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Abstracts

Chapter-1

This chapter provides an overview of adsorption and semiconductor photocatalysis as effective
strategies for wastewater treatment, with a focus on fly ash-TiO.—metal-zeolite hybrid
materials. It discusses the environmental impact of industrial effluents and the drawbacks of
conventional remediation technologies. The chapter highlights the role of fly ash as an
inexpensive, porous support, its functionalization with TiO2 to enhance photocatalytic activity,
and subsequent performance improvements achieved through metal doping and zeolite
incorporation. A critical review of recent studies illustrates how these components work
synergistically to broaden light absorption, enhance charge separation, and improve catalyst
durability for degrading dyes. Methods for material synthesis, structural and optical
characterization, and performance evaluation are summarized. The chapter concludes by
identifying existing research gaps and emphasizing the need for advanced hybrid composites

capable of achieving superior efficiency under visible and solar light irradiation.

Chapter-2

This study emphasizes the need to achieve both high photocatalytic efficiency and strong
adsorption capacity in a catalyst to ensure complete removal of fuchsine blue dye (FB) from
wastewater. In this work, TiO2 and fly ash-TiO2 composites (0.5-5wt%) were prepared using
a sol-gel method combined with wet impregnation, and their performance was evaluated for
combined processes of adsorption and photocatalytic breakdown of fuchsin blue dye. The
materials were characterized using XRD, UV-DRS, SEM, EDS, Raman spectroscopy, and N2
adsorption analysis. Adsorption and degradation experiments were conducted to evaluate the
effects of pH (2-10), adsorbent dosage (1-9 mg), contact time (30—180 min), and initial dye
concentration (5-30 mg/L) on FB dye removal efficiency. Among the tested samples, the 5
wt% fly ash-TiO2 composite exhibited the highest adsorption capacity of 20.32 mg/g and
achieved 76% FB dye removal. These results indicate that adsorption occurs primarily through
monolayer coverage on a homogeneous surface, in agreement with the Langmuir isotherm, and
governed by pseudo-first-order kinetics. Under UV irradiation, the same 5wt% fly ash—TiO»
composite reached a maximum photocatalytic degradation of 88% after 180 minutes, following
pseudo-first-order kinetics. The catalyst demonstrated excellent reusability, maintaining its dye

removal performance consistent over five consecutive cycles.



Chapter-3

In this study, copper (Cu) photo-deposited fly ash-TiO> composites (FT-Cuos.2) with Cu
content ranging from 0.5 to 2wt% were synthesized to evaluate their adsorption and
photocatalytic activity toward the photodegradation of fuchsin blue (FB) dye under visible
light as well as natural sunlight. Structural characterization was performed using X-ray
diffraction (XRD) and diffuse reflectance spectroscopy (DRS), while morphological and
surface chemical analyses were carried out through high-resolution transmission electron
microscopy (HR-TEM), X-ray photoelectron spectroscopy (XPS), and N: adsorption
Brunauer-Emmett-Teller (BET) analysis. These confirmed the successful fabrication of fly
ash-TiO; (FT) and Cu-modified composites (FT-Cuo.s-2). Copper nanoparticles, with sizes in
the range between 7 and 17 nm, were uniformly distributed on the FT composite surface. The
impact of various adsorption parameters, including FB dye concentration, adsorbent dose,
solution pH, and contact duration, was systematically investigated. Following 180 minutes of
adsorption in the dark, the 1wt% Cu-loaded FT composite (FT-Cu;) showed the highest dye
removal efficiency of 77% and fitted well to the Langmuir adsorption model. A notable
enhancement in photocatalytic activity was observed for FT-Cui, which achieved 92% FB
degradation under sunlight and 94% under visible light, compared to the unmodified FT
catalyst with only 68% and 71% removal, respectively. This enhancement in removal
efficiency is attributed to the synergistic interaction between Cu, fly ash, and TiO»
components. The presence of Cu improved the efficient separation of photogenerated charge
carriers and expanded visible light absorption by introducing intermediate energy states
within the TiO; bandgap. The degradation pathway of FB dye was elucidated via trapping
experiments using hole scavengers and detection of intermediate species through High-
Resolution Mass Spectrometry (HRMS). Additionally, the FT-Cu composite exhibited strong
photostability and could be reused effectively, maintaining approximately 83% degradation
efficiency after five consecutive cycles, demonstrating its potential for sustainable treatment

of organic contaminants.

Chapter-4

In this work, copper photo-deposited fly ash—TiO. (FT-Cu;) composites were modified with
ZSM-5 zeolite at loadings of 1%, 3%, and 5% by weight, designated as 1ZFT-Cu;, 3ZFT-Cu,, and
5ZFT-Cuy, respectively. These composites were investigated for their capability to adsorb and
photo-catalytically degrade crystal violet (CV) dye under visible and solar light exposure.
Characterization techniques, including UV-Vis diffuse reflectance spectroscopy (DRS), field

Vi



emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), and BET surface
area analysis, revealed that the addition of ZSM-5 enhanced crystallinity, minimized particle
aggregation, and increased visible light absorption by the composites. Among the samples, the
3wt% ZSM-5-loaded composite (3ZFT-Cui) exhibited the best photocatalytic performance,
achieving dye removal efficiencies of 98% under visible light and 95% under solar irradiation,
using a catalyst dosage of 5 mg, initial dye concentration of 5 mg/L, a contact time of 180
minutes, and solution pH 9. The adsorption process fitted well with the Freundlich isotherm
model, indicating multilayer adsorption, while the degradation kinetics followed a pseudo-first-
order rate. The superior activity is credited to the synergistic interaction of copper doping, the
porous structure of ZSM-5, and the fly ash support, which collectively enhanced light
absorption and dye uptake. The 3ZFT-Cui composite also showed commendable stability,
retaining 84% of its degradation efficiency after five cycles of reuse. Free radical trapping
studies using hole scavengers elucidated the photocatalytic degradation pathway of CV dye,
highlighting the composite’s effectiveness under visible light for potential wastewater

treatment applications
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Chapter-1

Introduction and literature review

1.1 Introduction
Rapid technological advancements and transformations in human lifestyles have greatly

accelerated the emergence of intricate environmental and social issues. To lessen these negative
effects, it is now crucial to develop prompt and efficient remedial techniques. The increasing
demand for water, caused by industrialisation, agricultural development, and population
growth, has increased wastewater output, demanding good resource management. [1]. The
pervasive increase in pollution has become a serious global issue that is negatively damaging
the marine environment and people's health. [2]. Improper treatment of industrial effluents
generated from diverse sectors, such as food and beverage processing, paper and pulp
manufacturing, textiles, dyeing, and chemical industries, has resulted in the continuous
discharge of large volumes of contaminated wastewater into natural water bodies, streams, and
rivers. [3]. Dyes, owing to their complex chemical structures, pose a substantial threat to aquatic
ecosystems, with adverse effects on human health, as well as plant and animal life [4]. Some
synthetic dyes are known to negatively affect vital organs such as the kidneys, liver, heart,
brain, nerve system, skin, and certain compounds within this group may also act as mutagens
or carcinogens. Several physical, chemical, and biological approaches have been developed to
mitigate water pollution [5,6]. Methods that are very effective in eliminating big particles and
solids include coagulation [7], membrane filtration, biofiltration [8], and electrochemical
oxidation [9]. However, their high operating costs and the requirement for proper secondary
waste management prevent these methods from being widely used. Among the emerging
alternative techniques, adsorption and photocatalytic degradation have gained significant
prominence. [10]. These techniques have garnered significant interest due to their eco-friendly

nature, high reproducibility, and effectiveness in eliminating persistent organic contaminants.

[11].



1.1.1 Adsorption & Photocatalytic Degradation

Adsorption is extensively employed because of its straightforward operation, cost-
effectiveness, and excellent removal efficiency. [12]. Various materials, including activated
carbon [13], zeolites [14], fly ash [15], and lignocellulose-based substances [16], have
demonstrated remarkable performance in water purification processes. However, adsorption
faces key limitations, including the requirement for adsorbent regeneration, challenges in
managing secondary waste, and a reduction in performance after multiple cycles of reuse. [17].
Unlike adsorption, photocatalytic degradation facilitates the breakdown of organic
contaminants under sunlight exposure, effectively minimizing the generation of secondary
waste. [18]. Widely investigated photocatalytic materials comprise ZnO. [19], WOs3 [20], g-
C3N4 [21], and a range of TiO»-based semiconductors that have been doped or structurally
modified to enhance their performance. The synergistic integration of adsorption and
photocatalysis offers an efficient strategy for removing organic pollutants. Initially, pollutants
are adsorbed onto the material, preventing photocatalyst surface fouling. Upon light exposure,
photocatalysis then mineralizes the adsorbed contaminants into harmless byproducts like CO-
and H>O, regenerating the catalyst surface and enhancing long-term efficiency and

sustainability. [22].

1.1.2 Utilization of fly ash as support

Fly ash, a waste product from coal combustion, is increasingly recognized as a low-cost and
widely available support material in pollution control technologies. The synergy of its porosity,
high surface area, and reactive surface sites makes it an excellent host matrix for binding
photocatalytic and adsorptive materials. [23]. Fly ash serves as an effective support material,
promoting better dispersion, enhanced durability, and improved reusability of active agents
such as TiO2, ZnO, and metal nanoparticles. Its aluminosilicate structure provides good ion-
exchange capacity and mechanical stability under different environmental conditions.
Employing fly ash in this role not only boosts the effectiveness of contaminant removal
processes but also contributes to sustainable material reuse and environmental conservation.

[24].

1.1.3 Limitations of fly ash in pollutant removal
Although fly ash holds considerable potential for pollutant removal, its practical application is

limited by several challenges. A major concern is the risk of releasing toxic metals and other

harmful substances inherently present in raw fly ash, which can introduce secondary



contamination. Furthermore, inconsistencies in its physicochemical properties, such as
composition, particle size, and surface morphology due to variations in fuel type and
combustion conditions, may lead to unpredictable treatment performance. In its unmodified
form, fly ash often exhibits limited adsorption efficiency for certain contaminants, necessitating
chemical or physical activation to improve its functionality. These modifications, however, can
increase both the operational complexity and overall treatment cost. Additional issues, such as
difficulty in recovering the material after treatment, reduced effectiveness over repeated cycles,
and the need for environmentally sound disposal methods, also pose significant barriers to its

large-scale use in wastewater treatment [24, 25].

1.1.4 Fly ash-TiO2 (FT) composite for improved photocatalytic activity

The combination of titanium dioxide (TiO2) with fly ash has gained attention as an effective
method to enhance photocatalytic efficiency and mitigate the individual shortcomings of both
materials. TiO> is a well-established photocatalyst due to its high oxidative strength, chemical
inertness, and capability to degrade various organic contaminants under light irradiation. [26].
Nevertheless, its practical deployment faces several constraints, including limited surface area,
rapid recombination of photogenerated charge carriers, and challenges in post-treatment
separation.

