal stability, with
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maximum resistance temperatures of approximately 150°C for PVA [159], and 80°C for
polyethylene [160], which limits their use in high-temperature processes like
calcination, which requires temperatures above 400°C to enhance TiO: crystallinity
[161]. GFT’s transparency to UV and visible light enables efficient light penetration,
maximizing the activation of TiO, thus enhancing photocatalytic performance in
photoreactor systems. Moreover, GFT’s lightweight, flexible, and easy to handle, make
it adaptable to various reactor configurations, including flat-panel and tubular systems.
Its chemical inertness further contributes to its durability across diverse operational
environments, ensuring long-term performance without interference with the catalytic
process. Compared to zeolite, and carbon-based materials, which face challenges in
large-scale water treatment processes due to their complex fabrication requirements,
GFT offers a simpler, and more economical solution. Zeolite requires a complex
synthesis process involving high temperatures, specialized conditions, and chemical
treatments to achieve properties like high surface area or ion exchange capacity, making
it expensive and less practical for large-scale applications [162,163], while carbon-
based materials including graphene, and CNTs, involve multiple steps like purification
and functionalization to enhance their properties [164,165]. These complexities and

costs make zeolite and carbon-based materials less suitable for large-scale applications.

While various supports offer distinct advantages, GFT provides an unmatched combination of
mechanical strength, thermal stability, light transparency, and practicality. These characteristics
make it a superior choice for TiO:-based photocatalytic systems, ensuring efficient pollutant
degradation, catalyst recovery, and long-term stability, thereby contributing significantly to the

economic and environmental sustainability of advanced wastewater treatment technologies.

To immobilize TiO: on glass fibers, the dip-coating method is a commonly used technique due

to its low cost, simplicity, and effectiveness [166].

This process involves preparing a homogeneous suspension by dissolving powdered titanium
in an alcohol, such as ethanol, and stirring the mixture thoroughly. Prior to coating, the glass
fibers are cleaned with specific solutions, such as acids [167] organic solvents, or neutral
detergents [168] to enhance the adhesion of TiO: to the substrate. After stirring for a set period,
the glass fibers are immersed in the solution, allowing the titanium precursor to uniformly coat

their surface. According to the literature [169], the immersion duration and number of dip-
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coating cycles significantly influence the coating thickness. Longer immersion times allow
more TiO:2 to be absorbed, leading to a thicker coating. Similarly, increasing the number of dip-
coating cycles results in additional layers of TiO2 being deposited, further enhancing the coating
thickness. These factors are key to controlling the final thickness of the TiO- layer on the fibers.
After immersion, the glass fibers are washed multiple times with distilled water to eliminate
unadsorbed or weakly adsorbed TiO-, then dried to evaporate the solvent, followed by the
calcination at high temperatures (300°C to 500°C) [170], to improve TiO> crystallinity and
eliminate any organic impurities, and then cooled at room temperature. In some cases, the

immersion and drying steps are repeated to achieve a thicker and more uniform coating [171].

Proper control of dip-coating cycles and annealing parameters ensures optimal coating
thickness, and photocatalytic performance, maximizing active sites and providing durable,

stable coatings for wastewater treatment applications [172].

1.5.5.2 Ag as dopant of TiO: photocatalyst

Ag stands out as a highly effective dopant for improving the photocatalytic performance of TiO2
compared to other elements such as copper, zinc, or lanthanum. This is due to its excellent
catalytic properties, electrical conductivity, surface area, and durability, which enable it to
facilitate highly selective and efficient redox reactions, particularly in the degradation of

organic contaminants [173,174].

The practicality of Ag-doped TiO- for wastewater treatment relies heavily on its stability and
reusability. For instance, Nguyen, et al., [175] have shown that the photocatalytic efficiency
remains above 85% even after 5 reactive cycles, with negligible silver leaching. This high
durability, and stability, make Ag-doped TiO: a promising candidate for long-term water

treatment applications, minimizing the necessity for frequent catalyst replacement.

The enhancement of TiO: photocatalytic performance by Ag occurs through two primary
mechanisms. Firstly, silver acts as an electron transfer center, capturing electrons from the
conduction band of TiO: and transferring them to O> molecules, generating reactive superoxide
radicals. Secondly, under light irradiation, the increased generation of holes in the valence band
of TiO: promotes their reaction with H>O molecules to produce (-OH), which are crucial in
oxidizing dyes [176].
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Furthermore, Ag nanoparticles play a dual role as electron mediators and photosensitizers. As
electron mediators, they trap excited electrons from TiO2’s conduction band, reducing charge
recombination and prolonging the lifetime of charge carriers [177]. As photosensitizers, Ag
nanoparticles absorb low-energy photons and inject excited electrons into TiO2, enhancing
photocatalytic efficiency. This dual functionality leads to the formation of a more stable
electron-hole pair and significantly improves the overall efficiency of photocatalytic reactions

[178].

In addition to these properties, Ag-doped TiO: exhibits excellent thermal stability [179]. Amrani
et al., [180] have shown that the incorporation of silver into the TiO» matrix enhances its thermal
stability, allowing it to maintain its crystalline structure and photocatalytic activity even at

elevated temperatures.

Moreover, Ag-doped TiO: exhibits remarkable optical effects. The incorporation of silver
nanoparticles into the TiO: matrix modifies its optical properties, particularly by increasing the
absorption of visible light, in some cases. This is due to the surface plasmon resonance of silver
nanoparticles, which allows TiO2 to absorb a broader range of light wavelengths, thereby
enhancing its photocatalytic efficiency under solar irradiation, [180]. These optical effects are
crucial for practical applications, as they enable more efficient use of solar light for

photocatalytic reactions.

These properties, including enhanced charge separation, improved stability, superior thermal
properties, and broadened light absorption, collectively contribute to a significant improvement
in the overall photocatalytic efficiency of TiO2, making Ag-doped TiO: a highly promising

material for applications such as in pollutant degradation.

With all the exceptional properties of silver as a dopant for TiO-, the synthesis method remains

crucial in highlighting the photocatalytic performance.

Numerous methods have been utilized to synthesize the Ag-doped TiO: photocatalysts with
diverse morphologies, including sol-gel [181], photodeposition [182], hydrothermal [183],
Electrospinning [184], and microwave-assisted processes [182]. Table 1.5.1 summarizes the
common synthesis methods for Ag-doped TiO: nanoparticles and their efficiency in dye
degradation via PC. Each method presents unique advantages and limitations in terms of cost,

efficiency, and material properties such as morphology, crystallinity, particle size, and
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dispersion of silver within the TiO: matrix. These properties significantly affect the

photocatalytic efficiency and stability of the catalyst.

However, optimizing these techniques or exploring more innovative, cost-effective, and time-
efficient synthesis methods remains essential to further enhance the practical application of Ag-

doped TiO: photocatalysts.

Table 1.5.1 Overview of Ag-doped TiO: nanoparticles synthesis and photocatalytic efficiency

Materials used Synthesis pollutant Photocatalytic Ref
Method performance
Titanium (IV)
isopropoxide, Sol gel MB 95% in 60 min under [185]
silver nitrate visible light
Titanium (IV)
isopropoxide, Hydrothermal Tartrazine 87% in 180 min under [183]
silver nitrate visible light
TiO> powder,  photodeposition RhB 100% in 60 min [182]
silver nitrate UV light
Formaldehyde
TiO, powder, assisted RhB 100% in 30 min under UV [182]
silver nitrate microwave light
synthesis
Titanium (IV)  Electrospinning- MB 77% in 1.33 h under [184]
isopropoxide, calcination visible light

silver nitrate

1.6 Strategies to improve the PC process
1.6.1 Add of oxidant

The addition of oxidants, such as H20-, is a well-established strategy to enhance the efficiency
of photocatalytic systems. H.O. demonstrates remarkable oxidative performance when coupled

with TiO: for the degradation of organic pollutants. For instance, Wu et al., [186] have
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highlighted the significant synergistic effect of TiO2/H-O: systems in the photodegradation of

tartrazine, MO, and rhodamine B.

Under light source, in the presence of the photocatalyst, H.O: can act as an electron acceptor,
effectively reducing the recombination of photogenerated electron-hole pairs (Equation I.1)

and further boosting the generation of ROS (Equation 1.2 and 1.3)

H,0, + hv —» 20H: L1
H,0, + e~ —> OH + OH- 12
H,0, + 057 — OH'+ OH™ + 0, 13

However, the effectiveness of H20: in PC is influenced by its concentration. An optimum
concentration is crucial to maximize ROSs production while minimizing the scavenging of
reactive species or competitive adsorption on the catalyst surface, ensuring optimum

photocatalytic efficiency [187-189].
1.6.2 PC coupled HC

Hydrodynamic cavitation (HC) is the phenomenon involving the formation, growth, and
subsequent violent collapse of vapor-filled cavities (microbubbles) within a liquid, induced by
local pressure variations. These cavities are nucleated in regions where the static pressure of
the liquid falls below its vapor pressure, often due to geometric constrictions or flow
acceleration. As the fluid moves into higher-pressure zones, the cavities collapse (implode)

rapidly, resulting in localized extreme conditions.

Under specific conditions, the collapse of these microbubbles leads to the generation of
localized hotspots with temperatures exceeding 2000 K and pressures surpassing 100 MPa. This
implosion generates intense turbulence, shockwaves, high-shear zones, and liquid microjets
traveling at velocities of several hundred meters per second. These mechanical effects,
combined with the extreme thermodynamic conditions, induce the homolytic cleavage of water
(H20) and dissolved gases (e.g., O2), thereby forming highly reactive radical species, such as
*OH (hydroxyl), *H (hydrogen), and O< (atomic oxygen). These reactive oxygen species
(ROSs) are powerful oxidants that play a central role in the degradation of organic pollutants.

[190-192].
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Fig. 1.6.1 depicts a schematic representation of the mechanisms involved in the cavitation
process, illustrating bubble growth, implosion, and the subsequent formation of oxidative

radicals responsible for pollutant degradation.
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Fig. 1.6.1 Schematic representation of HC process using a vortex diode, including a
graphic depiction of bubble formation, expansion, and collapse during the cavitation

process [193], and pressure profile [194].
HC devices are generally categorized into two main types:

1. Active cavitation devices, which contain moving parts (e.g., rotor-stator systems),
generate cavitation through mechanical shear and turbulence induced by high-speed
rotating components and roughened surfaces. While effective, these systems are
expensive, energy-intensive, and require frequent maintenance, limiting their practical

application despite their high cavitation efficiency [195].

2. Passive cavitation devices, which have no moving parts, include venturi tubes, orifices,
and vortex diodes. These rely on flow geometry to induce pressure drops and cavitation.
Among them, vortex-based systems are gaining prominence due to their ability to
confine cavitation in the core of the liquid, thereby minimizing wall erosion, avoiding

clogging, and prolonging device lifespan [196,197].

Passive devices, such as vortex-based or constriction-based systems, generate cavitation

through controlled flow dynamics. While constriction devices risk clogging and erosion due to
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wall-bubble collapse, vortex-based designs reduce these issues by confining cavitation to the

liquid’s core [196,197].
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Fig. 1.6.2 Hydrodynamic-based cavitation devices [198,199]
Applications of HC are increasingly diversified and include:

o Wastewater treatment, where ROSs degrade dyes, pharmaceuticals, pesticides, and

other recalcitrant compounds [200].

e Water disinfection, through the disruption of microbial cell walls and oxidative

inactivation of pathogens [201].

e Biomass pre-treatment, where cavitation enhances cell wall disruption, promoting the

release of fermentable sugars for bioenergy applications [202].

This technique is particularly attractive due to its green and chemical-free nature, scalability,
low operational footprint, and the ability to intensify chemical reactions through both physical
(microjets, shockwaves, turbulence) and chemical (ROS generation) mechanisms. Moreover,
HC can be integrated with other Advanced Oxidation Processes (AOPs) to enhance

performance.
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When combined with photocatalysis (PC), HC dramatically boosts degradation efficiency
through synergistic effects—enhancing mass transfer, generating additional active sites, and

accelerating radical formation, thereby improving overall kinetics of pollutant degradation.