Utilizing fly ash as a supporting material for TiO2 (shown in Scheme 1.1) addresses many of
these limitations. The inherent porosity and extensive surface area of fly ash promote uniform
dispersion of TiO; particles, which improves light utilization and interaction with pollutants.
Immobilizing TiO; on the fly ash matrix also enhances catalyst durability, reduces nanoparticle
aggregation, and facilitates recovery and reuse. [27]. Additionally, the naturally occurring
metal oxides and silica in fly ash may further aid in photocatalytic efficiency by assisting in
charge separation or acting as co-active sites. [28]. The resulting composite harnesses both the
adsorption potential of fly ash and the photocatalytic power of TiO,, presenting a cost-effective
and environmentally friendly solution for treating wastewater contaminated with recalcitrant

organic compounds.
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Scheme 1.1 A schematic illustration of the photocatalytic mechanism over fly ash-TiO; (FT)

Composite

1.1.5 Cu photo-deposited fly ash-TiO2 composite (FT-Cu) for Visible-Light Activation
Metal doping of fly ash—TiO2 composites (shown in Scheme 1.2) offers a compelling strategy

to boost photocatalytic efficiency under visible light irradiation. Since pristine TiOz is primarily
active under UV light owing to its wide band gap (~3.2 eV), introducing transition metals like
Cu, Fe, Ag, or Ni can create intermediate electronic states that facilitate visible-light activation
[29-31] Among these, copper stands out by forming Cu'/Cu*" redox pairs, which enhance
charge separation and act as effective electron traps, thereby minimizing recombination.
Additionally, copper’s strong affinity with TiO2 and its economic viability make it more
favourable than many other dopants. [32]. Supporting the composite with fly ash further
enhances surface area, improves TiO> dispersion, and provides structural durability. Together,
the adsorption properties of fly ash, the oxidative degradation ability of TiO2, and the extended
light responsiveness from metal doping create a synergistic system for efficient pollutant

removal under ambient light conditions.
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Scheme 1.2 The proposed mechanism of fuchsin blue dye degradation by copper-doped fly
ash-TiO; (FT-Cu) under visible-solar light.

1.1.6 Zeolite (ZSM-5) modified fly ash-TiOz2-metal (ZFT-Cu) composite

In the development of multifunctional materials for environmental remediation, the addition
of zeolites to composite systems has garnered considerable attention. The integration of
zeolites, particularly ZSM-5, into fly ash-TiO,—metal composites significantly augments their
photocatalytic and adsorptive efficiency. ZSM-5, known for its high surface area, well-
organised microporous framework, and strong ion-exchange -capacity, facilitates the
accumulation of pollutants near the reactive sites, thereby increasing contact efficiency [33].
Its presence in the composite promotes enhanced dispersion of TiO> and metal dopants while
maintaining structural porosity for improved light penetration. Additionally, the acidic nature
and cation-exchange properties of ZSM-5 can influence the electronic characteristics of the
composite, aiding in better charge carrier separation and redox reactions. This synergistic effect
contributes to improved catalytic performance, structural stability, and long-term reusability
under solar or visible-light-driven pollutant degradation conditions. [34].

The synthesis of multifunctional hybrid composites combining fly ash, TiO>, metal dopants,
and zeolites has emerged as an effective approach for addressing complex water pollution
challenges. Each component plays a complementary role: fly ash acts as a porous [35], low-

cost support that enhances the dispersion and anchoring of active photocatalytic materials; TiO2

5



serves as the core semiconductor, capable of generating reactive species for pollutant
degradation. However, pure TiO: exhibits photocatalytic activity predominantly under UV
irradiation owing to its wide bandgap, and its efficiency is further limited by the rapid
recombination of photogenerated charges [36, 37]. To address these limitations, metal doping,
especially with elements like Cu, is employed to induce localized energy states inside the band
structure, hence improving visible light absorption.

Incorporating ZSM-5 zeolites into the fly ash-TiO>-Cu composite further improves the
efficiency of the composite by offering a high surface area, uniform pore distribution, and
strong adsorption capacity. These properties enable effective concentration of pollutants near
catalytic sites and contribute to improved light penetration and mass transfer. [38]. (shown in
Scheme 1.3).

Overall, this synergistic material design not only improves the degradation of recalcitrant
organic pollutants in wastewater but also supports sustainable remediation strategies by
utilizing industrial byproducts like fly ash. Such hybrid systems are promising materials for

practical wastewater treatment, especially under visible or solar light conditions.
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Scheme 1.3 The photocatalytic degradation mechanism of crystal violet dye by ZFT-Cu

composite.



1.1.7 Literature Survey
A wide range of studies has reported the application of fly ash—TiO, composites, metal-doped

fly ash-TiO> systems, and zeolite-modified fly ash-TiO> composites for the adsorption and
photocatalytic removal of various pollutants, including dyes, antibiotics, pesticides, and
pharmaceuticals. Representative findings from these studies are summarized in Table 1.1.
Mpelane et al. [39] prepared a C—TiO>—coal fly ash (CFA) nanocomposite using the sol-gel
method, followed by immobilization onto a polyacrylonitrile (PAN) membrane through phase
inversion. The incorporation of carbon and the high specific surface area of the composite
(114 m?/g) contributed to its outstanding photocatalytic efficiency. When tested under sunlight
for 300 minutes, the material achieved degradation rates of 99.8% for methyl orange (MO) and
99.2% for gentian violet (GY), highlighting its potential for solar-driven wastewater treatment.
Tu et al. [40] developed a fly ash cenosphere (FAC)-supported TiO> composite using a wet
mechanical grinding method, enabling even distribution of nano-TiO; across the FAC surface.
This photocatalyst effectively removed 98% of methyl orange from aqueous solutions and
performed on par with commercial P25 TiO,, all while utilizing a reduced amount of TiO». The
study highlights its potential as a more economical and efficient option for real-world
wastewater treatment applications.

Sawunyama et al. [41] synthesized a cost-effective ceramic membrane by modifying coal fly
ash with TiOz and ZnO through co-pressing and sintering techniques. The resulting composite
showed notable photocatalytic activity under visible light, removing around 77% of tetracycline
within 100 minutes. It also maintained about 73% of its efficiency after five consecutive cycles,
highlighting its durability and potential for repeated use. The synergistic integration of ZnO
and TiO> onto the fly ash matrix improved both light harvesting and charge separation, making
it a viable and sustainable option for eliminating antibiotics from contaminated water sources.
Song et al. [42] synthesized a floating photocatalyst by incorporating iron (Fe) and nitrogen
(N) co-doped TiO2 onto fly ash cenospheres through a sol—gel process. The Fe-N-TiO»/FAC
composite exhibited notable photocatalytic activity under visible light, achieving 92.6%
degradation of Rhodamine B in 6 hours. The co-doping effectively broadened the light
absorption spectrum and enhanced charge separation efficiency.

Lin and Ali [43] synthesized a Fe*-doped ZnO/TiO; photocatalyst using the calcination method
for dye removal. The optimized composite achieved 90.68% removal of methyl orange under
incandescent light and 97.14% under sunlight after 4 hours, demonstrating high photocatalytic
efficiency.

Visa et al. [44] produced a Pt/TiO>—fly ash zeolite composite using a mild hydrothermal
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synthesis. The material was applied for industrial dye removal, achieving about 25% removal
of Brilliant Blue and 43.9% of Brilliant Red under sunlight in 360 minutes, which increased to
80.7% and 93.4%, respectively, when H,O> was added.

Aghajari et al. [45] developed a nanocomposite photocatalyst comprising Ag-doped Fe—ZSM-
5 supported on TiO> through a combination of hydrothermal synthesis and sol-gel methods.
This multifunctional material was tailored for the degradation of Reactive Red 195 (RR195)
dye under natural sunlight exposure. The inclusion of silver and iron into the ZSM-5@TiO:
framework enhanced the photocatalyst’s surface characteristics and light absorption in the
visible region. Under optimized conditions (pH 3 and 400 mg/L dosage), the system achieved
around 98% degradation of RR195 within 2 hours, while maintaining effective performance
over several reuse cycles.

Cahyanti et al. [46] synthesized an Fe-doped TiO2/zeolite H-A composite via the impregnation
method to enhance photocatalytic performance. The incorporation of Fe into the TiO2/zeolite
structure improved light absorption and charge separation efficiency. When applied for
methylene blue degradation under UV irradiation, the photocatalyst achieved approximately
89.6% removal within 50 minutes, demonstrating its high efficiency for dye wastewater
treatment.

Sambakanya et al. [47] synthesized a carbon-doped TiO>—SnO: nanocomposite supported on
coal fly ash (C-Ti02-SnO2/CFA) via a sol-gel method subsequently calcined at 550 °C. The
photocatalyst was applied for dye degradation, achieving 97.75 % removal of methyl orange
and 99.25 % removal of methylene blue within 3 h under visible light.

Raashid et al. [48] synthesized a dual-catalyst system comprising TiO- as a photocatalyst and
Fe-coated 4 A zeolite as an ozonation catalyst for the degradation of CONFIDOR pesticide
(imidacloprid). Under UV irradiation (253.7 nm, 250 W/m?) and an ozone flow rate of 100
mg/h, the combined catalytic process achieved over 99 % removal of imidacloprid within 20

minutes, demonstrating a 1.4-fold higher degradation rate compared to TiO- alone.

Ramutshatsha-Makhwedzha et al. [49] prepared a magnetic Fe:Os@TiO:2(@zeolite
nanocomposite using a sol-gel method, combining the magnetic properties of FesOa for easy
separation, the adsorption ability of TiO-, and the high surface area and ion-exchange capacity
of zeolite. The material was applied for the removal of levofloxacin from water, achieving a
removal efficiency of 92.43-96.95 % and maintaining good reusability up to five adsorption—
desorption cycles.

Mergenbayeva et al. [50] prepared TiO2/zeolite (TZ) and TiO2/ZSM-5 (TZSM) composites via



mechanical mixing and impregnation for SMX degradation, achieving 100 % removal in 10
min under UV light with a rate constant of 0.501 min™" (2.08% higher than Ti0:) and ~67 %
mineralization within 120 min.

Li et al. [51] synthesized a CTAB-modified Mo-doped TiO: coated on fly ash cenosphere
(CTAB-Mo-TiO2/FAC) via a sol-gel method. The photocatalyst showed an extended
absorption range (200—800 nm) and abundant oxygen vacancies, enabling enhanced visible-
light activity. At a dosage of 2 g/L, it achieved 99.75 % removal of methylene blue (MB) within
60 min, compared to 42 % for Mo-TiO./FAC and 24 % for TiO./FAC.

Kanakaraju et al. [52] prepared a copper-doped TiO:/fly ash composite (Cu—TiO2/FA) using
adsorption—photocatalysis synergy, optimized via response surface methodology. Under visible
light, at a 2 g/L. dosage and 5 ppm methyl orange (MO), it achieved 99.91 % removal of MO
in 100 min, demonstrating a “capture-and-destroy’” mechanism.

Gong et al. [53] developed an Ag-nanoparticle embedded magnetic fly ash composite
(AgNPs/MCFA) by impregnation—reduction—sintering. Under visible light, it removed 99.89
% methyl orange in 15 min, with a degradation rate constant k = 0.3133 min™’, and retained

>90 % efficiency after five reuse cycles.

Table 1.1 Summary of recent studies on fly ash-supported photocatalysts for dye and pollutant

degradation under various light sources.

S. No. Photocatalyst Pollutant(s) Source of Light Degradation / Ref.
Removal Efficiency

99.9% (RhB), 99.9%

TiO2-doped mesoporous

1 silica (TDMS) from i}clf(fgnr’;ﬁefﬁ Not specified ~ (AOII) in 6 h; TOC [54]
CFA & removal 90.3% / 84.1%
Ti02/ZSM-5 (Z-T, 450 Methyl orange . o

2 c) (MO) UV light 99% [55]

3 Na-Y/TiO-Pd Methylene blue (vl 1ight > 98% [56]

(MB)
NaP-zeolite@TiO2 Methylene blue . 99.6% in 2 h; > 90%
4 sheets (MB) Solar light COD reduction 571
. . . Visible light (50  100% in 90 min (3 wt%
5 Fe-TiO2/BEA zeolite Tetracycline W blue LED) Fe) [58]
. ~99.9% (synthetic);
6 ~ COSTIONCeOzon - Methylene blue e jigne  ~78.79% (sewage); ~86% [59]

zeolite (MB) retained after 4 cycles



S.No. Photocatalyst Pollutant(s) Source of Light Degradation / Ref.
Removal Efficiency
. Methyl orange . 82.4% after 3 reuse
7 Ti0./HZSM-5 (MO) UV light cycles [60]
o
X-zeolite/TiO: from Methylene blue . . . 98.'364 (0'3.6 gL, 30
8 Visible light min adsorption + 100 [61]
CFA (MB) . .
min photocatalysis)
TiO2>—zeolite composites Methyl orange . o
9 (from CFA) (MO) UV light 82.4% [62]
TiO2-modified fly ash Adsorption (no 0 o
10 (MFA) Cd(II), Pb(II) light) 94.3% (Cd), 93.1% (Pb) [63]
>98% (10 wt% Fe-
. . Methylene blue .. . . TiO2/HY); UV
11 Fe-TiO2/HY zeolite (MB) Visible light degradation with [64]
TiO/HY
12 TiO:-N/zeolite-NaY ?ﬁgylene Blue 1/ Jight Up to 99% in 3 h [65]
~99% (198 mg/L Cd*");
13 Z@Ag/TiO: Cd** adsorption Not specified ~168 mg/L adsorption  [66]
capacity
~99% (0.10 CAZ); 70.4
14 CuO/Ag-zeolite (CAZ) 1(\1/\1;1‘;h)ylene blue Not specified mg g ! adsorption; [67]
antibacterial vs. S. aureus
. . . 89% (zeolite); 97%
15 Ti02/Fe20s/zeolite Cyanide UV/H20:- (PAC): 1.3 faster rate [68]
. . 95% in 9 min (5 min
+ Fe-
16 gggnaf:n)ze"hte Acid Red 1 dye UV/Os with Fe-zeolite): TiO:  [69]
alone 28% in 15 min
. . 21% degradation (240
17 :;EiZtISOZ/ZeOhte/PMMA 1(\1/\[/f]tggylene blue Simulated solar ~ min); zeolite/PMMA [70]
adsorbed 69% MB
. . o . . 89% in 100 min (pseudo-
18 TiO2/clinoptilolite Crystal violet ~ Not specified first-order kinetics) [71]
. . . . 82—-66% adsorption; 92—
19 Ti02/zeolite Malachite Green UV light 90% combined removal [72]
o) : .
20 Ag:0@Y zeolite Ranitidine Simulated sunlight 97.5% in 75 min (neutral [73]

pH)
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1.2  Research Gaps
Based on the literature survey, the following gaps have been identified:

1. Limited studies have explored the use of TiO>—fly ash-metal-zeolite composites as
adsorbent/photocatalyst is less commonly done.

2. Adsorbents/Photocatalysts like TiO»-fly ash metals- nonmetals- have not been used much to
remove these organic pollutants, such as antibiotics, EDCs, dyes, etc.

3. Very little literature is available on adsorptive removal of organic pollutants like EDCs and

antibiotics using TiO»-fly ash metal-zeolite composite.

1.3  Objectives

The main aim of this research is to develop and evaluate a range of adsorbents/photocatalysts
for the removal of hazardous organic pollutants from aqueous solutions. The specific objectives
are:

1. To synthesize and characterize fly ash—TiO; hetero-composites.

2. To investigate the effect of metal incorporation into fly ash—TiO, composites on their
adsorption capacity and photocatalytic efficiency.

3. To assess the impact of zeolite incorporation into fly ash-TiO,—metal composites on the

photocatalytic degradation of organic contaminants.

1.4  Characterization of fly ash—TiO: hetero-composites.
Freshly prepared Copper-deposited fly ash—TiO> composites and ZSM-5 zeolite-loaded fly

ash—TiO>—copper composites were characterized by different techniques such as XRD,
FESEM, BET, DRS, XPS, and Raman spectroscopy to evaluate their structural, morphological,

optical, and surface properties, as outlined below.

1.4.1 X-ray diffraction (XRD) analysis
The crystal structure of the synthesized materials was examined using a Smart Lab SE X-ray

diffractometer with Cu-Ka radiation (A = 1.54 A) as the source. The equipment was operated
at 45 kV to provide sufficient X-ray intensity for clear diffraction peaks. Data collection was
carried out within a 20 range of 5° to 80°, allowing the detection of both low- and high-angle
reflections. A slit width of 10 mm was used to maintain beam precision, while the step size was
fixed at 0.01° to ensure high-resolution measurements. The scan rate was maintained at 5° per
minute to obtain accurate and well-defined diffraction patterns for phase identification and

structural analysis.
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1.4.2 Morphological analysis
Field Emission Scanning Electron Microscopy (FESEM, JEOL JSM-7600F, Japan) operating

at 30 kV was employed to examine the surface morphology and microstructural features of the
prepared catalysts. The elemental composition and spatial distribution of elements were
determined using Energy Dispersive Spectroscopy (EDS, Bruker). In addition, detailed lattice
and particle structures were visualized through High-Resolution Transmission Electron

Microscopy (HRTEM, JEOL JEM-2100, Japan).

1.4.3 Surface area and pore size analysis

The surface area and pore size characteristics of the prepared samples were determined using
the Brunauer—-Emmett-Teller (BET) method on an Autosorb iQ analyzer (Quantachrome
Instruments, version 3.01, USA). Before measurement, the samples were subjected to vacuum
degassing to eliminate any adsorbed gases or moisture, ensuring precise results. Nitrogen
adsorption—desorption isotherms were obtained at 77 K (liquid nitrogen temperature), and the
resulting data were used to determine the specific surface area, average pore diameter, and total

pore volume.

1.4.4 Optical absorption and band gap analysis
The optical characteristics of the prepared samples were analyzed using a Diffuse Reflectance

Spectrophotometer (JASCO V-750, Japan) to evaluate their light absorption behaviour and
band gap characteristics. Barium sulfate (BaSO4) was employed as a reference standard due to
its nearly perfect diffuse reflectance, ensuring precise baseline correction. The measurements
were carried out over a wavelength range of 400-800 nm, covering the visible light spectrum.
This enabled detailed analysis of absorbance and reflectance profiles, which were subsequently

used to estimate the optical band gap energies of the samples through Tauc plot analysis.

1.4.5 XPS analysis
The oxidation states and chemical environments of the constituent elements in the composite

were determined using X-ray Photoelectron Spectroscopy (XPS) on a Thermo Fisher Scientific
NEXSA system (UK). The analysis was performed under ultra-high vacuum conditions,

employing a monochromatic Al Ka X-ray source.

1.4.6 Raman analysis
Raman spectroscopy was carried out using a LabRAM HR micro-Raman spectrometer (Horiba)

outfitted with a 532 nm laser for excitation.
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1.5 Adsorption and photocatalytic studies

The adsorption and photocatalytic activities of the prepared fly ash—TiO-, copper-deposited fly
ash-TiO,, and ZSM-5 zeolite—loaded fly ash—-TiO>—copper composites were evaluated by
assessing their effectiveness in removing organic pollutants. The pollutant removal mechanism

involves two successive stages:

1.5.1 Adsorption Studies
The adsorption capacity of the synthesized photocatalysts toward various organic pollutants

was evaluated in the absence of light. A measured quantity of the photocatalyst was introduced
into separate test tubes containing aqueous solutions of the target pollutants. These mixtures
were stirred in dark conditions to avoid any photoreactions. Samples were withdrawn at
predetermined intervals and subjected to ultracentrifugation to isolate the catalyst particles. The
concentration of residual pollutants in the supernatant was determined using a UV-visible
spectrophotometer (JASCO V-750) by recording and comparing the absorption spectra before
and after the adsorption process. To elucidate the adsorption mechanism, experimental data
were modelled using the Freundlich and Langmuir isotherm models. Additionally, pseudo-
first-order and pseudo-second-order kinetic models were applied to predict and analyze the
adsorption kinetics. Detailed descriptions of the procedures, equations, and calculations are

provided in the corresponding sections.