Combining this technique with PC will further boost degradation efficiency by increasing

radical generation and improving reaction kinetics.
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Advanced oxidation processes (AOPs) are eco-friendly, and promising technology for treating dye containing
wastewater, This study focuses on investigating the removal of methyl orange (MO), an azo dye, from a synthetic
wastewater through the use of hydrodynamic cavitation (HC), both independently and in c ion with
hydrogen peroxide (H20,), as an external oxidant, as well as photocatalysis (PC) employing catalyst coated on
glass fibers tissue (GFT). The examination of various operating parameters, including the pressure drop and the
concentration of HzOz, was systematically conducted to optimize the degradation of MO, A per-pass degradation
model was used to interpret and describe the experimental data, The data revealed that exclusive employment of
HC using a vortex-based cavitation device at 1.5 bar pressure drop, resulted in a degradation exceeding 96 %
after 100 passes, equivalent to 230 min of treatment (cavitation yield of 3.6 mg/kJ for HC), with a COD
mineralization surpassing 12 %. The presence of a small amount of H,0, (0.01 %) significantly reduced the
degradation time from 230 min to 36 min (16 passes), achieving a degradation of 99.8 % (cavitation yield of
6.77 mg/kJ for HC) with COD mineralization rate twice as much as HC alone, indicating a synergistic effect of
4.8. The degradation time was further reduced to 21 min by combining HC with PC using TiOz-coated glass fibers
and Hz0, (cavitation yield of 11.83 mg/kJ for HC), resulting in an impressive synergistic effect of 9.2 and COD
mineralization twice as high as the HC/H203 system. The results demonstrate that HC based hybrid AOPs can be
very effective for treating and mineralizing azo dyes in water,

adsorption [6], biological treatment [7], coagulation [8], membrane
filtration [9 | etc., involve the transfer of the pollutant from one medium

1. Introduction

One of the major contributors to water contamination are the textile
industries, because of their large quantities of dye containing waste-
water; a problem that needs to be remedied on a global scale. On an
annual basis, ~ 10% tons of dyes are manufactured, and a significant
fraction of it is used by the textile sector around the world [1]. This
extensive utilization gives rise to a substantial volume of wastewater,
laden with persistent organic pollutants (POPs), primarily comprising
azo dyes |2 . The environmental repercussions of such wastewater are
profound, as it poses a considerable threat to ecosystems [ 3| and human
health [4], attributed to the high toxicity, mutagenicity, and carcino-
genicity [5].

Several conventional wastewater treatment techniques, such as

* Corresponding author.
E-mail address: Vivek Ranadecul.ie (V.V. Ranade).

https://doi.org/10,1016/j,ultsonch.2024.106772

to another without destroying it, in addition to the high operational cost
and time-consuming, with low efficiency. Recognizing these shortcom-
ings, there is a compelling need to explore advanced and eco-friendly
alternatives to treat dye-containing wastewater, and herein lies the
significance of advanced oxidation processes (AOPs). AOPs such as
Fenton process |10/, ozonation [11], hydrogen peroxide [12], photo-
catalysis [13], and others, are capable to degrade and mineralize com-
plex organic pollutants in aqueous solutions, by the generation of
powerful non-selective radicals like OH' [14]. These AOPs are eco-
friendly since they focus on complete mineralization of pollutants
with high efficiencies.

In recent years, one of the promising AOPs for the treatment of
wastewater is hydrodynamic cavitation (HC) [15-17]. HC is a process of
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Abstract

Advanced oxidation processes (AOPs) constitute green and promising technological
advancements for the treatment of dye-laden wastewater. This research investigates the
elimination of methyl orange (MO), a type of azo dye, From synthetic wastewater through
hydrodynamic cavitation (HC) independently and in conjunction with hydrogen peroxide
(H20:) as an external oxidant, along with photocatalysis (PC) using a catalyst immobilized on
glass fiber tissue (GFT). A systematic analysis of operating conditions, including pressure drop
and H20: concentration, was conducted to enhance MO degradation. To interpret and describe
the experimental data, a per-pass degradation model was applied. The findings indicated that
HC alone, utilizing a vortex-based cavitation device at a pressure drop of 1.5 bar, achieved over
96% degradation after 100 passes (corresponding to 230 min of treatment), with a cavitation
yield of 3.6 mg/kJ and a COD mineralization rate exceeding 12%. The addition of a small
amount of H20: (0.01%) significantly decreased the treatment duration from 230 minutes to 36
minutes (16 passes), leading to 99.8% degradation with a cavitation yield of 6.77 mg/kJ. This
also resulted in a COD mineralization rate twice as high as that of HC alone, demonstrating a
synergistic effect of 4.8. The integration of HC with PC, using TiO2-coated glass fibers in the
presence of H»0., further reduced the treatment time to 21 minutes, yielding a cavitation
efficiency of 11.83 mg/kJ. This approach exhibited a remarkable synergistic effect of 9.2 and
achieved a COD mineralization rate twice that of the HC/H20: system. These findings confirm
the high effectiveness of HC-based hybrid AOPs for the degradation and mineralization of azo
dyes in wastewater.

Keywords: Degradation rate, external oxidant, TiO2-coated glass fibers, mineralization

II.1 Introduction

Among the primary sources of water pollution, the textile industry stands out due to the large
volumes of dye-laden wastewater it generates, posing a significant environmental challenge
worldwide. Annually, an estimated 10® tons of dyes are produced, with a substantial portion
being consumed by the textile sector worldwide [203]. As a result, this widespread use leads to
the discharge of considerable amounts of wastewater containing POPs, predominantly azo dyes

[204]. The impact of this wastewater on the environment is severe, as it represents a serious
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risk to ecosystems [205] and human health [206], due to its high toxicity, mutagenic potential,

and carcinogenic properties [207].

Several traditional methods for wastewater treatment, including adsorption [208], biological
treatment [209], coagulation [210], and membrane filtration [211], typically transfer pollutants
from one medium to another without degrading them. These techniques also tend to be costly,

time-intensive, and often lack high efficiency.

Given the limitations of traditional methods, the demand for exploring advanced and eco-
friendly solutions to treat dye-contaminated wastewater is needed. This highlights the
importance of AOPs. Techniques like the Fenton process [212], ozonation [213], hydrogen
peroxide [214], and photocatalysis [215] are effective at breaking down and mineralizing
complex organic pollutants in water by generating highly reactive and non-selective radicals

such as hydroxyl (OH) [216].

In recent years, HC has emerged as a promising AOP for wastewater treatment [217, 218, 200].
HC involves the formation, growth, and collapse of gas/vapor-filled cavities (microbubbles)
within a low-pressure zone, close to the vapor pressure of water at the working temperature,
inside a cavitation device. The turbulence in this low-pressure environment generates cavities,
which then travel to higher-pressure regions. When exposed to pressure fluctuations, these
cavities collapse, creating local hot spots and generating highly reactive oxidizing radicals
[219]. HC has demonstrated its efficiency in removing POPs from both real synthetic and real
wastewater (on an industrial scale) [220], sourced from various industries, including agriculture

[221], food [222], textiles [223], and pharmaceuticals [224].

Although numerous studies have explored the use of HC for dye-contaminated wastewater
treatment, its independent application has demonstrated limitations in attaining high levels of
degradation [225-227]. As a result, considerable attempts are being undertaken to combine HC
with other AOPs [228-230]. Recent research has highlighted the synergistic benefits of pairing
HC with PC [225, 231], while HC combined with H.O: has also proven to be an effective
strategy for dye removal [226]. Major studies examining the integration of HC with various

AOPs to enhance pollutant degradation are presented in Table IL.1.
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Table II.1 Overview of key research on combined AOPs.

Oxidation Pollutant (s) Results Reference
processes
used
HC (Venturi), The HC/ZV1/sulfite process achieved
zero-valent Direct Red 83  95.54% dye degradation, significantly [232]
iron (ZVI), (DR&3) outperforming individual processes (ZVI
and sulfite and sulfite <6%, HC 68.21%)
HC (orifice), Ponceau 4R, Degradation rates of 92.27%, 50.1%, and
potassium Tartrazine, and 42.3% were achieved for Tartrazine, CBB
persulfate Coomassie and Ponceau 4R, respectively. A synergetic
(KPS), and Brilliant Blue  index of 2.51 confirmed the effectiveness of [233]
H>0, (CBB) the combined HC-KPS-H:0: process, which
outperformed HC alone, by 98%
The HC/Os combination showed better
HC (orifice), Methylene results than Na2S.Os for methylene blue [234]
NaxS>0Og and  blue degradation, achieving over 99%
O3 degradation with a synergy coefficient of
3.58
HC (orifice), The HC/H:20: process achieved 100% [235]

H20-, Fenton,

photo-Fenton,

photolytic Methylene
(uv blue, MO, and
irradiation), Rhodamine-B
and

photocatalytic

(Uv

irradiation +

TiO2)

decolorization in 40 minutes (ternary dye:
H-O: ratio 1:40), with a synergetic effect of
28.97. HC/Fenton and HC/photo-Fenton
achieved 98% decolorization with
synergetic effects of 6.285 and 4.923,
respectively, while HC/photolytic and
HC/photocatalytic processes resulted in
74.53% and 82.13% decolorization,

respectively.

36



Chapter I1: Degradation of Methyl Orange using Hydrodynamic
Cavitation, H;0,, and Photo-catalysis with TiO2-Coated Glass Fibers:
Key operating parameters and synergistic effects

HC (venturi), The combination of HC with Fe*-doped TiO-
Fe**-doped Rhodamine B resulted in the highest degradation (91.11%)a  [228]
TiO> a Fe:Ti ratio 0f 0.05:1.00 M

HC (venturi), HC alone resulted in 30% degradation,

NaCl, H,O; HC/H:z0: achieved 70%, while HC/NaCl

and NaCl, MO also showed improvement. The combination

NHA4CI, and of NaCl, NH4Cl, and Na-SO. enhanced the [236]
Na2S04 dye decolorization to 90%

The key goal of this study is to examine the degradation and mineralization of MO, a harmful
azo dye [237]. In this study, we present results from HC, HC coupled with H20., and the
combination of HC/H20: with PC. This approach integrates a vortex-based HC system using

an innovative immobilized photocatalyst, which consists of TiO2-coated GFT.

Vortex-based cavitation has been recognized for its advantages compared to conventional
orifice or venturi-based methods, as demonstrated by Ranade and his colleagues [190, 238,
239]. This technology facilitates earlier inception of cavitation and requires considerably less
energy than conventional systems. Several studies consistently comparing the efficiency of
these devices show that vortex-based cavitation devices achieve a much higher cavitation yield,

measured in terms of the amount (in milligrams) of pollutant degraded per unit of energy [240].

This study is the first to demonstrate the synergistic effect of combining vortex-based HC, H-0-,
and a fiber-coated TiO.. The use of TiO2- GFT not only addresses the challenges of traditional
cavitation systems but also provides an innovative approach to issues related to suspended TiO2
powder, like agglomeration, which often necessitates additional post-treatment steps like
filtration [241]. The per-pass degradation model was utilized to interpret the experimental data
on MO degradation in batch systems and to assess the efficiency of HC, both individually and
in conjunction with H20. and PC. The treatment efficiency was assessed by determining the
cavitation yield, expressed as the weight of dye degraded per unit of energy consumed. These
results offer important insights for the potential large-scale application of this method for

treating dye-contaminated wastewater.
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I1.2 Material and methods

11.2.1 Materials

Methyl orange (molecular weight: 327.334 g mol™'; molecular formula: Ci4H14N3sNaOsS) was
obtained from Thermo Fisher Scientific. Synthetic MO solutions were prepared using distilled
water for all experiments. Sulfuric acid (Sigma Aldrich, 98%) was employed to adjust the
solution's pH. Hydrogen peroxide (Thermo Fisher Scientific, 30% v/v) was utilized to evaluate
its effect on enhancing the oxidizing capacity of the process. The TiO2-coated GFT, sourced
from Ahlstrom Research and Services, was used as the photocatalyst, prepared by impregnating
the GFT—ypre-coated with 6.5 g-m of colloidal silica with an aqueous suspension of TiO2 P25
(80% anatase, 20% rutile) using an industrial size-press technique. The colloidal silica served
as a binding agent to ensure uniform TiO: deposition. The resulting composite exhibited a
specific surface area of 20.6 m?-g!, as determined by BET analysis [242]. All chemicals were

utilized as received from the suppliers.

I1.2.2 Experimental setup

The degradation experiments were conducted in a lab-scale setup, schematically illustrated in
Fig. I1.2.1. The system was specifically designed to facilitate the independent evaluation of HC
and PC, as well as their combined effect. Photographs of the experimental setups are depicted
in the SI as Fig. S1 and Fig. S2, respectively.

The combined system includes a 2.5 L holding tank, from which liquid is circulated utilizing a
centrifugal pump with a power rating of 0.75 kW. The system includes an integrated manual
pressure drop control to regulate the liquid flow through a vortex-based cavitation device (throat
diameter: 3 mm). The cavitation device is constructed from aluminum, following the design
approach outlined by Ranade et al. [238]. The temperature of the liquid in the holding tank was
monitored throughout the experiments but was not actively controlled. For the photocatalytic
process, a 60W LED 395 nm UV light was positioned horizontally at the top of an aluminum
photoreactor (volume: 43.952 cm?, dimensions: 41H x 32L % 33.5W cm), maintaining a 13 cm
distance from the liquid surface. The TiO.-coated GFT was immersed diagonally within the
solution. To ensure proper mixing, the solution was kept under continuous stirring at 200 rpm.

The liquid flow rate at various pressure drops was calculated by recording the time needed to
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collect 1L of liquid The pressure drop versus flow rate characteristics of the vortex-based

cavitation device are provided in Fig. S3.

UV LED, 395nm 60W
Ultraviolet Floodlight IP66 (85V-265V AC

4 A

H=13 cm
Q(m¥s), C(1-®@)(umol /m?)
> Photocatalyst
T Reactor diagonally
Vv, m? % _—"deposited

Cavitation L 4

gevee Q (m¥s), C(umol/m®)

Fig. 11.2.1 Schematic of the experimental set-up

11.2.3 Experimental Methodology

All experiments were conducted using 2.5 L of MO aqueous solution, with concentrations
varying between 10 and 20 ppm. The solution pH was adjusted to approximately 2.0, in
alignment with prior studies [236, 243].

Initial trials revealed that the efficiency of vortex-based HC remains unaffected by the initial
concentration, as observed in previous studies by Ranade et al. [217]. To optimize chemical
consumption while maintaining the reliability of analytical measurements, an initial dye
concentration of approximately 10 ppm was selected, ensuring accurate detection and
evaluation.

The temperature during the experiments ranged from 30 °C to 47 °C. Three sets of experiments
were performed in this study. The first set focused on dye degradation using only HC, with inlet
pressures varying from 1.5 to 3.5 bar for 100 passes. This approach aimed to identify the optimal
inlet pressure for achieving the highest degradation efficiency.

Since the outlet is open to atmospheric pressure, the inlet pressure (expressed as gauge pressure)
directly corresponds to the pressure drop across the cavitation device. The experimental
conditions for the HC trials are detailed in Table I1.2.2. Determining the cavitation number for

vortex-based cavitation devices is complex and not easily defined. According to Ranade et al.
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[190], the cavitation number for vortex-based cavitation devices can be estimated using the
maximum tangential velocity within the vortex chamber. More recently, Gode et al. [244],
established a correlation between the pressure drop across the cavitation device and the
maximum tangential velocity. Using this approach, the cavitation numbers were determined as

follows:

Ca=2(ﬁ)=~ 2 1.1

AP in bar

Table I1.2.2: Operational parameters for HC experiments.

dr is characteristic diameter, AP is pressure drop across the HC device, V; is velocity
based on characteristic diameter, Re is Reynolds number and, Q is the flow rate through the
HC device, Ca is cavitation number, P, is the pressure at the outlet and P, is vapor pressure

AP (bar) 15 2 2.5 3 35
Q (L/min) 1.1 13 15 1.7 1.9
Vo (M/s) 2.6 3.1 35 4.0 45
dr Vv
Re [(TTTP)] 7785 9200 10616 12031 13447
P;-P,
Ca [~2 (Pl 133 1 0.8 0.67 0.57

In the second set of experiments, the effect of HC in combination with varying amounts of H.O-
(0% v/v, 0.001% v/v, 0.005% v/v, 0.01% v/v, 0.1% v/v, and 1% v/v) was examined to evaluate
its impact on dye degradation. The tests were conducted over a duration of 60 min, utilizing the

optimal inlet pressure determined from the initial sets of experiments.

Finally, the degradation of MO was assessed utilizing a hybrid system combining HC and PC,
under the optimal inlet pressure and H.O: concentration. The experiment was conducted over
60 minutes with TiOz-coated GFT (5 cm x 5 cm) (Fig. S4). Prior to initiating the PC process,
the MO solutions were maintained in darkness and stirred at 200 rpm for 60 minutes to establish
adsorption-desorption equilibrium, as described in previous studies [245], before turning on the

UV lamp to begin the photocatalytic treatment.
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To assess the contribution of adsorption, aliquots were collected before and after the dark
equilibration period. The results showed that dye adsorption onto the TiO2-coated GFT was
minimal, with removal not exceeding ~5%, in line with the well-established limited adsorption

capacity of TiO2-based photocatalysts.

TiO2-coated GFT catalyst was characterized using X-ray diffraction (XRD) with an Empyrean
X-ray diffractometer. XRD patterns were collected using Cu-Ka radiation at a scan rate of 0.1°
20 s, with an accelerating voltage of 45 kV and a current of 40 mA. Scanning electron
microscopy (SEM) images were obtained using a Hitachi SU70 microscope at 5 kV after gold
coating the sample for 1 minute at 20 mA. Detailed characteristics of the catalyst are provided
in Section S1 of the SI. All experiments on dye degradation were conducted in triplicate, with

errors found to be less than 5%.

I1.2.4 Analysis and processing of data

The samples collected during the experiments were analyzed with a UV-Vis spectrophotometer
(Shimadzu UV1800) (Fig. S5) to follow the changes in absorbance over time at a wavelength
specific to the pH of the solution. For the MO solution at pH 2, the maximum absorbance peak
was observed at 507 nm. Immediately after each sampling, the sample was directly analyzed
using the spectrophotometer, while the experimental setup was paused to avoid further reaction
during analysis. MO concentrations were indirectly determined using a calibration curve (Fig.
S6). These UV-measured concentrations were considered accurate and were utilized in all
subsequent calculations.

Pseudo-first-order kinetics have been widely used in the literature to model pollutant
degradation through HC, as seen in numerous studies [226-236]. However, Ranade et al., [217]
pointed out that this model has certain limitations that may affect its accuracy in describing the
degradation process. For instance, the pseudo-first-order kinetics model, when applied under
the same operational conditions, could predict two distinct values for the effective rate constant
in same HC reactors but with varying containment volumes. To address this issue, we adopted
the per-pass degradation factor (@), which depends on the operating conditions and the reactor
design but remains independent of the holding tank volume used during the experiments. This

approach proves particularly useful for understanding and interpreting pollutant degradation

41



Chapter I1: Degradation of Methyl Orange using Hydrodynamic
Cavitation, H;0,, and Photo-catalysis with TiO2-Coated Glass Fibers:
Key operating parameters and synergistic effects

and optimizing essential operating parameters to achieve the most efficient HC performance
[219].

However, to compare the efficiency of the HC system with other hybrid methods and to quantify
the synergistic effects, we employed the pseudo-first-order kinetics approach, aligning with the
commonly used methodology in most published studies on hybrid AOPs.

The overall efficiency of a typical cavitation-based water treatment system, as illustrated in Fig.

I1.2.1, can be modeled as [192]:

dc dc
VEi= QPC or Vo= —KepC 1.2

Where C represents the pollutant concentration, V denotes the effective volume (which includes
both the holding tank volume and the volume of the piping system, including the pump), Q is
the flow rate through the cavitation device, k.f¢is the apparent degradation rate constant and
® is the per-pass degradation factor. While the effect of temperature could be incorporated by
considering activating energy, this study has not factored in activation energy. Instead, we have
presented the effective per-pass degradation factor (@) or the effective rate constant (K.zr),

which were determined across the range of temperatures employed in the experiments.

The number of passes through the cavitation device is linked to the residence time in the holding
tank, which is calculated as the ratio of the holding tank volume to the flow rate through the

cavitation device( V/Q), and operating time. This relationship can be expressed as:
n = ft 1.3

Where n represents the number of passes, and {3 is the inverse of the residence time (Q/V, in
s!). The Chemical Oxygen Demand (COD) of the MO solutions was measured using a DR
1900 spectrophotometer (Hach) for all sample analyses. For this, 2 mL of the sample was
digested using commercial cuvette tests COD reagent (LCI400, 0—-1000 mg/L) for 120 minutes
at 148 °C in an LT 200 digester (Hach-Lange, Germany) (Fig. S7 and Fig. S8). The percentage
of COD destroyed was calculated as:

CODy — COD;

%COD = x 100 1.4

0
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Where COD, and COD; refer to the COD values of the MO solutions before and after treatment

respectively.

HC is less complex in operation compared to PC. To improve the accuracy of assessing system
efficiency, we suggest focusing on the cavitation yield of HC (Y,4,, c), providing a practical
and cost-efficient metric for evaluating performance. The cavitation yield ((Yzqync) is an
essential factor in determining the effectiveness of the HC process. It is defined as the amount
of pollutant degraded per unit of energy consumed and can be calculated using the following

equation:

— v (Cin_c)

Ycav,HC = AP Qt 11.5

Where C;, is the initial dye concentration, and C is the dye concentration at time t. The
cavitation yield (Y4, 5c) is expressed in units of milligrams of dye degraded per kilojoule

(mg/kJ) of energy consumed during the HC process.
I1.3 Results and discussion

The initial discussion focuses on the results obtained from experiments conducted only HC for
dye degradation. Following this, the impact of incorporating H,O, into the HC process on MO
degradation is explored, considering the optimal conditions derived from the HC-only
experiments. The potential synergy between the added H,O, and HC was also assessed. Before
conducting the PC experiments, the catalyst's physical properties were characterized.
Diffraction analysis, a non-destructive technique, was employed to identify the crystalline
structure of TiOz-coated GFT (Fig. S9). This technique allowed for the determination of the
crystallite size of the TiO2 nanoparticles, which is crucial for influencing the material's electrical
and optical properties. The sample's surface structure and composition were further examined
utilizing SEM (Fig. S10). After the catalyst characterization, the potential application of the
hybrid HC/H20,/PC system was investigated, focusing on the degradation of MO under the
optimal conditions determined for HC and H>O.. The mineralization degree was also

established. The findings are discussed in the upcoming sub-sections.
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11.3.1 Application on only HC for degradation of MO

The flow rate through the HC device, or equivalently, the pressure drop across the HC device,
is a crucial factor influencing the efficiency of HC in degrading organic pollutants [246].
According to Ranade et al. [190], vortex-based cavitation devices typically initiate cavitation
at a pressure drop in the range of 0.8-1 bar. Nevertheless, the precise inception point may
deviate slightly from the stated value, influenced by operating temperature, dissolved gas
concentration, the presence of impurities, etc. To eliminate any ambiguity regarding the starting
point and guarantee reproducibility while minimizing error bars on the data, the effect of inlet
pressure or pressure drop across the cavitation device was examined within the range of 1.5 to

3.5 bar. The pH was maintained at 2 for all experiments. The samples were taken at various

intervals (0, 10, 30, 60, 80, and 100 passes) and analyzed for MO concentration. HC induces
the formation and collapse of cavities within the cavitation device, resulting in extremely high
local temperature and pressure, which in turn generates highly reactive radicals responsible for
the degradation of pollutants in the solution. Sarvothaman et al. [192], have provided a

simplified representation of the pollutant degradation reactions as follows:

Cavity collapse —» OH' and other radicals (R) I1.6

R' + pollutant — intermediates —» CO2+ H>O 11.7

As the dye solution flows through the HC device, each pass exposes the dye molecules to the
collapsing cavities, which results in the degradation of the dye molecules through the reaction
outlined in Equation I1.7. The decrease in MO concentration in relation to the number of passes

at varying pressure drops is illustrated in Fig. 11.3.1.

The maximum degradation of 96.4% was achieved at an inlet pressure of 1.5 bar. At pressures
exceeding this value, a notable decline in the degradation rate was observed. Given that energy
consumption per unit mass of treated wastewater is proportional to the pressure drop, the
optimal pressure drop can be identified as 1.5 bar, as it also yielded the highest degradation. It
is essential to highlight that the overall efficiency of pollutant degradation via HC depends on
the product of two factors: the number density of collapsing cavities (humber per m3) and the

intensity of cavity collapse. As the pressure drop across the cavitation device increases, the
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driving force for cavitation increases, which in turn raises the number density of cavities.
However, as more cavities coexist in the liquid, the effective compressibility of the medium
increases, reducing the intensity of cavity collapse. This leads to a decrease in the generation
of hydroxyl radicals, thus lowering the rate of pollutant degradation [190]. The degradation

extent for pressure drops ranging from 2 to 3.5 bar varied by no more than 10%.

Building on the approach outlined by Ranade et al. [192, 219], the per-pass degradation model
was applied to interpret the batch experimental data. As shown in Fig. 11.3.1, the per-pass
degradation factor, which is dependent on hydroxy| radical generation, decreases as the pressure
drop increases. The observed values range between 0.029 and 0.045. The maximum degradation
efficiency was obtained at a pressure drop of 1.5 bar, corresponding to a per-pass degradation
factor of 0.045. Based on this, 1.5 bar was chosen as the optimal pressure drop for subsequent
experiments.