1.5.2 Photocatalytic Degradation Analysis
The photocatalytic degradation experiments for different pollutants were carried out in

individual test tubes, each containing a known quantity of photocatalyst dispersed in 5-10 mL
of the pollutant’s aqueous solution. Before light exposure, the mixtures were stirred in the dark
to establish adsorption—desorption equilibrium at the interface between the surface of the
catalyst and pollutant molecules. Subsequently, the samples were irradiated with visible LED
light (50 W, WIPRO Garnett B22, intensity ~100 W/m?, A > 365 nm) housed within a wooden
chamber. At predetermined intervals, aliquots were withdrawn, and the photocatalyst particles
were removed via ultracentrifugation. The concentration of the residual pollutants in the
supernatant was measured using UV—visible spectroscopy. Photodegradation efficiency and
kinetic parameters for each photocatalyst were calculated using the methods and equations
described in the subsequent chapters. The reaction intermediates generated during the

photocatalytic degradation were identified using high-resolution mass spectrometry (Waters
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QTOF mass spectrometer equipped with an XEVO G2 XS UPLC system and coupled to APCI

and ESI ionization sources, 10 min retention time).
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Chapter-2

Utilization of fly ash—TiO2 composites for efficient adsorption and
photodegradation of fuchsin blue dye
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2.1 Introduction

Coal power stations significantly meet the world’s energy needs [1]. Fly ash is a solid waste
produced in huge quantities from the combustion of raw coal in power plants [2]. The amount
of coal fly ash produced annually is expected to be 750 million tonnes, and is only used in some
industries to the extent of 25% [1]. Coal fly ash is one of many industrial solid wastes (by-
products) that are attractive and low-cost adsorbents exhibiting high specific surface area,
porosity, and particle size due to its ability to adsorb a variety of hazardous and non-
biodegradable dyes from coloured effluents [3, 4]. Fly ash is improperly handled, stored, and
disposed which causes significant contamination to the earth, air, water, and even living
creatures. The environment is contaminated, and human health is at risk when untreated fly ash
from power plant chimneys is released into the atmosphere [5, 6]. As a result, recycling fly ash
has sparked a lot of interest in research scientists to find sustainable and environmentally
friendly ways to deal with this waste product [7]. The composite material made up of fly ash
and TiO> is reported to show improved photocatalytic properties [8—10]. The fly ash provides

a large surface area for dye adsorption and accelerates photocatalytic processes when combined
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with TiO2 nanoparticles. By incorporating fly ash, the composite photocatalyst becomes more
durable and stable, increasing its capacity for reuse. The TiO> nanoparticles in the composite
photocatalyst are activated when exposed to UV light [11,12]. The absorbed light energy
creates electron-hole pairs in the TiO», leading to the generation of reactive oxygen species,
such as superoxide radicals and hydroxyl radicals (*OH). The reactive oxygen species interact
with the dye molecules that have been adsorbed, oxidizing them to generate smaller, less
harmful chemicals [13,14]. Recent research on the production and application of photocatalysts
has focused mostly on titanium dioxide (TiO2) due to its exceptional performance, chemical
stability, and lack of toxicity [15].

Over the last decades, FA/Ti02 composites have been studied as an affordable adsorbent for
eliminating different water pollutants during wastewater treatment [3, 4]. Gilja et al. [13]
synthesized TiO,/ treated FA nanocomposites to increase the specific surface
area for removing reactive Red 45 (RR45) azo dye via photocatalytic treatment with UV-A
light. The study found that all FAI1/TiB nanocomposite photocatalysts have high
photosensitivity, with 96% of discolouration. Mpelane et al. [16] utilized the sol-gel technique
to synthesize the C-TiO,-CFA nanocomposite, which was then immobilized on a PAN
membrane by the phase inversion method. Carbon doping and the nanocomposite's huge
surface area (114 m?/g) resulted in excellent photodegradation efficiency (99.8% and 99.2%
for MO and GY, respectively) under sunlight irradiation, in 300 min. Tu et al. [14] employed a
wet mechanical grinding approach to produce an FA-TiO; composite using nano TiO> and
FACs to remove 98% methyl orange. Duta and Visa [17] effectively synthesized TiO2/FA
novel substrate in a hydrothermal process for concurrent heavy metal (Cd** and Cu?") and
surfactant (1-hexadecyl trimethylammonium bromide — HTAB and dodecyl benzenesulfonate
— SDBS) elimination, optimised conditions led to excellent removal efficiency (over 90%) for
heavy metals and surfactants. Kanakaraju [18] synthesized a Cu/TiO2/FA composite using the
wet impregnation method to achieve a 99% removal of methyl orange under visible light.

For instance, dyes are hazardous pollutants that must be removed [19]. Basic fuchsin (BF), or
magenta or Fuchsin dye, is a synthetic dye from the triarylmethane class [20]. Although widely
used in textile mills, the cationic dye is not biodegradable when disposed of with wastewater
[21]. Releasing fuchsin dye into water will significantly harm the ecosystem and endanger
human health [22]. Continuous exposure to this dye may result in headaches, vertigo, muscular
cramps, disorders in the digestive system, gastrointestinal discomfort, nausea, and vomiting

[23, 24]. The dye's aromatic rings are extremely stable, which leads to considerable
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bioaccumulation. As a result, it is critical to eliminate it from the water using an easy,
inexpensive, and efficient method [25]. Fuchsin removal from wastewater systems is a serious
issue that needs to be researched and addressed because of its poor biodegradability, toxicity,
carcinogenicity, and odour [26]. However, the adsorption and degradation of fuchsin dye by
Ti10;-fly ash composite have not been reported anywhere.

The current studies describe the synthesis, characterization, comparative adsorption, and
photocatalytic degradation of fuchsin dye by TiO», fly ash, and fly ash-TiO, composites. TiO>
was synthesized using the sol-gel method, and FA-TiO; composites were prepared using the

wet-impregnation method with TiO2 concentrations ranging from 0.5 to Swt%.

2.2 Experimental section

2.2.1 Chemicals and reagents

Titanium Butoxide Ti(OC4Ho)4, Di decyl dimethyl ammonium chloride (C22HasCIN) were
purchased from Sigma-Aldrich (India), Acetic acid (C2H40O2), Ethanol (C.HsOH), FB dye
(C20H19N3.HCI) were obtained from Loba Chemie (India). Fly ash (FA) was obtained from
Rajpura Power Plant (India). Ultrafiltration equipment Milli-Q (Millipore), produced double-
distilled water (D.L.).

2.2.2 Synthesis of TiO2
TiO, was synthesized by the sol-gel method displayed in Scheme S1. Solution A was made by

dissolving 10 mL of titanium butoxide in anhydrous ethanol. Under vigorous stirring (250 rpm),
10 mL of 3M acetic acid was added dropwise to the solution and agitated for another 15
minutes. At room temperature, 1.1 mL didecyl dimethyl ammonium chloride, 30 mL anhydrous
ethanol, and 10 mL distilled water were combined for 15 min to get Solution B. Eventually,
solution B was gradually added to solution A. The resulting mixture was then aggressively stirred
with a magnetic stirrer at 600 rpm for 45 minutes. The liquid in the Erlenmeyer flask was then
cooked for an additional 24 h at 70°C in the oven, producing a clear solution. The resulting TiO-
sample underwent a de-ionized water rinse, was dried at 100°C for 12 hours, and then was subjected

to a 3 h calcination process at 400°C [13].

2.2.3 Synthesis of FA-TiO2 (FT) Composites
FA-TiO> composites with different weight percentages of TiO> were prepared by the wet-

impregnation method (shown in Scheme 2.1). 10g of fly ash was ultrasonically dispersed in a
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beaker containing 100 ml of distilled water. Then a specified amount of TiO, (0.05g, 0.1g, 0.3g
and 0.5 g) was introduced. The mixture was stirred at 600 rpm for 2h, followed by filtration
and drying in an oven at 70°C for 24 h. The FA-TiO> composite catalyst containing 0.5wt%,
I1wt%, 3wt% and Swt% of TiO, are named as FTos, FT1, FT3 and FTs respectively [27].

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Scheme 2.1 Schematic presentation of the synthesis of the fly ash-TiO2 nanocomposites.

2.2.4 Catalyst Characterization
The X-ray diffraction patterns of the synthesized materials were obtained using an X-ray

powder diffraction PAN Analytical-Xpert-PRO machine outfitted with a Cu-Koradiation
source (1.54), functioning at 45kV, with a diffraction angle (20) extending from 5°- 80° and a
scan rate of 5°/min. Raman spectroscopic observations were conducted using a Labram HR,
Horiba micro-Raman spectrometer with a 532nm laser excitation. Surface area and porosity
were determined using the BET N, adsorption-desorption isotherm at 77.3 K using a surface
analyzer, Quanta Chrome Nova-1000. Furthermore, the BJH method was used to investigate
pore size distribution. Field Emission Scanning Electron Microscopy (JEOL JSM-7600F
operating at 30kV) (FESEM) was used to describe the surface morphology of the catalyst.
Elemental mapping and analysis were done using an energy-dispersive X-ray spectrometer
(EDS). Utilizing a reference of BaSQOa, the optical properties were assessed using a diffuse
reflectance spectrophotometer (DRS, Avantes). High-Resolution Mass Spectroscopy (Waters,
QTOF mass spectrometer equipped with XEVO G2 XS UPLC combined with APCI and ESI
ionization source with negative and positive mode scans at various intervals, retention duration
of 10 min) was employed to identify degradation products, which provided insightful

information about the photocatalytic degradation pathway.
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2.2.5 The point of zero charge (PZC) of the composite
The point of zero charge is a significant physicochemical parameter since it shows the pH at

which the adsorbent's surface will have zero net charge. The point charge of the FTs composite
were computed using the solid addition technique using 0.002 M cetrimide (C19H42Br~) and
0.1 M KClI solutions. In this approach, 25 mL of 0.002 M cetrimide and 25 mL of 0.1 M KCl
solution were placed in test tubes, and the preliminary pH of the various solutions was roughly
adjusted between 2 and 10 using 0.1 M NaOH and 0.1 M HCI solutions. Following that, 5 mg
of FTs composite was added individually to each test tube, resulting in a suspension that was
kept for 3 hours and allowed to equilibrate with constant shaking. After 3 hours, filter the

solution and properly determine the ultimate pH.

2.2.6 Adsorption of FB dye
The adsorption behaviour of TiO», FA (Fly ash), and various FT composites (0.5wt%, 1wt%,

3 wt%, and 5wt% of TiO2) was studied with a 10 ml pollutant solution. The effect of various
parameters such as fuchsin dye concentration (5-30 mg/L), adsorbent amount (1-9 mg), and
contact time (30-180) minutes was studied. In the dark, a magnetic stirrer was used to mix and
agitate a series of test tubes containing 10 ml of pollutant solution at various concentrations
and the required amount of adsorbent. After agitating each test tube for a specific period, it was
removed, and 10 ml of its aqueous sample was taken and centrifuged to separate the adsorbent.
A UV-visible spectrophotometer was utilized to determine the amount of adsorbate in the
supernatant at its maximum absorbance (Amax = 546 nm for FB dye) using the standard
calibration curves shown in Fig. 2.1. The adsorbent’s adsorption efficiency (adsorbed mass per

unit mass, mg/ g) was determined by using the formula:
A%
Adsorption capacity = Q_= (C,-C,) x W (1)

where C, denotes the initial concentration (mg/L) of fuchsin dye, C. denotes the FBs
equilibrium concentration in the solution (mg/L), W denotes the amount of adsorbent (g), V
denotes the volume of FB solution (L) and Q. is the adsorbent's efficiency (mg/g) at equilibrium
[28] The following equation was used to estimate the percentage (R%) of FB absorbed into
adsorbents.