0 20 40 60 80 100
1.00 {‘-- 1 1 1 1 :
A 1.5 bar
O 2.0 bar
é’ 0.80 T o 25bar
S o 3.0 bar
5 ¢ 35bar
€ 0.60 A ®=0.0450
g —— ©=0.0347
c
8 — ®=0.0336
é 0.40 - D=0.0308
2 ®=0.0290
5
E
0 0.20 A
0.00

Number of passes, n (-)

Fig. 11.3.1 MO degradation as a function of the number of passes under different inlet

pressure conditions; V =2.5 L, pH = 2, and an initial concentration of 10 ppm.
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11.3.2 HC combined with H20»: Synergistic effect

Among the diverse potent oxidation agents, H-O- is extensively utilized in oxidation reactions
and has recently been explored for enhancing cavitation processes, particularly in the
degradation of persistent organic pollutants [156, 224, 247]. The addition of H.O- to the HC
process is expected to boost free radical generation, thereby improving pollutant degradation
efficiency [226,248]. Fig. 11.3.2 presents the results of the sets of experiments comparing HC
alone, a control test with only H20: in the absence of HC, and various H20O: concentrations
combined with HC, evaluated as function of number of passes at the optimal inlet pressure of
1.5 bar. The results indicate that HC alone achieved a maximum MO degradation of 83.3%,
whereas the blank MO/H:0: test resulted in a negligible 0.9% degradation after 26 passes
(corresponding to 60 min of treatment). When H>O. was combined with HC, the overall
degradation efficiency improved significantly, reaching 99.8% at an H.O: concentration of
0.1%. Initially, increasing the H.O: concentration led to a higher degradation rate and extent.
Specifically, adding 0.001% v/v H20: increased the degradation from 83.3% (HC alone) to
89.4% in 26 passes. A concentration of 0.005% H:O: further enhanced degradation to 99.6%
within 21 passes, while 0.01% H20. achieved 99.8% degradation in just 16 passes. However,
increasing the H2O: concentration to 0.1% did not further improve degradation and slightly
reduced the degradation rate, as the number of passes required to reach 99.8% increased from
16 to 25. At elevated H20- concentrations, such as 1% v/v, the degradation efficiency decreases
due to enhanced radical scavenging. This occurs as a result of recombination reactions, where
radical species undergo self-scavenging, thus limiting the presence of hydroxyl radicals (¢OH)
for pollutant degradation. Additionally, excessive H-O may act as a radical quencher, reacting
with the generated hydroxyl radicals and diminishing their oxidative potential [249]. These

recombination reactions can be represented as follows [226]:

OH+ OH' — H,0» I1.8
OH+ H,O, —» HO; "+ H,0O 11.9
OH+ HO,— H,0+0» I1.10

As illustrated in Fig. I1.3.2, The per-pass degradation factor increases at first with rising H.0O-

concentration, peaking at 0.328 at an optimal concentration of 0.01% v/v. Beyond this point,
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the degradation factor declines significantly, dropping to 0.0487 at 1% v/v H20.. Experimental
observations across various concentrations suggest that the most effective condition was the
addition 0f 0.01% v/v H20:, which resulted in a 99.8% degradation of MO within just 16 passes,

corresponding to a treatment duration of 36 minutes.

Table I1.3.1 presents the results of MO degradation, summarizing treatment time, percentage

degradation, calculated effective rate constants (k.ff), per-pass degradation factor (®),

synergistic coefficients, and cavitation yield (Y4, yc) for this second set of experiments. The
effective rate constants, determined using first-order kinetics (-In(C/Co) vs. time), varied
between 0.0385 min™' for 0.001% v/v H20: and 0.0161 min™" for 1% v/v H.O.. Additionally,
the synergy between HC and H:0. was evaluated using the rate constants obtained from the
independent and combined processes. The synergistic coefficient was determined using the

appropriate formula as described in the literature [250]:

k(HC+H202)

KHC + kH202 L1

Synergistic coefficient =
The values of the rate constants k were extracted from the pseudo-first-order kinetic plots

corresponding to each process.
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Fig. 11.3.2 MO degradation as a function of number of passes for different concentrations of

H>0; V=2.5 L, pH =2, AP= 1.5 bar, and MO initial concentration = 10 ppm

A noticeable synergistic effect was observed in the degradation of MO, as the effective rate
constant significantly increased from 0.0001 min! for the MO/H-0: system alone to 0.14 min™*
when HC and H»0: were applied together. The highest synergistic coefficient, calculated for
the optimal combination of HC with 0.01% v/v H20-, was 4.78, surpassing those obtained for
other conditions (Table II.3.1). This enhancement can be attributed to the role of HC in
promoting the dissociation of H20-, leading to the generation of additional hydroxyl radicals.
These radicals, possessing a stronger oxidation potential, contribute more effectively to

pollutant degradation compared to those generated by H.O or HC alone.

At an inlet pressure drop of 1.5 bar, HC exhibited a cavitation yield of 3.65 mg/kJ, serving as a
reference point for assessing the influence of H20: addition on process efficiency. Introducing
a A low concentration of H202 (0.001% v/v) led to a slight increase in cavitation yield to 3.93
mg/kJ, suggesting a potential synergistic effect between HC and H20.. The highest cavitation
yield of 6.77 mg/kJ was achieved at 0.01% v/v H20-, indicating optimal synergy between HC

and H>O; at this concentration. However, at higher concentrations (0.1% and 1% v/v H20.), the
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cavitation yield declined to 4.4 mg/kJ and 2.67 mg/kJ, respectively. This decrease suggests that
excessive H202 may act as a scavenger, reducing the availability of hydroxyl radicals for MO
degradation, which aligns with the previously discussed interpretations.. These findings
confirm that coupling HC with H2O: can significantly enhance pollutant degradation under

optimized conditions.

Table I1.3.1 Summary of MO degradation results.

Operative Time of Effective Per pass  Degradation  Synergistic Y 4, pc
conditions  degradation degradation degradation [%] coefficient [mg/kJ]
[min] rate factor @ [-] [-]
constant,
Kefy
[min ']
HC alone (1.5 60 0.0291 0.0890 83.3 - 3.65
bar)
MO/0.01%v/v 60 0.0001 0.0006 0.9 - -
H>0,
alone
1.5 bar + 60 0.0385 0.1091 89.4 1.32 3.93
0.001% v/v
H>0,
1.5 bar + 48 0.1051 0.1642 99.6 3.6 5.43
0.005% v/v
H>0,
1.5 bar + 36 0.1396 0.3279 99.8 4.78 6.77
0.01% v/v
H>O»
1.5 bar + 57 0.0759 0.2677 99.8 2.6 4.41
0.1% v/v
H>0Oz
1.5 bar + 1% 60 0.0161 0.0487 63.6 0.55 2.68
v/v H202

11.3.3 MO degradation by HC, H,0., and PC coupling

To further enhance the degradation of MO, additional tests were conducted by integrating the
optimal pressure drop across the vortex-based HC device and the optimal amount of H2O2 with
PC utilizing TiO--coated GFT. Under UV irradiation, the TiO.-coated GFT generates electron-

hole pairs, which facilitate the breakdown of water molecules via an electron transfer process.
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This reaction sequence leads to the formation of hydroxyl radicals, complementing those
already produced by the HC/H-0: system [251]. The combined action of these oxidative species
significantly improves the effectiveness of organic contaminant degradation from the aqueous
solution.

The degradation of MO using three different treatment approaches namely, HC alone, HC
combined with H20., and the combined system of HC, H.0O-, and PC, as a function of the
number of passes, is illustrated in Fig. 11.3.3. Each method was evaluated under the optimal
operating conditions (a pressure drop of 1.5 bar, and H-0O: concentration of 0.01% v/v) at a pH
of 2. The results indicate that the combined HC/H20./PC system achieved a 99.8% degradation
rate after just 9 passes (equivalent to 21 minutes). This represents a treatment time nearly three
times shorter than HC alone and almost twice as fast as the HC/H20- system, demonstrating the
enhanced efficiency of the integrated approach.

0 5 10 15 20 25

¢ HC alone
A HC+opt H202%
o0 HC+H202%+PC
— ®=0.0890
®=0.3279
— ®=0.7906

Dimensionless concentration, C/CO (-)
o
(o]
o

Fig. 11.3.3 MO degradation using HC alone, HC/H20., and HC/H202/PC under agitation of
200 rpm using TiO2-coated GFT; V= 2.5 L, pH = 2 and MO initial concentration = 10 ppm,
AP= 1.5 bar, and % H>0: (0.01%V/v)
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Table I1.3.2 presents the degradation rates, effective rate constant (ksf,), per-pass degradation
factor, treatment duration, synergistic coefficients, and cavitation yield for the different
treatment methods. It was noted that the effective rate constant for MO degradation was 0.029
min~' with HC alone, increasing to 0.14 min—' when HC was combined with H20.. The highest
rate constant of 0.27 min™' was observed when HC, H20:, and PC were applied together.
Corresponding per-pass degradation factors were 0.089 for HC, 0.328 for HC/H20-, and 0.79
for the combined HC/H20./PC system, confirming the enhanced generation of hydroxyl
radicals. The hybrid approach utilizing all three AOPs proved to be twice as effective as the
HC/H20: system.

A notable synergistic effect was also observed when HC/H20: was combined with PC, yielding
a significant synergistic coefficient of 9.2. This enhancement can be attributed to the hydroxyl
radicals generated by HC and H:0., which actively participate in the photocatalytic reaction,
further accelerating the degradation process. The obtained synergistic coefficient (9.2) under
the optimized conditions in this study is considerably higher than those reported in previous

literature.

As reported by Fedorov et al. [252], the HC/H202/PC process exhibited a synergistic coefficient
of 2.5. In this study, the maximum cavitation yield, reaching 11.83 mg/kJ, was observed when
HC, H:0:, and PC were combined, highlighting the enhanced efficiency of this hybrid
approach. The significant improvement in degradation efficiency, coupled with a reduced
treatment time of just 21 minutes, underscores the effectiveness of this combined system. These
findings suggest promising applications for wastewater treatment, particularly in addressing

textile industry effluents.

Table 11.3.2 MO degradation rates, effective rate constant k. ¢, per pass degradation factor @
and synergistic coefficients using the combination of HC, H20O:, and photocatalytic process in

different treatment times.

Operative Time of Apparent Per pass Degradation ~ Synergistic Y .4, ne
conditions  degradation degradation degradation [%] coefficient  [mg/k
[min] rate constant, factor @ [-] [-] J]
keff [min_l]

51



Chapter I1: Degradation of Methyl Orange using Hydrodynamic
Cavitation, H;0,, and Photo-catalysis with TiO2-Coated Glass Fibers:
Key operating parameters and synergistic effects

HC (1.5 60 0.0291 0.0890 83.3 - 3.65
bar)

HC/H-0> 36 0.1396 0.3279 99.8 4.78 6.77
(0.01%v/v

)

HC/H20,/ 21 0.2692 0.7906 99.8 9.22 11.83
PC

I1.3.4 Mineralization study

The previously discussed results focused on MO degradation based on its concentration
reduction. However, a decrease in MO concentration does not necessarily indicate complete
mineralization. Complex molecules like MO typically undergo a series of intermediate
transformations when reacting with oxidizing radicals before achieving full mineralization.
Therefore, assessing the extent of mineralization is crucial alongside monitoring MO
degradation. One extensively utilized approach for evaluating the breakdown of organic carbon
in aqueous solutions is the measurement of chemical oxygen demand (COD), which provides

a quantitative assessment of organic matter decomposition. In this study, the extent of
mineralization was examined under optimal conditions across different systems, including HC
alone, H>O» alone, HC/H>0:, and the combination of HC/H>O, with a photocatalytic process.
The discoloration observed in the MO solution during treatment is a result of the oxidative
degradation of its chromophore (-N=N-), which disrupts the two aromatic rings in the parent
structure [253]. However, the absence of color does not necessarily indicate complete
mineralization [254]. Fig. 11.3.4 presents the mineralization data obtained across the four
different systems. It was noted that COD reduction rates of 0% and 12.4% were observed for
H>O, alone and HC alone, respectively, over 26 passes corresponding to 60 minutes of
treatment. For the HC/H>O; system, the extent of mineralization increased significantly, more
than doubling to 25.7% after 16 passes, equivalent to 36 minutes of treatment. The highest
mineralization rate of 50% was achieved with the HC/H202/PC system, which is twice as high
as that observed for the HC/H>O; hybrid system and three times greater than the values for HC
and H>O; systems individually, within just 9 passes or 21 minutes of treatment. This increase
in mineralization is likely due to the higher generation of OH radicals. It is essential to highlight
that the degradation experiments were carried out until over 99.5% degradation was achieved,
which corresponded to nearly 50% mineralization. Beyond this point, precise monitoring of the

dye concentration became impossible. Additional treatment does not lead to further degradation
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of the dye since it is already nearly completely degraded, but mineralization continues to
increase. Thus, our approach enhances mineralization, rendering the effluent more suitable for
discharge. The reported mineralization outcomes surpass those of previous studies [255]. The
findings provide valuable insights for designing a hybrid treatment process aimed at achieving

the desired mineralization of azo dyes.

50 1 MO %H202 ®mHC alone = HC+H202 = HC+PC+H202
40 +
)
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>
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10 +
0%
60_min
0 il

Fig. 11.3.4 Effect of HC alone, H>O> alone; HC/ H>0., and HC/ H20; coupled PC on the
degradation of COD in MO solutions.

11.4 Conclusions

In this study, we explored MO degradation utilizing three advanced oxidation processes (AOPs)
at the laboratory scale. A vortex-based cavitation device was employed for HC. The outcomes
from HC alone were enhanced by combining it with H>O2 and H>O; with PC. The main findings

from this work are:

e Maximum degradation of MO by HC (with a nominal capacity of 1 LPM) was achieved

when the pressure drop across the device was set at 1.5 bar. Increasing the pressure drop
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beyond this point resulted in a decrease in the effective per-pass degradation factor. With
a pressure drop of 1.5 bar, the degradation of MO reached 96.4% at pH 2, with a
mineralization extent of 12.4%.

e When H>O; was added to the MO solution without HC, the degradation effect was
minimal, resulting in only a 1% reduction in MO concentration and no significant

mineralization.

e The combination of HC and H,0O, demonstrated a notable synergistic effect of 4.78 at
an optimal H,O, amount of 0.01% v/v, achieving a degradation rate of 99.8%. The
cavitation yield for HC alone was 3.65 mg/kJ, while the combination of H,O, and HC
resulted in an improved cavitation yield of 6.77 mg/k]. The mineralization extent
increased to 25.7% after 16 passes, corresponding to 36 minutes of treatment, surpassing
the results obtained when HC and H,O; were used individually.

e The hybrid system of HC/H2O,/PC significantly improved MO degradation, achieving
50% mineralization in 21 minutes (equivalent to 9 passes). This result is three times
greater than when using HC alone and twice as high as the combination of HC/H»0O:.
The system exhibited a considerable synergistic effect of 9.2 and a notable cavitation
yield of 11.83 mg/kJ.

e The combined treatment of HC, H2O», and PC using TiO2-coated GFT was the most
efficient in degrading and mineralizing MO. This hybrid approach led to a significant

improvement in cavitation yield compared to individual treatments.

Our study demonstrates that integrating HC with various AOPs (H202, PC) presents an
effective approach for enhancing MO degradation while also improving cost efficiency through
the synergistic interaction of these processes. The findings provide valuable insights for

researchers focused on wastewater treatment using the combined HC/H202/PC system.
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Abstract

This study investigates the photocatalytic degradation of Methyl Orange (MO) using doped
photocatalysts, specifically Ag-TiO: synthesized via a novel solid-state method, with varying
silver concentrations (0%, 0.5%, 1%, 1.5%, 2.5% w/w relative to TiO) under different UV light
intensities (60 W and 200 W). The photocatalysts were characterized using XRD, SEM-EDS,
and BET. The optimal performance was observed with a 0.5% Ag-TiO2 concentration,
achieving a degradation efficiency of 59% under 200 W UV light over 180 min of treatment.
The effect of photocatalyst loading was then optimized, followed by the investigation of the
synergistic effects of PC coupled with H20:. The highest degradation efficiency of 94% was
achieved at 0.01% v/v H20: with a synergistic coefficient of 24, within 60 min. Further
enhancement was observed when combining PC, H:0., and hydrodynamic -cavitation,
achieving complete degradation of MO in just 3 minutes (1.5 passes) with an extraordinary
synergistic coefficient of 42. The degradation process was represented as pseudo-first-order
kinetics for PC alone and combined with H2O:, and a per-pass degradation model for HC.
Finally, The influence of different radical scavengers on the photocatalytic process was
examined, highlighting the crucial roles of hydroxyl radicals (*OH), and photo-generated holes
(h") in the degradation mechanism. This research underscores the importance of optimizing
doped photocatalyst composition and operational conditions to maximize pollutant degradation

efficiency, demonstrating significant advancements in advanced oxidation processes through

synergy.
Keywords: Doped photocatalysts, Advanced oxidation, Per-pass degradation, Synergy
I1I.1 Introduction

The contamination of water bodies by synthetic dyes poses a significant environmental
challenge, as it degrades water quality and endangers aquatic life [256]. This issue is
exacerbated by the widespread use of these dyes in various industries, including textiles,
pharmaceuticals, and food [257]. These dyes are often toxic, carcinogenic, and resistant to
natural biodegradation processes, posing significant risks to aquatic ecosystems and human

health [10, 258, 259].
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Conventional wastewater treatment methods often fail to completely degrade or mineralize
these dyes, allowing them completely or partially to remain in treated water [260]. Therefore,

effective degradation methods are essential to mitigate these environmental impacts [261].

In this work, we aim to develop such effective degradation methods. MO is used in this work
as a model pollutant for evaluating the efficiency of new treatment technologies. MO’s complex
aromatic structure makes it resistant to conventional degradation methods, offering a reliable
benchmark for advanced techniques. Furthermore, MO represents a broader class of azo dyes
that are commonly found in industrial effluents, making research on its degradation highly

relevant for real-world applications [262].

Various traditional methods have been utilized for the degradation of MO including adsorption
[263], filtration [264], coagulation [2651, precipitation [266], and biological methods [267]. All
of these traditional treatment technologies for removing organic dyes face limitations such as
high energy and chemical demands, elevated operating costs, sludge production, and the release

of toxic gases, reflect the need for effective treatment technologies [13].

Among these, AOPs have attracted considerable interest wing to their capacity to generate
highly reactive species that can effectively degrade complex organic pollutants [268].
Photocatalysis, particularly using titanium dioxide (TiO2), has been extensively studied for MO
degradation [269]. This method leverages the photocatalytic properties of TiO> under UV light
to produce reactive oxygen species that break down MO molecules. However, the effectiveness
of photocatalysis can be restricted by the fast recombination of electron-hole pairs, diminishing

the availability of reactive species [270].

Doped photocatalysts have been recognized as a promising strategy to enhance the efficiency

of photocatalytic degradation of organic pollutants like MO [271].

Doping introduces foreign atoms into the crystal lattice of the photocatalyst, improving charge
separation by minimizing electron-hole recombination, which enhances the production of
reactive species vital for degradation. Furthermore, doping can alter the surface properties of
photocatalysts, such as modifying surface area, surface energy, or the availability and
arrangement of active sites. All of these may influence interaction of catalyst with dye

molecules. This combination of effects significantly boosts photocatalytic performance. Silver
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(Ag) doping is commonly used to enhance the photocatalytic performance of TiO.. Its
effectiveness is particularly notable due to the plasmonic effect, which enhances the local
electromagnetic field, thus increasing photocatalytic activity. Ag acts as an efficient electron
trap, improving charge separation and reducing electron-hole recombination, which enhances
the generation of reactive species crucial for the degradation of organic pollutants like MO.
Studies have shown that Ag doping significantly improves the photocatalytic efficiency of TiO-
in degrading MO, even under UV light. These advancements make Ag-doped photocatalysts an
important area of research for environmental remediation [272]. Table III.1 summarizes recent

studies investigating the use of Ag-doped photocatalysts for the degradation of MO.

Table III.1 Recent studies on Ag-doped photocatalysts for the degradation of MO

Photo- Dye Degradation ~ Conditions Key Findings Reference
catalyst Efficiency
Ag-ZnO MO, MO: 99.3%, UV light, Superior [273]
RhB RhB: 99.7% 35 min photoactivity and
recyclability
MB: ~100% Ag doping
(75 min), RhB: significantly
Ag-ZnO  MB, ~66% (120 UV light improved [274]
nanofibers RhB, min), MO: degradation
MO ~51% (120 rates
min)
Higher efficiency by
using Ag-TiO:
Ag-TiO. MO MO: 95% UV light, compared to pure [173]

120 min TiO.. Pure TiO2
data: MO: ~50%.

Complete
degradation by
Ag-TiO. MO MO: ~100% UV light, using Ag-TiO: [275]
55 min compared to pure

TiO:z. Pure TiO2
data: MO: ~60%.
Ag-TiO: achieved
Ag-TiO. MO MO: 95% UV light, 95% degradation, [276]
60 min while pure TiO2
gave about 50%

To further enhance the photocatalytic degradation of pollutants, hydrogen peroxide (H-20:) is
frequently used in photocatalytic systems due to its capability to generate highly reactive

hydroxyl radicals (*OH) upon exposure to UV light, in the presence of the photocatalyst. These
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radicals are highly effective in breaking down complex pollutants like dyes. Previous studies
have demonstrated the benefits of coupling H>O- with photocatalysts. For example, Shahzad et
al. [277], demonstrated enhanced degradation of Orange 16 reactive dye using H.O:-activated
Zn0-Bi20:s heterostructured composites under UV light. Similarly, Wang et al., [278] found that
a synergistic Ag/g—CsNa and H20: system significantly improved the photocatalytic degradation
of azo dyes under UV light. These studies highlight the effectiveness of combining H-0. with
PC to enhance the degradation of various pollutants, maintaining an oxidative environment

necessary for continuous pollutant degradation.

In addition, HC has demonstrated effectiveness in enhancing the degradation of organic
pollutants, including dyes, in wastewater treatment. HC generates high-temperature and high-
pressure conditions within the liquid, producing microbubbles that collapse violently, creating
reactive radicals such as hydroxyl radicals (*OH) [219]. These highly reactive species can
effectively degrade pollutants, complementing other advanced oxidation processes (AOPs)
[279]. Recent studies have explored HC as a promising technique for wastewater treatment. For
example, Merdoud et al. [280], have highlighted the synergistic effect of coupling HC with PC
and H20: for optimal pollutant degradation efficiency. Several types of cavitation devices are
used for HC, including orifice-based [281], venturi-based [282], and vortex-based devices
[280]. Vortex-based cavitation devices developed by Ranade and co-workers [190, 239], in
particular, have been highlighted for their ability to generate more uniform cavitation fields,

making them more efficient for large-scale applications.

The present work investigates the hybrid technology of PC, H-0O-, and HC, aiming to explore
their synergistic effects for enhanced degradation of organic dyes, particularly MO in
wastewater treatment. The rationale for hybrid technologies lies in the complementary nature
of each AOP. PC generates reactive oxygen species under UV light, initiating the degradation
process. H2O: further enhances this by contributing to the generation of hydroxyl radicals,
amplifying oxidative degradation. HC complements these mechanisms by producing additional
radicals through bubble collapse, creating a synergistic effect that significantly improves
pollutant removal efficiency. This work represents the first report showcasing Ag-doped TiO:
photocatalysts synthesized using a solid-state synthesis method, which has not been previously

used for the synthesis of this complex. Furthermore, the coupling of this complex with vortex-
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based HC has not been previously reported. The presented results serve as a valuable foundation

for the advancement of large-scale dye wastewater treatment.
I11.2 Experimental
I11.2.1 Experimental set-up

The experimental setup consists of a lab-scale photoreactor designed to study PC both
independently and in combination with HC represented schematically in Fig. IIL1.2.1. The set-
ups photographs are illustrated in the supplementary information (SI) as Fig. S1 and Fig. S2.
For the photocatalytic processes, a 60 W, 395 nm UV light LED, and a 200 W UV light LED
were used as light sources. These lamps were mounted horizontally, one at a time, at the upper
section of an aluminum photoreactor with a volume of 64,343 cm?® (37 cm height % 37 cm length
x 47 cm width), positioned 21 cm above the surface of the liquid. During the experiments, a
200 mL solution of MO was placed in a glass beaker and magnetic stirred at 200 rpm. The
hybrid system consists of a holding tank with a maximum capacity of 2.5 L. The liquid is
pumped from this tank utilizing a centrifugal pump with a power rating of 0.75 kW, featuring
integrated manual pressure drop control to ensure liquid circulation through the pipe to a vortex-
based cavitation device with a throat diameter of 3 mm. The aluminum cavitation device is
designed following the model proposed by Ranade et al. [238]. The temperature of the holding

tank was monitored but remained uncontrolled throughout the experiment.

UVLED
I H=21cm
Q (m'/s). C (1-®)(umol'm*) Suspended
Reactor Ag-TiO:
V. m' ] photocatalyst

Cavitation
Device Q (m¥s), C (umol/m®)

Fig. II1.2.1 Schematic of experimental set-up
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I11.2.2 Preparation and characterization of Ag-TiO2 NPs

The Ag-doped TiO: photocatalysts were synthesized using a solid-state method. Initially, 6 g of
powdered TiO: was placed in a mortar. Ag-O was added in varying concentrations (0%, 0.5%,
1%, 1.5%, and 2.5% w/w relative to TiO2). The mixture underwent mechanical grinding with a
pestle, employing alternating circular motions and pressing, for 1 h to ensure thorough
homogenization. Subsequently, the resultant powder was sieved through a 40 um mesh to
eliminate agglomeration and achieve uniform particle size distribution. The powders were then
subjected to calcination at 600°C for 2 h to facilitate the formation of Ag-TiO: photocatalysts.
The final products were stored in dark glass containers, which were tightly sealed to maintain
their integrity and protect them from light, oxygen, and contamination. Photographs illustrating

the process are presented in the SI in Fig. S3 and Fig. S4.

The synthesized photocatalytic materials were characterized using various techniques. X-ray
diffraction (XRD) patterns were obtained using an Empyrean diffractometer with Cu Ka
radiation at a scan rate of 0.1° 20 per second, operating under conditions of 45 kV and 40 mA.
Scanning electron microscopy (SEM) images were captured with a Hitachi SU-70 microscope
at 5 kV, featuring a BSE detector with 3 nm resolution, and equipped with EDS for elemental
analysis and mapping. Brunauer—Emmett—Teller (BET) analysis was conducted using a TriStar
IT Plus (Tristar 3030) analyzer with pure liquid nitrogen at 77.3 K. The samples were degassed

at 100°C for 10 hours to accurately determine the photocatalyst’s specific surface area.
111.2.3 Experimental methodology

The present work is divided into the following three sets of experiments

Set 1: PC alone

In this set of experiments, all tests were conducted in the same photoreactor with 200 mL of
MO solution, with concentrations ranging from 14-15 ppm and a pH adjusted using H.SO4 and
NaOH to approximately 3, as per previous studies [283, 284]. A loading of 1 g/L of
photocatalysts was used, and an adsorption time of 60 min was established under magnetic
stirring at 200 rpm. To evaluate the initial adsorption behavior, samples were collected before

and after the dark equilibration period. The photocatalyst exhibited a limited affinity for dye
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molecules under the experimental conditions, with less than 3 % removal attributed to
adsorption. Following this, PC was performed under UV LED irradiation for 180 min. Both
TiO2 and Ag-doped TiO: were subjected to UV light irradiation using two separate UV LED
lamps (60 W and 200 W). Ag-TiO: was tested at different doping percentages (0%, 0.5%, 1%,
1.5%, and 2.5% Ag-TiO: w/w relative to TiO2) to determine the optimal light intensity and the
best photocatalyst in terms of MO degradation. Samples of 2 mL were collected every 30 min.
Using the optimal conditions for photocatalyst type and light intensity, the effect of
photocatalyst loading was also investigated. Three loadings were tested: 0.5 g/L, 1 g/L, and 1.5
g/L.