Percentage removal of FB dye = R% = (%J x100 (2)

o

Co and Ce are the initial and equilibrium concentrations of the fuchsin dye in the solution, and

R% is the percentage of the fuchsin dye that has been removed [29].
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Fig. 2.1 Calibration curve of FB pollutant at different concentrations

2.2.7 Photocatalytic degradation of FB dye
The photocatalytic activity of the synthesized materials TiO2, FA and different TiO2-FA

nanocomposites, were evaluated by FB dye degradation. The photocatalytic reaction was
carried out in separate test tubes at room temperature; 5 mg of each catalyst was dispersed in
10 mL of FB solution in a typical reaction. The test tubes containing various catalysts were
then subjected to UV light (125 W Hg arc, 104 mW/cm?). After 150 minutes, the samples were
removed from each test tube and centrifuged at 9000 rpm for 7 min to remove any residual
solid catalyst particles. The optical absorbance spectra of FB dye were analyzed using a UV-
vis spectrophotometer at Amax of 546 nm. According to Beer-Lambert's law, the concentration
is directly proportional to the absorbance, and the following formula was used to calculate the
photodegradation efficiency:

A,-A, C,-C

x100 =—-—"-+x100
C

[} o

Rate of FB dye degradation (%) = 3)

where A,, C, stands for the initial FB dye absorbance and concentration at time 0 and A, C; for

the absorbance and concentration of FB dye at time t, respectively [30].

2.3 Results and discussion
Catalyst Characterization

2.3.1 X-Ray Diffraction
The XRD spectra of TiO; are shown in Fig. 2.2(a). Diffractograms of TiO; derived from

Titanium-butoxide show anatase crystalline phase (seen 20 at 25.3° (101), 37.9° (004), 48.3°
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(200), 54.1° (105), 55.1° (211), 62.8° (204), 69.2° (116), 70.3° (220) and 75.4° (215). A
reference to JCPDS Card no. 21-1272 confirms that anatase TiO; peaks are found in the
spectrum [31]. The X-ray diffractogram of fly ash shows that the phase composition of fly ash
has four essential crystalline components: quartz (SiOz), mullite (AlsSi2O13), magnetite
(Fe304), and hematite (Fe2O3). The typical peaks in the XRD diffractogram at 16.45°, 25.98°,
and 26.30° and 20.86°, 26.58°, and 36.55° show the mullite and quartz phases, respectively.
There was a good match between the presence of these phases and their respective JCPDS
cards: mullite (JCPDS card no.89-2644), quartz (JCPDS card no0.89-1962), and hematite
(JCPDS card no.33-664). The diffractogram shows a distinctive rise in intensity at angles
ranging from 21 to 28° 26, as well as the comparatively low intensity of the quartz and mullite
phase peaks showing microscopic particle size and a high activity index of FA [32].

The XRD spectra of TiO2, FA and different (1wt%,3wt% and 5wt% TiO2) FA- TiO2 composites
were investigated are shown in Fig. 2.2(b) Peaks observed at 26 values of 16.45°, 25.98°, and
26.30° and at 20.86°, 26.58°, and 36.55° in the FA sample correspond to the presence of mullite
and quartz phases, respectively. The characteristic peak at 26 = 25.3° is attributed to pure TiOx.
All the FA diffraction peaks were retained in the FA—TiO. composites containing 0.5 wt%, 1
wt%, 3 wt%, and 5 wt% TiO.. Additionally, a TiO.-specific peak at 20 = 25.3° becomes
increasingly prominent with higher TiO- loadings, confirming the successful incorporation of

TiO: onto the FA surface and the effective formation of the composite structure.
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Fig. 2.2 XRD patterns of (a) TiO, fly ash (FA), and 0.5wt% TiO; loaded FA composites
(FTos), (b) FT1, FT3, FTs, (c) Raman spectra of TiO2, fly ash (FA) and FTs composite, (d) N,

adsorption-desorption isotherms, (inset) BJH plot distribution curves of FA, FT;, and FTs
nanocomposites,(e) Diffuse Reflectance Spectra of several composites and (f) Tauc Plot of FTs

composite

2.3.2 Raman analysis
Fig. 2.2(c) shows the Raman spectra of FA, TiO, and FTs nanocomposite in the range of 200—

1800 cm™'. Raman spectroscopy was used to analyze structural defects and show the uneven
structure of the products. Raman spectra of fly ash showed 2 sharp peaks. arises from disorder-
induced vibrations and indicates defects or structural irregularities in the graphitic carbon
present, and the G-band observed near 1590 cm™, attributed to the in-plane vibrational mode
of sp?>-bonded carbon atoms and represents more ordered, graphite-like domains associated
with symmetry and crystallinity. These peaks confirm the presence of carbonaceous species in
fly ash and help assess the degree of structural order within the material. The prominent band

of about 467 cm™! indicated the presence of quartz that corresponded to the symmetric Si-O
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stretching mode of quartz. The peak at 725 cm™ displayed intra- and inter-tetrahedral
deformation modes involving tetrahedral cation mobility in fly ash due to silica content. The
presence of the mullite phase in fly ash has been shown by a conspicuous band around 960 cm”
'[33]. Four distinct Raman active modes of anatase TiO, with symmetries Eg, Big, A1g, and E,
were detected at 144, 396, 519, and 638 cm™!, respectively. Raman spectra demonstrated the
development of the anatase phase of TiO> [34]. Raman spectra of FTs nanocomposite showed
both TiO2 and fly ash peaks; however, Raman modes of TiO2 in FTs composite became reduced

due to the low concentration of TiO> on the surface, due to more fly ash coverage.

2.3.3 BET analysis
The BET analysis in Fig. 2.2 (d) depicts the N> adsorption-desorption isotherms and the

associated BJH pore-size distribution curves of fly ash, FT3, and FTs nanocomposites.
Following the ITUPAC classification, nitrogen (N2) adsorption-desorption isotherms of fly ash
and composites showed a type-IV isotherm with significant H3 hysteresis loops, indicating
multilayer adsorption on the mesoporous surface. The specific surface area, pore volume, and
pore sizes of all the samples are reported in Table 2.1. The pore size of the samples is
predominantly distributed within the 2-10 nm range, confirming their mesoporous
characteristics. The analysis further reveals that the TiO>—fly ash nanocomposites exhibit a
substantially greater total pore volume and specific surface area in comparison to raw fly ash.
The incorporation of TiO: introduces additional active energetic sites for pollutant adsorption
and enhances pore accessibility, thereby facilitating faster diffusion of reactants and products.
These features collectively contribute to the improved photocatalytic performance of the

composite material activity [35].

Table 2.1. Pore volume, surface area and pore diameter of TiO», fly ash, FT; and FTs
composites.

Photocatalyst BET surface area Pore volume Pore diameter
(m*/g) (em®/g) (nm)

TiO2 99.70 0.20 12.31

Fly ash 1.35 0.00 3.05

FTs 3.27 0.01 3.41

FTs 5.43 0.01 7.81
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2.3.4 UV-vis diffuse reflectance spectroscopy
UV-vis diffuse reflectance spectra of TiO», fly ash, and FT composites (0.5wt%,1wt%,3wt%,

and 5wt% TiO») are shown in Fig. 2.2 (e). The DRS spectra depict peaks with wavelength
below 400 nm in the UV region exhibiting transition of electrons from the valence band of (2p)
O* orbital to (3d) Ti** orbital to the conduction band. The fly ash-TiO> composite shows
enhanced ultraviolet (UV) light absorption, resulting in a redshift to a longer wavelength. This
shift may be attributed to the formation of Si-O-Ti bonds between the TiO> and fly ash surfaces.
The bandgap of as-prepared composites was estimated using Tauc's equation. Tauc's expression
is written as:

ahv = A(hv-Eg i 4)

Where o denotes the adsorption coefficient, hv indicates the photon's energy, A is a constant,
and E, signifies the bandgap transition that occurs directly or indirectly (n=0.5 for a direct
transition and 2 for an indirect transition). The bandgap values were estimated by projecting a
straight line to the x-axis in the (ahv)? graph vs. hv. The Eq value formulated to be 2.52 eV for
FTs composite is depicted in Fig. 2.2(f), whereas the E; value of 3.12 eV for TiO2, 2.84 eV for
fly ash, 2.83 eV, 2.79 eV, 2.55¢eV for FTos, FT1, FT3, composites are shown in Fig. 2.3 (a-e).
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Fig. 2.3 (a-e) Tauc Plot of various photocatalysts.
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2.3.5 Scanning Electron Microscopy

SEM analysis was performed to examine the morphology of the materials and their interactions
within the composite samples. This provides insight into the structural characteristics of the
FA-TiO2 composites, particularly how varying TiO: loading influences the extent of TiO:
coverage on the FA surface. The SEM images of TiO2 shown in Fig. 2.4(a) reveal that the TiO-
nanoparticles possess a predominantly spherical morphology. A noticeable degree of particle
agglomeration is observed, indicating the tendency of TiO: nanoparticles to cluster together
due to their high surface energy and nanoscale size. Fig. 2.4 (b) showed spherical-shaped FA
particles with a smooth surface. SEM micrographs in Fig. 2.4 (c-f) show different FT
composites with varying TiO> concentrations. In Fig. 2.4 (¢) FT; nanocomposite shows FA
particles covered partially by TiO> particles. Fig. 2.4 (d) presents an FT3 nanocomposite in
which TiO; concentration is higher, resulting in more TiO2 coverage on the FA particles. Fig.
2.4 (e, f) presents the images of FTs nanocomposite, which reveal that the FA particles are even

more extensively covered by TiOz. [13].
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Fig. 2.4 FE-SEM images of (a) TiO2, (b) FA, (c) FT1, (d) FT3, (e,f) FTs (g) Elemental mapping,
(h) EDS spectra of FTs.

2.3.6 EDS spectra
Fig. 2.4 (g, h) displays the elemental mapping and EDS spectra of the (5wt% TiO; in FA-T10>)

FTs composite, which reflects the atomic and weight proportions of the elements. The
elemental mapping verifies the existence of elements such as C, O, Al, Ti, Fe, and Si, shown
in red, green, purple, yellow, orange, and blue, respectively. Similarly, their elemental
composition is confirmed by EDS spectra. The weight distribution of elements is 4.78, 44.15,
10.89, 9.67, 29.98, and 0.53% for C, O, Al, Si, Ti, and Fe, respectively.
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2.4 Adsorption studies

2.4.1 The effect of adsorbent dosage on the removal of FB dye
Fig. 2.5(a) demonstrates a notable improvement in FB dye removal efficiency with increasing

catalyst (adsorbent) dosage from 2 mg to 5 mg. Specifically, the removal efficiency showed an
increase from 39% to 57% for TiO-, and from 49% to 59% for FA. For the composites FTo:s,
FTi, FT3, and FTs, the removal efficiency enhanced from 52% to 65%, 60% to 66%, 63% to
70%, and 69% to 76%, respectively. This trend clearly indicates that higher catalyst loading
provides more active surface sites for adsorption and photocatalytic interaction, resulting in
greater dye removal performance. The removal effectiveness remained unchanged after
increasing the dose from 5 mg to 7 mg. This observation suggests that the available active
adsorption sites on the adsorbent surface become saturated beyond a dosage of 5 mg.
Accordingly, 5 mg was identified as the optimal adsorbent mass for this system. At this dosage,
the maximum adsorption capacity of the materials is reached, and further increases in adsorbent
quantity do not result in higher dye removal efficiency. Determining the optimum adsorbent
dosage is crucial in practical adsorption processes, as it ensures effective pollutant removal
while maintaining cost efficiency. In this study, 5 mg of adsorbent was found to be optimal for

achieving efficient FB dye removal.

2.4.2 The effect of adsorbate initial concentration on the removal of FB dye
The adsorptive performance of TiO», FA, and various FT nanocomposites was tested by

modulating the FB dye concentration in the range of 5-30 mg/L, as shown in Fig. 2.5 (b). With
the increase in the initial dye concentration of fuchsin blue, the removal efficiency gradually
increases up to the concentration of 10 ppm. This is because at low concentrations, more
adsorption sites are available for the dye molecules, thereby increasing removal efficiency. The
maximum removal efficiency (76%) was obtained at an initial concentration of 10 mg/L. As
the concentration of the adsorbate increases, the removal efficiency decreases. The reduction
in adsorption can be attributed to the progressive saturation of active sites as the initial
concentration increases. As a result, the ideal concentration of FB adsorption was determined

to be 10 ppm for further experiments.
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Fig. 2.5 (a) The effect of adsorbent dose on FB removal, (0.005/L) (b) the effect of adsorbate
concentration, (10mg/L) (c) the effect of contact time, (150min) (d) the effect of pH, (e)

Langmuir isotherm (f) Pseudo-first-order kinetic model

2.4.3 The effect of contact time on the removal of FB dye

The duration of contact time between the adsorbate (fuchsin blue) and the adsorbents (FTs) is
a critical factor in the process of adsorption. Adsorption initially rises with an increase in
contact time until equilibrium is reached. The initial concentration of the FB dye in the solution
1s 10 mg/L. The percentage removal of the dye increased as the contact time between the dye
and the adsorbent increased. This means that longer contact times led to more efficient removal
of the dye from the solution. The rate of adsorption slowed down as the contact time increased.
This suggests that adsorption was more rapid in the early stages but gradually approached
equilibrium. Equilibrium was reached after 150 minutes of contact. Between 150 minutes to
180 minutes, the removal efficiency of the dye by the various adsorbents (TiO2, FA, and FT)
remained constant due to the saturation of active sites with dye. Compared to FA, TiO, and
other composites, the FTs was the best adsorbent, showing 76% fuchsin dye removal. However,

all the adsorbents after 150 minutes showed in Fig. 2.5 (c), and further increase in contact time
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did not improve adsorption behaviour.

2.4.4 The effect of pH on the removal of FB dye
Solution pH is a crucial parameter governing the overall adsorption process. pH refers to the

concentration of the hydrogen ions in a solution. Additionally, it may increase surface charges,
which may enhance the electrostatic contact between the surface of the adsorbent and the
adsorbate. The adsorption of FB over the FTs composite was investigated in the range of pH 2-
pH 10 for 150 min. Fig. 2.5 (d) illustrates that the removal efficiency of FB increases
progressively as the value ranges from 2 to 10. The maximum removal percentage (76%) of FB
by FTs was seen at pH 8. The results concluded that the remaining oxygen functional groups
distributed on the surface of the composite transmit the negative charge, causing FB adsorption
to be greatly reduced under alkaline circumstances. The adsorption happened because
of electrostatic forces between the negatively-charged adsorbent and the positively-charged
dye molecule due to the protonation of functional groups. At acidic conditions, the surface of
the FTs composite gains a positive charge, resulting in a significant repellent force between the
catalyst and dye molecules, leading to a significant reduction in the percentage eradication.
Adsorption sites are deprotonated because of static attraction and H-bonding, leading to a
significant loss of FB at alkaline pH. The point zero charge (pH zpc) of the FTs composite was
determined to be 7.4, indicating that the adsorbent surface was negatively charged at pH > pH
zpc and became positively charged at pH < pH zpc, which will assist in improved adsorptive
removal. Considering the pH at which maximal dye removal efficiency was attained was larger
than pH zpc, a significant electrostatic interaction between dye molecules and FTs Composite
has occurred. Therefore, an alkaline environment with a pH of 8 is optimal for the adsorption

of FB onto FTs [36].

2.4.5 Adsorption equilibrium studies
Adsorption isotherms investigate how pollutant molecules interact with the adsorbent surface

at equilibrium. The isotherms of adsorption were studied by altering the initial concentration
of FB (5-30 mg/L) at a fixed amount of adsorbent (5 mg). As described by the Langmuir
isotherm model, adsorption occurs on a surface with uniformly energetic sites, resulting in
monolayer adsorption of the adsorbate molecules onto the adsorbent. It is also acknowledged
that adjacent molecules that are adsorbed do not interact with one another. The Langmuir

adsorption isotherm is written as:
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Qc KLQmax Cc Qmax

where C. (mg/L) is the equilibrium adsorbate concentration, Q. (mg/g) is the equilibrium

L:( ! )Xg; )

adsorption capacity of the adsorbent, Langmuir constant, K1 (L/mg) represents the affinity of
the adsorbate for the adsorbent, and Qmax (mg/g) is the maximum adsorption capacity of the
adsorbent before full monolayer formation [37]. The graph was drawn between 1/Q. versus
1/Ce in Fig. 2.5 (e), and the intercept and slope were utilized to derive Ki and Qmax values.
Using the dimensionless constant Ry, it is possible to identify the adsorption nature and

examine whether the process is favourable or unfavourable.

_ 1
R~ (6)

where Kp signifies the Langmuir constant, and C, is the highest concentration of
a contaminant initially. The adsorption type is represented by the value of Rr. If Ry = 1 (linear),
Rr = 0 (irreversible), or Ry > 1 (unfavourable), 0 < Rp < 1 (favourable). The Freundlich
isotherm assumes the surface of the adsorbent to be heterogeneous and that there are substantial
interactions between adsorbate molecules. The adsorption takes place on the surface of the
adsorbent by the development of multilayers of adsorbate molecules. The Freundlich isotherm's
equation is shown as follows:

log Q,=log K;{%jlog C, (7
Adsorption favorability is described by the Freundlich constant, K, and the heterogeneity
factor, 1/n, where Q. (mg/g) is the amount of contaminant adsorbed at equilibrium, and Ce
(mg/L) is the concentration of contaminant in solution at equilibrium. The graph was plotted
between log Q. versus log Ce. Values of n larger than unity suggest that the method is
favourable [37]. The Freundlich and Langmuir models adequately predicted the experimental
findings, as shown in Table 2.2. Compared to the Freundlich model, the Langmuir model
appears to be a better fit for describing the adsorption behaviour of the pollutants on the
mentioned adsorbents. The Ki values reflect the adsorption equilibrium constants for each
adsorbent. The R values in the range of 0-1 indicate favourable adsorption, which supports the
suitability of the Langmuir model for describing the adsorption process. Overall, for all the
adsorbents, the correlation coefficient (R?) values for the Langmuir model (0.9584—0.9830)
were found to be closer to unity than those for the Freundlich model (0.9276-0.9562),
indicating a better fit of the Langmuir isotherm. The Freundlich parameter "n >1"" in Table 2.2.

suggests that adsorption is non-linear and favours higher concentrations of the solute.
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Table 2.2. Adsorption isotherm parameters for removal of FB dye over TiO2, FA, and
FT composites.

Langmuir model Freundlich model
Adsorbent  Qumax KL RL R? Kr n R?
(mg/g)  (L/mg) [mg/g.(L/mg)]'"
TiO2 18.182  0.070 0.322 0.958 1.637 1.590 0.934
FA 18.382  0.081 0.289 0.981 1.813 1.576 0.956
FTos 18.552  0.107 0.236 0.962 2.348 1.717 0.928
FT1 18.382  0.132 0.207 0.983 2.619 1.716 0.947
FT3 19.230  0.144 0.187 0.965 2.957 1.778 0.929
FTs 20.325  0.235 0.124 0971 4.126 1.956 0.935

2.4.6 Adsorption kinetics

To investigate the mechanism of the adsorption process of FB dye onto FA-TiO, composites,
the experimental kinetic data were tested using the pseudo-first-order and pseudo-second-order
kinetic models. The linearized form of Lagergren’s pseudo-first-order rate equation can be
expressed as follows [38].

kl
2.303

log(Q,- Q, )=logQ,- t (8)

where Q; and Q. denote adsorption rates (mg/g) at time t (min) and equilibrium, respectively,
and k; is the first-order rate constant (min). Fig. 2.5 (f) shows the log (Qe-Qx) vs t plot for the
FB linear regression equation for the pseudo-second-order model as follows:
t 1 t
= 5 4+
Qt kZQe Qe

where ko represents the rate constant for the 2nd order and Q. and Q;denote amounts of

&)

pollutant adsorbed per gram of adsorbent (mg/g) at equilibrium and time t (min), respectively
[39]. The 2nd-order kinetic model posits that the rate-limiting phase is chemisorption, which
entails the exchange or movement of electrons among the adsorbent and adsorbate. The first-
and second-order kinetics parameters were calculated using the slope and intercept shown in
the graphs, as shown in Table 2.3. Compared to the second-order model, the first-order model
was shown to have a rate constant which is simultaneously bigger and nearer to unity. It
demonstrates that the adsorption of FB dye onto TiO2, FA, and FA-TiO> composites is

governed by first-order kinetics. The pseudo-first-order kinetic model explains adsorption

37



behavior based on the assumption that the rate of occupation of adsorption sites is proportional
to the number of unoccupied sites. In Fig. 2.5(f), the plots of log(Qe — Qt) versus time show an
approximately linear relationship for all samples, which confirms that the adsorption process
follows pseudo-first-order kinetics. The straight-line nature of the curves in Fig. 2.5(f) indicates
that adsorption is controlled mainly by physical adsorption interactions between FB dye
molecules and the composite surface. The steeper slope observed for FTs suggests a higher
adsorption rate constant and stronger adsorption efficiency compared to TiO- and fly ash alone.
This demonstrates that adsorption is the dominant initial mechanism responsible for dye
removal before photocatalytic degradation occurs.