Set 2: PC and H:0:

After determining the optimal conditions of photocatalyst type, light intensity, and
photocatalyst loading in the first set of experiments, the synergistic effect of PC in combination
with varying concentrations of H202 (30% v/v) was studied. The concentrations tested were
0%, 0.001%, 0.005%, and 0.01% v/v, with 2 mL of samples taken every 10 min over 60 min

after switching on the lamp.
Set 3: PC, H20-, and HC

Finally, MO degradation was examined using a hybrid system consisting of PC and H-O-,
combined with HC in a 2.5 L MO solution under the optimal conditions determined in the first
and second sets of experiments. The vortex diode (3 mm) was used at the optimal inlet pressure
of 150 kPa, which was determined in our previous work [280]. The experiment was conducted
for 60 min, with the MO solution kept in the dark and stirred at 200 rpm for 60 min to achieve
adsorption-desorption equilibrium before activating the light and starting the PC process. before
turning on the light and initiating the PC process. The effect of different scavengers was studied
using the optimal conditions for photocatalyst, light intensity, and photocatalyst loading.
Throughout all experiments, the photocatalyst was separated from the solution using a PTFE
filter (0.2 pm), and the solution was analyzed to determine the dye concentration at Amax 470
nm. The pH of the solutions was monitored and maintained at approximately 2.8-3. All
experiments involving dye degradation were conducted in triplicate to ensure accuracy and

reliability, with experimental errors found to be less than 5%.
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I11.2.4 Analysis and processing of data

The collected samples were analyzed using a UV—Vis spectrophotometer (Shimadzu UV1800)
to track changes in absorbance over time at a specific wavelength, which varied with the pH of
the medium. At pH = 3, the maximum absorbance peak of the MO solution was observed at
470 nm (Fig. S5). After each sampling, the reaction system was momentarily suspended to
prevent further progression of the process, and the withdrawn aliquot was immediately
subjected to UV-Vis spectrophotometric analysis. The MO solution concentrations were
determined using a calibration curve, and all concentration values obtained from UV
measurements were considered accurate for subsequent calculations. The rate of MO removal
was calculated using the following Equation [114]:

Co—
Co

€ %100 1.1

%MO removal =

Where C, is the initial concentration of MO, and C [ppm] is the concentration at time ¢.

The degradation kinetics of MO were modeled using different approaches depending on the
method applied. For PC alone, the experimental data was interpreted using first-order kinetics,

represented by Equation II1.2 [285]:
C=Cyxe™ 1.2
where k [min™'] is the first-order rate constant of the reaction andt is time [min].

In our previous work, we discussed that pseudo-first-order kinetics have been widely utilized
for pollutant degradation via HC [226, 286, 287]. Alternatively, per-pass model of Ranade et al.
[217], can also be used. In this work, the overall behavior of a typical cavitation-based water-

treatment setup was modeled using both these approaches as:

ac ac
VL= QBC or VEl = —kepsC 1.3

Where C [ppm)] represents the concentration of pollutants, V' [L] denotes the working volume
(including the holding tank and the volume of piping with the pump), and Q [L/min] is the flow

rate through the cavitation device. The apparent degradation rate constant is k¢ [min™'], and
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@ [-] is the per-pass degradation factor. Although temperature effects can be considered by
accounting for activation energy, this study does not include such considerations. Instead, we

report the effective values of the per-pass factor @ or the effective rate constant k¢, estimated

over the range of temperatures applied in the experiments.
IT1.3 Results and discussion

IT1.3.1 Characterization of TiO2-based photocatalysts
I11.3.1.1 XRD

Fig. IIL1.3.1 represents the XRD pattern of TiO2 and Ag-TiO: at varying doping levels (0.5%,
1%, 1.5%, and 2.5%). It reveals the dominant anatase phase with characteristic peaks at 25.3°,
37.8°, 48.0°, 53.9°, and 55.1° (20), corresponding to the (101), (004), (200), (105), and (211)
planes, respectively. The stability of these peaks across all doping levels indicates that the
anatase structure is preserved despite incorporating silver [288]. Additionally, a minor peak at
27.4° (20), associated with the rutile phase (110) plane, is present in all samples, but it remains
weak, confirming that anatase is the predominant phase [289]. Doping with 0.5% Ag notably
enhances the intensity of the anatase peak at 25.3°, reflecting improved crystallinity and a

reduction in structural imperfections [290].

This enhancement suggests that a lower concentration of silver stabilizes the anatase phase by
strengthening the lattice structure and minimizing defects. At this optimal concentration, the
incorporation of silver fills oxygen vacancies without significantly distorting the lattice, thereby
improving crystallinity [291]. Additionally, at 0.5%, the dopant level remains low enough to
avoid triggering the anatase-to-rutile transformation, allowing the anatase phase to dominate
critical for achieving optimal photocatalytic performance. At higher doping levels, such as 1%,
1.5%, and 2.5%, a marked increase in the intensity of the rutile peak at 27.4° (20),
corresponding to the (110) plane, is observed. This phenomenon may be due to the cumulative
lattice distortions induced by the incorporation of larger amounts of silver atoms [271]. Higher
dopant concentrations may introduce significant stress within the TiO- matrix, destabilizing the
anatase phase and lowering the energy barrier for the anatase-to-rutile transformation [292].
Furthermore, the increased silver content may generate more structural defects and oxygen
vacancies, which act as nucleation sites for the growth of rutile crystallites [293]. Thus, while
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lower silver concentrations stabilize anatase, higher concentrations destabilize it and promote

the rutile phase.

Despite the structural modifications, no distinct peaks corresponding to silver or silver oxide
phases are detected. This absence may indicate that silver is either highly dispersed within the
TiO: lattice or present in amounts below the detection sensitivity of XRD, confirming
successful doping without the formation of segregated silver phases [294]. The preservation of
the anatase structure, even at higher doping levels, demonstrates the robustness of the TiO2

lattice and the effective incorporation of silver [295].
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Fig. I11.3.1 XRD patterns of undoped TiO>, and Ag-TiO, photocatalysts at different doping
levels (0.5%, 1%, 1.5%, and 2.5% w/w relative to TiO>)

111.3.1.2 SEM-EDS

Fig. I11.3.2 represents the SEM-EDS mapping and spectra for undoped TiO-, and Ag-TiO> with
different proportions of Ag NPs (0.5%, 1%, 1.5%, and 2.5% w/w relative to TiO>), highlighting
the elemental distribution, structural features, and morphological characteristics of each sample.
For the pure TiO2 sample, the mapping illustrates a uniform distribution of titanium particles
across the surface, as depicted by the green spots. This is corroborated by the EDS spectrum,

which shows distinct peaks for titanium and oxygen, confirming the high purity and structural
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homogeneity of the TiO2 sample. In the 0.5% Ag-TiO2 sample, the SEM images reveal the initial
incorporation of silver into the TiO: matrix, with silver particles appearing as small, evenly
distributed red spots. The EDS spectrum shows the presence of silver alongside titanium and
oxygen, with a low-intensity Ag peak, reflecting successful doping at a low concentration [296].
For the 1%, 1.5%, and 2.5% Ag-TiO: samples, the SEM images show an increasing density of
red spots, indicating higher silver content. At 1%, the silver particles are well-dispersed,
enhancing photocatalytic potential without significant aggregation. At 1.5%, some clustering
of silver particles begins to appear, which could slightly reduce the uniformity of the
distribution. At 2.5%, the images reveal clear evidence of particle agglomeration, which might
hinder photocatalytic efficiency due to reduced active surface area. The EDS spectra for these

samples show progressively intensified Ag peaks, confirming the higher silver concentrations.
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Fig. 111.3.2 SEM-EDS mapping analysis and spectra of a) TiO2, b) 0.5% Ag-TiO;, ¢) 1% Ag-
TiOy, d) 1.5% Ag-TiO», e) 2.5% Ag-TiO2 photocatalysts
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I11.3.1.3 BET Analysis

The BET analysis reveals significant trends in the textural properties of TiO> and Ag-doped
TiO: photocatalysts, which directly correlate with their photocatalytic activity. The pore size of
undoped TiO: is 118.44 A, with a surface area of 30.44 m*g, providing a baseline mesoporous
structure ideal for PC. Upon doping with 0.5% Ag, the pore size (116.95 A) and surface area
(28.86 m*/g) remain relatively unchanged, maintaining sufficient active sites and reactant
accessibility while introducing the plasmonic effect of silver, which enhances light absorption
and minimizes charge recombination. This balance results in 0.5% Ag-TiO: being the most
efficient catalyst for MO degradation. At higher doping levels, structural modifications become
more pronounced. The 1% Ag-TiO: exhibits a slight increase in pore size (121.37 A) but a
marked decrease in surface area (23.79 m?/g), suggesting agglomeration of silver particles that
begin to obstruct active surface regions. Further increases in Ag content (1.5% and 2.5%) result
in significant reductions in both pore size (105.85 A and 63.66 A, respectively) and surface area
(22.47 m?/g and 15.22 m*/g). These reductions indicate excessive silver deposition blocking
fine capillaries, diminishing the accessible catalytic surface, and potentially introducing

recombination centers for electron-hole pairs, thus undermining photocatalytic efficiency.

Overall, the BET analysis demonstrates that while low levels of silver doping (0.5%) optimize
the synergy between enhanced light absorption and maintained structural properties, higher
silver concentrations disrupt this balance, leading to diminished photocatalytic performance.
Table II1.3.1 summarizes the BET analysis of TiO2 and Ag-doped TiO: photocatalysts. For
comparison, Sobana et al., [297], reported that the surface area of TiO: decreased from 21.53
m?/g to 17,78 m*/g with 1.5% Ag doping, and further to 12.39 m?/g with 2% Ag doping.
Similarly, Chuang et al., [298], found that the surface area of TiO- decreased from 196.8 m*/g
to 117.8 m?/g upon Ag doping. These findings align with our observations that silver doping

generally leads to a slight decrease in surface area, which can impact photocatalytic efficiency.
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Table I11.3.1 BET surface area and pore size analysis of TiO2 and Ag-doped TiO- photocatalysts

Photocatalyst Pore size (A) BET surface area (m?/g)
0% Ag-TiO» 118.44 30.44

0.5% Ag-TiO» 116.95 28.86
1% Ag-TiO» 121.37 23.79

1.5% Ag-TiO» 105.85 22.47

2.5% Ag-TiO» 63.66 15.22

I11.3.2 Influence of silver concentrations and different lamp intensities on MO

degradation

The study investigates the effect of Ag-TiO: photocatalysts with different silver concentrations
(0%, 1%, 1.5%, 2.5% w/w relative to TiO2) on MO degradation under different UV Led lamp
intensities (60 W and 200 W). From Fig. I11.3.3 (a), at a lower lamp intensity of 60 W, the 0.5%
Ag-TiO: photocatalyst has demonstrated the highest degradation efficiency of 24.6% with a

kinetic constant of 0.0016 min™!, indicating faster reaction rates, over 180 min of treatment.

This enhanced performance is attributed to silver's role as an electron trap, capturing
photogenerated electrons and reducing the recombination of electron-hole pairs, thereby
prolonging the lifespan of reactive species responsible for MO degradation. However, as the
silver concentration increases, the degradation efficiency decreases. At 1% Ag-TiO:, the
efficiency drops to 21.7% with a kinetic constant of 0.0014 min™, indicating slower reaction
rates, likely due to partial agglomeration of silver particles, which reduces their dispersion and
effectiveness. Further increases to 1.5% and 2.5% Ag-TiO- result in even lower efficiencies of
14.3% (k = 0.0008 min"') and 5.3% (k = 0.0003 min™"), respectively. This decline is attributed
to excessive silver coverage hindering light absorption and blocking active sites on the TiO-
surface, as well as promoting recombination of electron-hole pairs. For pure TiO, a degradation

efficiency of 19.6% and a kinetic constant of 0.0013 min™" were achieved.

In contrast, From Fig. I11.3.3 (b), at a higher lamp intensity of 200 W, the photocatalytic
performance improves significantly across all silver concentrations. The 0.5% Ag-TiO:

photocatalyst shows a dramatic increase in degradation efficiency to 58.8% with a kinetic
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constant of 0.0048 min', highlighting the critical role of higher light intensity in enhancing
photocatalytic activity. The increased light intensity generates more photogenerated electron-
hole pairs, improving the availability of reactive oxygen species required for MO degradation.
Even pure TiO: sees a performance boost, achieving a degradation efficiency of 35.7% and a
kinetic constant of 0.0024 min~'. However, similar to the 60 W intensity, increasing the silver
concentration beyond 0.5% leads to diminished performance. At 1% Ag-TiO-, the degradation
efficiency reduces to 29.6% (k = 0.0023 min!), and further declines to 25% (k = 0.002 min™)
and 9.8% (k =0.0007 min') at 1.5% and 2.5% Ag-TiO:, respectively. The consistent trend of
declining efficiency with higher silver concentrations is due to agglomeration, light blocking,
and increased recombination of charges. Lines in Fig. 111.3.3 are as per Equation IIL2 with

rate constants listed in Table I11.3.2.

While higher light intensity (200 W) significantly enhances the degradation rates and reaction
kinetics, the optimal silver concentration remains at 0.5% Ag-TiO-. This concentration balances
charge separation and maintains an accessible TiO: surface for photocatalytic reactions.
Excessive silver doping, regardless of light intensity, leads to agglomeration and recombination
issues that negate the benefits of increased lamp power. Table II1.3.2 summarizes the intensity

and silver concentration effect on MO degradation.
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Fig. 111.3.3 MO dye degradation versus time for different photocatalysts under different UV-
irradiation intensities: a) 60 W and b) 200 W; photocatalysts dose = 1 g/L, pH = 3, and MO

initial concentration = 15 ppm
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Table II1.3.2 Kinetic parameters and degradation rates at varying UV intensities

Photocatalyst UV intensity Time of k [min™] Degradation rate [%]
[W] degradation
[min]

0% Ag-TiO» 0.0013 19.6
0.5% Ag-TiO» 0.0016 24.6

1% Ag-TiO» 60 180 0.0014 21.7
1.5% Ag-TiO» 0.0008 14.3
2.5% Ag-TiO» 0.0003 5.3
0% Ag-TiO» 0.0024 35.7
0.5% Ag-TiO» 0.0048 58.8

1% Ag-TiO» 200 180 0.0023 29.6
1.5% Ag-TiO» 0.0020 25.0
2.5% Ag-TiO» 0.0007 9.8

I11.3.3 Effect of photocatalyst loading on MO degradation

Fig. II1.3.4 represents the influence of different photocatalyst concentrations (0.5 g/L, 1 g/L,
and 1.5 g/L) on the photocatalytic degradation of MO using the optimum photocatalyst (0.5%
Ag-TiO2) under optimum UV LED light source (200 W). At 0.5 g/L, a degradation efficiency
of 25.7% was obtained, with a rate constant (k) of 0.0019 min~'. The slower degradation rate
can be attributed to the insufficient photocatalyst concentration, which provided a limited
number of active sites for the photocatalytic reaction. As a result, fewer pollutant molecules
interacted with the photocatalyst, leading to lower removal efficiency. At 1 g/L, the degradation
efficiency improved significantly to 58.8%, with a higher rate constant (k) of 0.0047 min™',
indicating optimal conditions. At this loading, the photoatalyst provided an adequate number of
active sites and maintained good dispersion in the solution. The higher availability of active
sites allowed efficient interaction between the pollutant molecules, the photocatalyst, and the
light source, leading to enhanced degradation. However, at 1.5 g/L, the degradation efficiency
decreased to 38.2%, with a lower rate constant (k) of 0.0028 min™'. Despite the higher
photocatalyst concentration, the degradation rate dropped due to particle agglomeration, which

reduced the effective surface area and the number of accessible active sites. Additionally, the
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excessive photocatalyst may have blocked light penetration, limiting the activation of
photocatalytic sites and thereby reducing efficiency. Thus, the optimal performance was
observed at 1 g/L, where the 0.5% Ag-TiO: photocatalyst achieved the best combination of
sufficient active sites and efficient light utilization. Lines in Fig. I11.3.4 are as per Equation
III.2 with rate constants listed in Table II1.3.3. Table IIL.3.3 summarizes the impact of
photocatalyst dosages on MO degradation.
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Fig. I11.3.4 MO dye degradation versus time for different photocatalyst dosages; 0.5% Ag-
TiO2, 200 W UV-irradiation, pH = 3, and MO initial concentration = 15 ppm.

Table I11.3.3 MO degradation, and rate constant k in different photocatalyst dosages.

Photocatalyst dosage ~ Photocatalyst Time of Rate Degradation rate [%]
[g/L] degradation constant k
[min] [min™]
0.5 0.0019 25.7
1 0.5% Ag-TiO2 180 0.0047 58.8
1.5 0.0028 38.2
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I11.3.4 Synergy effect of H:O: in PC

The graphs in Fig. II1.3.5 explore the synergy effect of H.O: in combination with PC for the
degradation of MO under 200 W UV light, using a 0.5% Ag-TiO: photocatalyst concentration
of 1 g/L. The synergy coefficient (y;) quantifies the enhancement in degradation efficiency due
to the combined effect of PC and H:O: compared to their individual contributions. It is

calculated using the following Equation [250]:

kpc+H,0
= =i 1.4
V1 kpc+ku,o,
Where kpcip,o, is the rate constant of PC with H20, kpis the rate constant of PC without

H:0-, and ky, 0, is the rate constant of MO with H-O: without the photocatalyst. The values of

the rate constants k£ were extracted from the pseudo-first-order kinetic plots of each process.

When photolysis was performed with 0.01% v/v H20: in the absence of the photocatalyst, the
efficiency of degradation was minimal at 1.6%, with a low-rate constant of 0.003 min™". This
indicates that UV light alone, even in the presence of H:0-, is insufficient to generate a
significant number of ROSs such as hydroxyl radicals (¢*OH), which are key to the oxidative
degradation process for effective degradation. The reliance on photolysis without the
photocatalytic activation of H.O- limits its performance. The PC alone, without the addition of
H:0:, results in a modest degradation efficiency of 13.9% over 60 min of treatment, with a
slightly lower rate constant of 0.0024 min~'. Here, the activity is driven by the photo-induced
electron-hole pairs generated by Ag-TiO- under UV light. However, the absence of H-O» means
that the production of ROSs is limited, and the recombination of electron-hole pairs further

reduces the overall degradation efficiency.

In contrast, the addition of small concentrations of H>O: has significantly improved the photocatalytic
performance. At 0.001% v/v H20-, the degradation efficiency has increased to 31.2%, with a rate
constant of 0.0079 min"'. The presence of H.0O. enhances ROSs production by interacting with photo-
generated electrons, forming hydroxyl radicals that contribute to the oxidative degradation of MO
molecules. The y, for this concentration was 2.93. As the concentration of H.O. was increased to
0.005%, v/v, the degradation efficiency was raised sharply to 67.6%, with a higher rate constant of

0.0247 min'. This improvement reflects the more effective generation of ROSs, as H>O: not only

74



Chapter I11: Methyl orange degradation using Ag-doped TiO:, H:0:, and
hydrodynamic cavitation

supplies hydroxyl radicals but also acts as an electron scavenger, reducing recombination. The y, for

this concentration was 9.15. The highest degradation efficiency of 93.8% was achieved with 0.01% v/v

H:0:, corresponding to a rate constant of 0.066 min'. At this concentration, H2O: plays a dual role by
both suppressing electron-hole recombination and serving as a continuous source of hydroxyl radicals.
The system's performance reaches its peak under these optimized conditions, demonstrating the
powerful synergy effect between H.02 and PC. The y, for this concentration is 24.44, which has not
been achieved before for MO using Ag-TiO,. Lines in Fig. II1.3.5 are as per Equation IIL.2 with
rate constants listed in Table 111.3.4. Table I11.3.4 summarizes the rate constant k, the degradation

rate of MO degradation, and the synergy coefficient for different H,O, concentrations.
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Fig. I11.3.5 MO dye degradation versus time for different H.O» concentrations; 0.5% Ag-
TiO2, 200 W U V-irradiation, photocatalyst dosage= 1 g/L, pH = 3, and MO initial

concentration = 15 ppm.

Table I11.3.4 Synergistic effect of H2O- on photocatalytic degradation of MO

Operative Time of Rate Degradation v, [-]
conditions degradation constant rate [%]
[min] k [min
']

75



Chapter I11: Methyl orange degradation using Ag-doped TiO:, H:0:, and
hydrodynamic cavitation

PC alone 60 0.0024 13.9 -
MO/0.01% v/v 60 0.0003 1.6 -
H>0, alone
PC+0.001% v/v 60 0.0079 31.2 2.93
H>O»
PC+0.005% v/v 60 0.0247 67.6 9.15
H>O»
PC+0.01% v/v 60 0.0660 93.8 24.44
H>O»

I11.3.5 MO degradation by PC, H,0,, and HC coupling

The study evaluates the efficiency of a hybrid system combining PC, hydrogen peroxide, and
HC, for the degradation of MO. Fig. II1.3.6 illustrates the remarkable performance of this
approach under various operational conditions. PC alone, using 0.5% Ag-TiO., achieved a
modest degradation efficiency of 13.9% over 60 min, while HC alone, at optimum pressure of
1.5 bar, resulted in a significantly higher degradation efficiency of 83.3% over the same
duration, as investigated in our previous study [280], with a kesr of 0.0445 (see Section S1 of the

supporting information for more details on calculation of kefr).

At an optimal H20: concentration of 0.01% and in combination with HC, the system achieved
complete degradation of MO in just 3 min (1.5 passes), corresponding to a k,zr0f1.9746 min .
This improvement is attributed to HC, which creates intense turbulence and localized high-
energy zones, enhancing the interaction between MO, the photocatalyst, and reactive radicals.
The calculated synergy coefficient (y,) for this condition was calculated as per Equation IIL.5,

demonstrating the advantage of combining these processes.

_ kpc+H,0,+HC TIL5
kpc+kuz02+kyc )

Y2

This condition yielded an extraordinary y, of 42, indicating a highly efficient interaction
between the advanced oxidation processes. For comparison, a similar study conducted by
Merdoud et al., [280], using TiO: supported on glass fiber tissue reported a y, of 9.22,

underscoring the exceptional performance of the 0.5% Ag-TiO: photocatalyst in the present
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work. To the best of our knowledge, the synergy coefficient achieved in this study represents
an unprecedented efficiency in the literature, emphasizing the system's potential for rapid and
effective pollutant degradation. Lines in Fig. IIL1.3.6 are as per Equation (I11.2, and II1.3) with
rate constants listed in Table I11.3.5.

Table II1.3.5 summarizes the rate constant k, the degradation rate of MO degradation, and the

synergy coefficient for different H>O» concentrations using PC/H,O»/HC.

Table II1.3.5 Degradation kinetics and synergistic eftfects of PC with H.O2 and HC

Operative conditions Time of Effective Degradation rate Y, [-]
degradation degradation rate [%]
[min] constant
keff [min'l]
PC alone 60 0.0024 13.9 -
HC alone 60 0.0445 83.3 -
PC+0.01% v/v 03 1.9746 100 42
H>O,/HC
1
5 09 = FL {T\FI-.\F}
© 08 4 PC/0.01%H202/H
0.7 C
PC alone

0.6
0.5
0.4
0.3
0.2

OHC alone

Dimensionless Concentration

0.1

12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63
t (min)

Fig. I11.3.6 MO dye degradation versus time using PC combined H202 coupled HC; 0.5%
Ag-TiOz, 200 W U V-irradiation, photocatalyst dosage= 1 g/L, pH = 3, and MO initial

concentration = 15 ppm.
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I11.3.6 Scavenger effect

Fig. II1.3.7 demonstrates the impact of different scavengers on the photocatalytic degradation
process using 0.5% Ag-TiO: as a photocatalyst. The degradation efficiencies are compared to a
control system operating without any scavenger. The highest degradation efficiency, 58.8%, is
observed in the absence of scavengers, indicating the optimal performance of the Ag-TiO:
photocatalytic system under scavenger-free conditions. This suggests that reactive species, such
as hydroxyl radicals (*OH) and superoxide radicals (O:"¢), are actively involved in the
degradation process when they are not hindered by scavengers [299]. The addition of
isopropanol significantly reduces the degradation efficiency to 19.7%. Isopropanol, a well-
known scavenger for hydroxyl radicals (*OH), causes this marked decrease, highlighting the
dominant role of these radicals in the photocatalytic activity facilitated by Ag-TiO.. Zhou et al.
[300], also observed that (*OH) plays a crucial role in the photocatalytic processes involving
TiO2, further supporting these findings. Similarly, the introduction of EDTA lowers the
efficiency to 27.9%. As EDTA primarily scavenges photo-generated holes (h*), this result
emphasizes the importance of these holes in the degradation mechanism. Methanol, which acts
as a scavenger for superoxide radicals (O2:¢), leads to a reduction in efficiency to 31.3%. This
result underscores the critical role of superoxide radicals in the degradation process. The lowest
degradation efficiency, 14.5%, is observed with KI, which acts as a scavenger for both hydroxyl
radicals and photo-generated holes. This result indicates that both reactive species are essential
for achieving effective photocatalytic degradation using Ag-TiO2. A summary of the main
reaction mechanisms involved in each scavenging process is presented in Table IIL.3, outlining

the specific reactive species targeted by each scavenger.
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Fig. I11.3.7 MO dye degradation with and without scavengers; 0.5% Ag-TiO2, 200 W UV-

irradiation, photocatalyst dosage= 1 g/L, pH = 3, and MO initial concentration = 15 ppm.