Table 2.3. Kinetic model parameters for removal of FB dye over various photocatalysts

Pseudo-first-order Model Pseudo-second-order Model
Adsorbent Q ki R? Q ke R?
(mg/g) (min™") (mg/g)  (g/mg. min)

TiO2 8.499 0.009 0.909 8.453 0.001 0.859
FA 11.402 0.012 0.984 16.638 0.001 0.962
FTos 15.100 0.008 0.984 18.416 0.001 0.896
FT1 18.407 0.009 0.977 18.348 0.001 0.913
FT3 18.967 0.009 0.909 18.975 0.001 0.893
FTs 22.698 0.011 0.948 20.040 0.008 0.884

2.5 Photocatalytic degradation of FB dye
Variations in the UV—visible absorption spectra of the FB dye solution treated with the FTs

composite at different irradiation times are shown in Fig. 2.6 (a, b). The characteristic
maximum absorption peak of FB occurs at 546 nm, and its intensity gradually decreases with
increasing illumination, indicating progressive adsorption and photocatalytic degradation.
Photocatalytic degradation using the FTs composite achieved an 88% reduction in dye
concentration, whereas adsorption alone resulted in only 76% removal. This indicates that
degradation is more effective than adsorption for the complete elimination of fuchsin dye.
Additionally, experiments performed without a catalyst showed that only 14% of FB underwent
photolysis after 180 minutes of UV irradiation, demonstrating the high stability of the dye in

the absence of a photocatalyst.

Table 2.4 Kinetic parameters of pseudo-first order model over various photocatalysts
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Pseudo-first-order Model

Photocatalyst k1 R?
TiO2 0.0010 0.9907
FA 0.0005 0.9912
FTos 0.0007 0.9948
FT1 0.0007 0.9895
FT3 0.0013 0.9833
FTs 0.0016 0.9956

UV-visible absorption spectra of FB dye after photodegradation using bare and TiO:-loaded
FA nanocomposites under 180 minutes of UV irradiation are shown in Fig. 2.6 (c¢). The
absorption intensity depends on the TiO: concentration in the composite. TiO: loading
significantly enhanced the photoactivity of fly ash, with 5wt% TiO. showing the highest
catalytic efficiency, beyond which additional loading did not yield further improvement. To
determine the optimal TiO: loading on fly ash for effective FB degradation, the time-dependent
photodegradation profiles (Fig. 2.6(d)) and the corresponding kinetic plots (Fig. 2.6(e)) were
analyzed. The results demonstrate that the degradation kinetics conform to a pseudo-first-order
model, in accordance with the given equation (10).
In (C,/Cy) =kt (10)

Where Co is the initial concentration of the FB dye in the solution at time 0, C; refers to the FB
dye concentration at time t. k represents the rate constant (min''), and t indicates the reaction
time [30]. In this highly dilute system, the absorbance intensity ratio A, at irradiation time tis
proportional to the initial absorbance A, at ¢ = 0, which can be ensured by adjusting the FB
concentration ratio Cy/C;. The pseudo-first-order rate constants and the corresponding squared
linear correlation coefficients (Rz) for TiO2, FA, FTos, FT1, FT3, and FTs are summarized in
Table 2.4. The histogram in Fig. 2.6 (f) compares the percentage removal of fuchsin blue dye
by TiO», fly ash, and various FT composites during the dark adsorption and degradation process

under UV light.
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Absorbance(a.u.)

Fig. 2.6 Changes in UV absorption spectra of fuchsin blue dye (a) dark adsorption (b) after
photocatalytic degradation by 5wt% TiO»-loaded FA nanocomposite under UV irradiation, and
(c) after 180 minutes by different wt% TiO;-loaded FA composites, (d) time course kinetic
plots of fuchsin dye in dark and light, () Pseudo first-order model, (f) histogram representing

comparison of percentage removal of fuchsin blue dye under dark and light irradiation

2.6 Degradation pathway analysis

HRMS analysis was done to analyze the mass(m) /charge(z) ratio and identify the molecular
formula. The precise m/z measurement for the fuchsin ion 330 was 330.0928. The degradation
pathways of basic fuchsin (also known as fuchsin) are described as shown in Fig. 2.7 (a, b),
determined by mass spectrometry analysis, and two potential degradation pathways for this dye.
These pathways represent how basic fuchsin molecules can degrade into various intermediates

and eventually into simpler, inorganic compounds like water (H20) and carbon dioxide (COz)
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under the influence of different reactions involving demethylation, hydroxylation, ring-opening
reactions, and oxidation. Through pathway 1, Fuchsin (m/z=365.91) undergoes demethylation
to form Product B (m/z = 316.18). Product B undergoes another demethylation step to yield
Product C (m/z = 302.17). Product C undergoes a ring-opening reaction with reactive oxygen
species (*O2” and *OH) to generate Product D (m/z = 205.11). Product D is subsequently
oxidized to form Product E, i.e., 3-Heptynoic acid (m/z = 126.07). Product E 3-Heptynoic acid
m/z = 126.07) is finally mineralized to H>O, CO., and some inorganic ions. In pathway 1, the
other side of product C (m/z = 302.17) undergoes the ring-opening reaction, transforms into
product H (m/z = 282.16), and finally transforms into CO> and H>O.

Through pathway 2, Product A (m/z =330.09), which is produced by the ionization of fuchsin,
goes through hydroxylation, i.e., the addition of a hydroxyl group, to form Product F, i.e.,
carbinol of Pararosaniline (m/z = 347.21). Product F is oxidized to give Product G (m/z =
223.14). Product G is eventually mineralized to H,O, CO», and certain inorganic ions [40].
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Fig. 2.7 (a) High-Resolution Mass Spectroscopy, (b) degradation pathway of fuchsin blue dye
after degradation by FTs nanocomposite, (¢) Reusability studies of FTs nanocomposite.

2.7 Reusability studies
In the first UV irradiation cycle, the FTs composite (5wt% FA-TiO:) achieved an 88%

reduction in FB dye concentration over 180 minutes. This result highlights the excellent
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photocatalytic performance of the material and its suitability for dye removal applications.
Interestingly, the degradation efficiency remains close even after five successive cycles of UV
irradiation displayed in Fig. 2.7 (c). This suggests that the photo-catalytic activity of the
composites remains almost stable and does not significantly degrade over multiple uses. The
stable degradation efficiency observed over multiple cycles indicates that the FTs composite
has a high re-usability performance. It can be used repeatedly without a substantial drop in its
catalytic activity. Furthermore, an ICP-OES analysis was done to estimate the amount of metal
ions (Al and Fe) leached from the composite. After 5 cycles of photocatalytic degradation, the
concentration of Fe was 1.40 ppm, instead of 1.69 ppm before degradation. Aluminium metal
concentrations were 2.53ppm before the procedure and 2.08ppm after five degradation cycles.
This minimal leaching is further confirmed by a lower drop in removal efficiency in the re-
usability test. This shows that the composites are stable and reusable. The high re-usability of
the composite is attributed to the formation of Si-O-Ti linkages between FA (presumably a
silica-based material) and TiO». These linkages immobilize the TiO, component, preventing its
loss during the photocatalytic reactions. This immobilization of TiO> helps maintain the
composite's catalytic activity over successive cycles. The FTs composite appears to be an

efficient and repeatedly reusable photocatalyst for the degradation of FB dye.

2.8 Plausible Mechanism

The photocatalytic degradation of FB dye (shown in Scheme 2.2) involves a combined
adsorption—photocatalytic mechanism in which FA and TiO: work synergistically to enhance
dye removal efficiency. Initially, FA adsorbs FB dye molecules from the aqueous solution onto
its porous surface through electrostatic interactions, pore diffusion, hydrogen bonding. Due to
its porous aluminosilicate structure, FA provides abundant active adsorption sites and
concentrates the dye molecules near the catalyst surface. Simultaneously, the TiO loaded onto
the surface of FA is exposed to UV light, enhancing the movement of electrons from the
valence band to the conduction band of TiO> [14]. This electron excitation is a crucial step in
initiating the photocatalytic process. Positive holes form as electrons move from the VB to the
CB. These positive holes are highly reactive species that can participate in oxidative reactions.
The excited electrons in the CB of TiO> are trapped on the TiO» surface by oxygen molecules,
leading to the formation of peroxide radicals (O2"). Simultaneously, the positive holes can
oxidize water molecules adsorbed on the TiO, surface, generating hydroxyl radicals (OH).
These peroxide radicals and hydroxyl radicals are potent oxidative species. The peroxide

radicals (O27) and hydroxyl radicals (OH") oxidize FB dye molecules in the solution. This
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oxidation process facilitates the breakdown of FB into simpler, less harmful organic molecules.
FA 1is crucial in retaining free radicals (such as O>~and OH") on its surface. This retention
enhances the rate of FB breakdown on the TiO; surface because the free radicals continue to
react with FB in proximity. Over time, peroxide and hydroxyl radicals’ oxidative reactions may
eventually oxidize Fuchsin dye into harmless inorganic molecules like CO> and H>O. The
improved photocatalytic degradation efficiency observed with FT nanocomposites is attributed
to the synergistic impact of FA's adsorption efficiency and TiO>'s photocatalytic activity. FA
concentrates the pollutant molecules on its surface, making them more accessible to the TiO2

photocatalyst, initiating the degradation process.
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Scheme 2.2. The proposed adsorption and photocatalytic mechanisms of an FT nanocomposite

under UV light irradiation.

2.9 Conclusion

Fly ash and TiO: (FT) composites were synthesized using a sol—gel method combined with wet
impregnation. The maximum adsorptive removal of FB dye (76%) was achieved over FTs
composite at an initial dye concentration of 10 mg/L within 150 minutes, as compared to TiO-,
which exhibited an adsorption efficiency of 57%. The adsorption data were found to fit the
Langmuir isotherm more accurately than the Freundlich model, indicating that monolayer

adsorption predominated and suggesting a specific and well-defined adsorption mechanism for

43




FB removal. Furthermore, the FTs composite exhibited the highest photocatalytic activity,
achieving an 88% degradation of FB dye within 180 minutes of UV irradiation, in contrast to
Ti0O2, which showed 75% degradation. The photocatalytic degradation kinetics followed a
pseudo-first-order model, which is typically employed to describe such processes and provides
a quantitative measure of the degradation rate. The photocatalyst exhibited remarkable stability
and maintained its performance across four consecutive cycles of degradation, which can be
attributed to the formation of Si—O-Ti linkages between fly ash and TiO.. These chemical
bonds effectively immobilize TiO: on the fly ash surface, thereby minimizing catalyst leaching

during operation.
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Chapter-3

Influence of copper deposition on fly ash—-TiO: composites for combined
adsorption and visible-solar photocatalytic degradation of fuchsin blue

Dark Adsorption-180 min 14 Photodegradation of FB under sunlight-180 min
l4r— Initial FB dye (10 ppm) — Initial fuchsin dyeﬁ(lO ppm) FT-Cu,
(af—min S {2460 minlight “A™