Table II1.3.6 Reactive species trapping by different scavengers and associated reaction

mechanisms
Scavenger Target Reaction Mechanisms
Reactive
Species
Isopropanol Hydroxyl
(CH,),CHOH radicals (<OH) -OH + (CH3),CHOH — (CH;), - COH + H,0
EDTA Photogenerated
(Ethylenediaminetetraacetic holes (h*) EDTA* +h — EDTAS
acid)
Methanol Superoxide
CH;OH radicals (O2"¢) -0, + CH;0H — less reactive products
KI Photogenerated
(Potassium iodide) holes (h*) I +h' —.I
& Hydroxyl I +-OH — I+ OH
radic als (*OH) 9.7 51
. 2
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1I1.4 Conclusion

In this work, the degradation of MO dye solution was investigated using a combination of AOPs
at laboratory scale. The study focused on the use of Ag-doped TiO: photocatalysts, H.O2, and
vortex-based HC for MO degradation. Ag-doped TiO: photocatalysts were successfully
synthesized using a solid-state method, confirmed through various characterization techniques,

including XRD, SEM-EDS, and BET. The key conclusions from this study are:

e The optimal concentration of Ag-TiO. was found to be 0.5%. This concentration
achieved the highest degradation efficiency under both 60 W (24.6%) and 200 W
(58.8%) UV lamp intensities.

e The photocatalyst loading of 1 g/LL was found to be optimal loading for achieving the

best degradation efficiency.

e The combination of PC with 0.01% v/v H:0: significantly improved degradation
efficiency, achieving 93.87% degradation within 60 min and yielding a synergy
coefficient of 24.44.

e The hybrid system combining PC, H20, and HC showed remarkable improvements in
degradation efficiency. Complete degradation of MO was achieved in just 3 min (1.5
passes) with a synergy coefficient of 42, indicating a highly efficient interaction between

the advanced oxidation processes.

e The presence of scavengers like isopropanol, EDTA, methanol, and KI significantly

reduced degradation efficiency, underscoring the roles of these reactive species.

Our study demonstrates that the integration of Ag-TiO. with various AOPs such as H-0O- and
HC significantly enhances the degradation of MO. This synergistic effect among the processes
provides a promising approach for improving effluent treatment. The findings will benefit
researchers focused on the combined application of photocatalysis, H-O-, and HC in wastewater

management.
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This thesis was supported by the Direction Générale de la Recherche Scientifique et du
Développement Technologique (DGRSDT), Algeria, and the Erasmus+ Exchange Program.
The work was carried out at the University of Bouira, Laboratory of Materials and Durable
Development (LMDD), LGVRNAQ, and the Bernal Institute at the University of Limerick,
Ireland. The primary objective of this study was to develop advanced photocatalytic materials
to improve the effectiveness of wastewater treatment processes, thereby contributing to the

advancement of sustainable and effective remediation strategies.

The first enhancement strategy focused on using immobilized TiO- on GFT, a cost-effective
and efficient support to facilitate the degradation of MO in water, thereby mitigating the
challenges associated with the use of powdered TiO-, such as catalyst recovery and aggregation.
This supported photocatalyst was then integrated into an advanced hybrid process combining
HC, whose operational parameters were systematically optimized, with the controlled addition
of H20: to enhance oxidative degradation. Subsequently, the system was coupled with PC,
leading to a significant improvement in MO degradation efficiency of 99.8% over 21 min with
50% COD mineralization under UV light. This synergistic interaction exhibited a unique
enhancement mechanism, not previously reported in the literature for TiO-based systems with
a synergy coefficient of 9.2. A key innovation of this work lies in the coupling of vortex-induced
hydrodynamic cavitation with TiO2 immobilized on GFT, a novel approach for the degradation
of organic contaminants in aqueous environments, demonstrating enhanced performance and

practical applicability.

The second enhancement strategy involved doping TiO: with a metallic element, specifically
silver, using a more environmentally friendly, cost-effective, and straightforward synthesis
method: a solid-state method. The photocatalytic process was systematically optimized by
evaluating key parameters, including the silver doping percentage, light intensity, photocatalyst
loading, and H20: concentration. Once the optimal conditions were established, the system was
further integrated with HC, resulting in a complete degradation of MO within 3 min of treatment
under UV light, and a unique synergistic effect that has not been documented in prior studies
with a synergy coefficient of 42. To gain deeper insights into the reaction mechanisms, the
scavenger effect was employed to identify the dominant reactive species responsible for

pollutant
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degradation, thereby elucidating the wunderlying pathways governing the enhanced

photocatalytic activity.

In conclusion, this thesis successfully developed and optimized both the photocatalyst
performance and the photocatalysis process for wastewater treatment. The integration of TiO-
immobilized on glass fiber tissue with vortex-induced hydrodynamic cavitation and the doping
of TiO: with silver using an environmentally friendly solid-state method have led to significant
improvements in the degradation of organic pollutants, particularly the methyl orange. The
synergistic effects observed in both strategies, with exceptional synergy coefficients,
demonstrate the potential of these innovative approaches for practical, sustainable wastewater

treatment solutions.

In the future, the prospects of this work lie in expanding the photocatalytic system to treat real
textile wastewater, where we plan to conduct further tests to assess its efficiency under more
complex and realistic conditions. Additionally, we aim to further develop the doping strategies
to optimize the photocatalysts, with a focus on shifting their activation to sunlight, enhancing
their potential for large-scale, sustainable applications. This advancement will open the door to
more energy-efficient photocatalytic processes, providing a promising solution for the
treatment of wastewater in industrial settings while reducing reliance on UV light. Moreover,
we will explore the integration of these systems with other emerging technologies to further

enhance performance and sustainability.
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Annex



Supplementary information

Degradation of methyl orange using hydrodynamic cavitation, H>O; and
photocatalysis: key operating parameters and synergistic effects

Fig.S2. Experimental setup of HC/PC
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Fig.S3. Pressure drop and flow relationships for vortex based cavitation devices (Continuous
line, Eu=48)

Fig. S4. TiO2 coated GFT (25 cm?)



Fig. S5. UV spectrophotometer (Shimadzu UV1800)
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Fig. S6. MO calibration curve at pH= 4.5, A= 430 nm
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Fig. S7. DR 1900 spectrophotometer (Hach)

Fig. S8 LT 200 digester (Hach Lange, Germany)

S1. Characteristic of the photocatalyst
S1.1 XRD analysis

Fig.S9 illustrates the XRD diffraction pattern of GFT coated with a TiO> photocatalyst.
The diffractogram obtained from TiO> on the GFT revealed the presence of intense peaks at 20
= 25.42°, others less intense at 37.07°, 48.19°, and 54.85°, which are typical of the anatase
form's crystalline structure of TiO2, no rutile phase was found. [1]. On the other hand, the
diffractogram shows a broad peak due to the amorphous structure of the GFT. The average

crystallite size of the TiO», is a vital parameter that influences photo-reactivity because it affects



several physical properties of the nanoparticles such as surface area, surface energy, light
absorptivity, and lattice distortion [2]. Based on this characterization, the average crystallite
size was estimated to be 6 nm using the Scherrer equation (Eq. S1) [3], which was found to be
similar as reported by Yu et al. [4]. Interestingly, there are a lot of reports indicating that the
optimum crystallite size for various photocatalytic reactions is in the range of 7-15 nm [5].
However, it has been demonstrated that a reduced crystallite size leads to a higher surface area,
which enhances the adsorption of reactants and, consequently, photo-reactivity [6].
Furthermore, it has been noted that the photogenerated radicals’ energy increases as crystallite
size is reduced due to the quantum confinement effect, which enhances photocatalyst

performance [7].

Intensity (a.u.)

10 20 30 40 50 60 70
20/deg

Fig.S9. XRD diffractogram of GFT coated with TiO2.

S1.2 Scanning electron microscopy

SEM is the best method for evaluating the homogeneity, degree of dispersion, degree

of aggregation, and purity of nanoparticles. [8,9]. Fig.S10 shows SEM images of the surface

morphology of the photocatalyst. It clearly depicts the support's fibrous structure (glass fibers)
as well as the heterogeneous dispersion of the TiO2 nanoparticles, with different sizes, as thin
films, on its surface (Fig. 2a and 2b) as reported by Satoru et al. [10]. By zooming in on the
fiber surface, the TiO2 clusters are visible (Fig. 2¢), which were used in the photocatalysis

process to degrade MO present in synthetic solution.
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Fig.S10. SEM images of TiO2 coated on GFT*500 (a) x1.5K (b) x6.00K (c)

e The crystallite size calculated using the Scherrer equation:

0.9L
- (BcosB) (Sl)

Where D (nm) is crystallite size, K is Scherrer constant, A (0.15406 nm) is the the
wavelength of the X-ray sources, B (radians) is the Full width at half maximum (FWHM)),

and 0 (radians) is the peak position.

0 (radians) B (FWHM) D (nm) D average (nm)
25.29264 1.58753 5.13 5.97
37.91085 2.96098 2.84 -
48.07368 1.88648 4.61 -
54.16614 0.78976 11.3 -




* HC alone APopt=1,5 bar -
—20 min
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~——40 min

TN —50 min

WL (nm)

Fig. S11. MO UV spectrum at optimum pressure drop of 1.5 bar; pH=2, and initial
concentration = 10 ppm
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Supplementary information

Methyl orange degradation using Ag-doped TiO:, H:O:, and hydrodynamic

cavitation

Fig.S2. Experimental setup of PC/HC



Fig.S3. Photocatalysts preparation process

Fig.S4. Prepared Photocatalysts
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Fig.S5. UV spectroscopy analysis of MO samples using PC/0.01% v/v H2O»
S1. Calculation of synergy coefficient

_ kpcin,o0,+HcC
kpc + kuzo2 + Kuc

Y2

The value of ky at 1.5 bar was calculated using previous work [280] as:
Q

B = v with Q=1.25 LPM, and V=2.5 L. The per-pass factor, &, was reported as 0.089. Thus,

Kefruc = ﬁ ¥ 0.089

keff,HC = 00445

~ 1.9746
Y2,pc/0.01% H202/HC = 5024 + 0.0003 + 0.0445

Y2,pC/0.01% H202/HC = 41.85



Abstract

This thesis focuses on the development of advanced photocatalysts and their application in
wastewater treatment, with a particular emphasis on the degradation of textile dyes. The
primary objective was to enhance the efficiency of photocatalytic processes while facilitating

their practical implementation.

First, an approach was developed to immobilize TiO. on a solid support, addressing the
challenges associated with using the photocatalyst in powder form. The immobilized
photocatalyst was then integrated into a hybrid process combining hydrodynamic cavitation
and advanced oxidation, leading to a significant improvement in the degradation of organic

pollutants.

A second approach involved doping TiO: with silver to optimize its photocatalytic performance.
A simple, cost-effective, and environmentally friendly synthesis method was developed. The
optimization of experimental conditions and the study of reaction mechanisms resulted in a
highly efficient photocatalyst capable of ensuring rapid and effective degradation of

contaminants.

The results obtained demonstrate the effectiveness of the proposed strategies and pave the way
for practical applications in the treatment of industrial effluents. This work contributes to the
advancement of water treatment technologies by proposing innovative solutions tailored to

current environmental challenges.



Résumé

Cette these porte sur le développement de photocatalyseurs avancés et leur application dans le
traitement des eaux usées, en mettant 1’accent sur la dégradation des colorants textiles.
L’objectif principal a été d’améliorer I’efficacité des procédés photocatalytiques tout en

facilitant leur mise en ceuvre pratique.

Dans un premier temps, une approche a été développée pour immobiliser le TiO2 sur un support
solide, permettant de surmonter les contraintes liées a 1’utilisation du photocatalyseur sous
forme de poudre. Ce photocatalyseur immobilisé a ensuite été intégré dans un procédé¢ hybride
combinant la cavitation hydrodynamique et 1’oxydation avancée, ce qui a conduit a une

amélioration significative de la dégradation des polluants organiques.

Une seconde approche a été explorée en dopant le TiO2 avec de I’argent afin d’optimiser ses
performances photocatalytiques. Une méthode de synthese simple, économique et respectueuse
de I’environnement a été mise en place. L ’optimisation des conditions expérimentales et I’étude
des mécanismes réactionnels ont permis d’obtenir un photocatalyseur hautement performant,

capable d’assurer une dégradation rapide et efficace des contaminants.

Les résultats obtenus démontrent I’efficacité des stratégies développées et ouvrent la voie a des
applications concrétes dans le traitement des effluents industriels. Ce travail contribue ainsi a
I’avancement des technologies de traitement des eaux en proposant des solutions innovantes et

adaptées aux enjeux environnementaux actuels.
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