' 60 min _ , 120 min light : ,
. Omin 180 min . : e 60min 180 min
~1.01 90 min SO — o A 1.0 4 180 min light
= 120 min R : ; 240 min light
% (.84 150 min o W 5 0.8
g Cu@TiO,-Fly ash photocatalyst b1 Bt
= 0.6 = 9 0.6+ .
2 s £ 2
[~ Ny ] .
S 04; \ 1/ 2044 '
= - : Fuchsine Blue solution - 10 mg/L 8 O
<024 I ) || Catalyst amount — 6 mg <2 0.24 /\ H 0 ‘
& || Volume of FB taken — 10 ml < Fall il
e & o & i o=
D e D 00 450 500 550 600 650 700
Wavelength(nm)

Wavelength(nm)

Schematic summary
3.1 Introduction

Environmental integrity and public health are significantly impacted by the harmful effects of
industrial dye pollution in wastewater. These dyes, widely used in many industries, including
leather and textiles, showed significant resistance to deterioration, extending their longevity in
the environment [1]. Unregulated dye pollution harms the ecosystem over time, affecting the
aesthetics of water bodies and endangering aquatic life [2]. A decrease in biodiversity may
result from the toxic, mutagenic, or even carcinogenic effects of certain dyes, which put marine
life in danger [3]. Therefore, employing an environmentally and economically sustainable
technique is essential to remove all colour molecules from wastewater before it is released into
the environment[4, 5]. Its high toxicity, carcinogenicity, and lack of biodegradability make it a
hazardous contaminant [6]. Fuchsin blue dye contact may result in serious health complications
such as headaches, skin and respiratory tract irritations, vertigo, and vomiting [7]. This dye has
poor biodegradability and is toxic and carcinogenic; it must be eliminated from wastewater

before discharge into the water effluents to reduce environmental contamination [8].
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Several approaches have been developed for the extraction and elimination of contaminants
from wastewater, including membrane separation, biological oxidation process, chemical
precipitation, ion exchange, photocatalytic degradation, and adsorption[9, 10]. Nevertheless,
these techniques have drawbacks such as high operating costs, energy consumption, poor
selectivity, regeneration, and reusability problems [11]. The adsorption process is extensively
employed in wastewater treatment because of its ease of operation, environmental friendliness,
excellent efficacy, and minimal energy requirement [12, 13]. Photocatalysis is a promising and
eco-friendly advanced oxidation approach for treating wastewater. Photocatalysis can degrade
many contaminants, including substances resistant to conventional treatment methods, and
convert them into non-toxic substances like water and carbon dioxide. This method can
drastically save operating expenses because it uses relatively little energy, especially when
sunlight is employed as the light source. Photocatalysis reduces the possibility of secondary
contamination because it does not involve chemical additives and yields nontoxic byproducts
[14]. Adsorption combined with photocatalysis is a novel way to combine the benefits of both
technologies while minimizing the limitations of each one alone [15]. There are disadvantages
to using adsorption and photocatalysis independently, including expensive adsorbent renewal
as well as the potential risk of secondary pollution due to insufficient degradation of
contaminants or exhausted adsorbents [16]. The combination of adsorbent and photocatalyst
cuts the expense and frequency of adsorbent regeneration. Adsorbents can be regenerated in
situ, increasing their lifespan and decreasing waste through the photocatalytic destruction of
contaminants directly on their surface. Adsorbents and photocatalysts can work together to
enhance photocatalytic activity. TiO2 has emerged among the most researched photocatalysts
due to its remarkable chemical stability, significant photosensitivity, and low toxicity [17].
Ti0; is less efficient under normal sunlight because a limited part of the solar spectrum falls
within the UV region. Wide band gap and exclusive sensitivity to UV light activation (e.g.,
TiO2 anatase <390 nm with a band gap energy of 3.2 eV) make its practical implementation
difficult, especially in solar-driven photocatalysis [18-20]. A bathochromic shift, which
narrows the band gap, can be induced in the TiO> lattice by adding metal [21] (Fe, Cu, V, etc.)
dopants. This modification causes TiO: to absorb visible light, enhancing its efficiency under
solar radiation and boosting its photocatalytic activity beyond the UV spectrum. Among the
various transition metal dopants, copper (Cu) has been extensively researched and is highly
recommended for doping TiO: to achieve superior performance. Additionally, copper is
relatively less toxic, an essential and abundant element [22], and is more cost-effective than

other dopants such as silver [23]. Incorporating Cu into the TiO; lattice modifies the band gap
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and inhibits the recombination of photo-induced electron-hole pairs, increasing catalytic
activity [24].

To address the challenge of difficult recovery, TiO> can be loaded onto various carriers,
including activated carbon fibers [25], silica [26], and fly ash [27]. Fly ash exhibits several
benefits compared to other carriers: inexpensive, readily available, non-toxic, and resistant to
high temperatures, exhibiting a substantial surface area, small particle size, and excellent
dispersibility in solution. These properties facilitate simple recycling and the prevention of
secondary pollution [28]. Additionally, fly ash embodies the principle of "using waste to treat
waste," making it an ideal carrier for TiO2 [29]. Fly ash-TiO, composites, due to the porous
structure and high surface area of fly ash, exhibit excellent adsorption characteristics, which
enhance their overall performance in pollutant removal. The ability to perform both adsorption
and photocatalysis significantly broadens the usefulness in environmental remediation
processes. The photocatalytic activity of Fly ash-TiO2 composites for FB dye removal was 88%
compared to the removal of 75% over bare TiO as determined in the previous work, which is
currently under review.

Studies have reported that over the past few decades, numerous studies utilising metal (Ag/Cu
/Fe/Pt)-TiO2, TiOz-loaded fly ash and metal-loaded TiO2-fly ash composites for the
photodegradation of organic pollutants in the presence of UV light and visible light have been
conducted in the past. Li et al. [30] utilized the sol-gel method to produce Mo-doped TiO>
coated on fly ash cenospheres (CTAB-Mo-TiO2/FAC), which demonstrated 99.75%
elimination of methylene blue under visible light. Wang et al. [31] synthesised Fe**-doped TiO:
on fly ash cenospheres (Fe-TiO2/FAC) using the sol-gel method, demonstrating enhanced
photocatalytic activity for methyl blue degradation under visible light, with optimal
performance at 450°C and 0.01% Fe doping. Ag-doped TiO> supported on fly ash magnetic
beads (Ag-Ti0.-FAMB) was synthesized by Li et al. [29] to enhance photocatalytic efficiency
and recovery, achieving 98.5% xanthate degradation under visible light. Kanakaraju et al. [32]
synthesized a Cu/TiO2/FA composite using the wet impregnation method to achieve a 99%
removal of methyl orange under visible light. However, reports of studies utilising Cu-
deposited fly ash-TiO> composites for efficient removal of fuchsin blue under visible and solar
light are less explored.

This study aims to develop and evaluate the adsorptive and photocatalytic performance of Cu-
loaded fly ash-TiO: (FT-Cu) composites for the removal of FB dye from its aqueous medium
under visible/solar light conditions. The objectives of the present work are to determine the role

of Cu nanoparticles in enhancing the activity of adsorption and photocatalytic degradation of
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FB dye. Also, to determine the photodecomposition pathway, and assess the photostability and
recyclability of the composites.

The present investigation elucidates the synthesis of Cu-loaded Fly ash-TiO, (FT-Cu)
composites with different percentages of copper (0.5,1, 2wt%) by sol-gel, wet impregnation
method, and photo-deposition method. The comparative adsorption and photocatalytic
degradation of FB dye were studied to evaluate the influence of Cu loading onto FT composite
on its photocatalytic performance when exposed to visible light and sunlight. Moreover, the
kinetic rate law and the photodegradation pathways of the fuchsin blue dye are also investigated
by analysing various reactive oxygen species and identifying intermediate photoproducts using
high-resolution mass spectral analysis. This research introduces a cost-effective, non-toxic, and
solar light-driven highly efficient photocatalyst that can be recycled and reused, thereby
addressing the complexities related to the wastewater treatment process and the recovery of

photocatalysts, making it a more environmentally friendly approach.

3.2 Materials and methods

3.2.1 Materials and reagents

Titanium butoxide (Ti(OC4Ho)s, 97%) and Didecyl dimethyl ammonium chloride (C22H4sCIN)
were procured from Sigma-Aldrich, India. Acetic acid (C2H402, 99.8%), Ethanol (C2HsOH,
99.9%), Cupric nitrate (Cu(NO3)2-3H20, 99.5%), isopropyl alcohol (C3HgO, 99.5%) and FB
dye (C20H19N3.HCl) were sourced from Loba Chemie, India. Fly ash was sourced from the
Rajpura Power Plant, India. These reagents were of analytical quality and thus used directly
without further purification. Deionized water (DI) was produced using an ultra-filtration system

(Milli-Q, Millipore) with a conductivity of 35 mhos cm™! at 25°C.

3.2.2 Characterization methods of prepared samples

The crystal structure diffraction data were recorded using a Smart Lab SE X-ray diffractometer
equipped with Cu-Ka radiation (1.54 A) and operated at an accelerating voltage of 45 kV. The
measurements were conducted over a diffraction angle range of 5° <260 < 80°, with a slit width
of 10 mm, a step scan size of 0.01, at a scanning speed of 5° per minute. FESEM (JEOL JSM-
7600F, JAPAN, working at 30kV) was utilized to characterize the morphology of the surface
and microstructures of the catalyst. The composition and distribution of elements were

identified via energy dispersive spectroscopy (Bruker EDS). High-resolution TEM images
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were taken by a High-Resolution Transmission Electron Microscope (HRTEM, JEOL JEM -
2100 model, JAPAN). The sample surface area and pore size profile were analyzed with the
BET Autosorb iQ (Quantachrome Instruments, version 3.01, U.S.A.) The oxidation states of
the elements in the composite were analyzed using X-ray Photoelectron Spectroscopy (XPS)
with a Thermo Fisher Scientific NEXSA instrument, UK. Approximately 100—150 mg of the
sample was degassed in the presence of helium gas at 200°C for 2 hours to remove moisture.
Following degassing, liquid nitrogen was used for adsorption and desorption analysis. The
optical properties were assessed using a Diffuse Reflectance Spectrophotometer (JASCO V-
750, JAPAN) and BaSOs as a reference. High-resolution mass spectroscopy (Waters QTOF
mass spectrometer equipped with XEVO G2 XS UPLC and coupled to APCI and ESI ionization
sources, 10 min retention time) was employed to detect degradation products, which offered

important insights regarding the photocatalytic degradation pathway.

Preparation of Cu deposited fly ash-TiO: particles

3.2.3 Cu photo-deposited fly ash-TiO:z (FT- Cu) composite
The synthesis procedures for TiO2 and fly ash-TiO> (FT) composites have been described in

detail in Chapter 2 (Sections 2.22 and 2.2.3). The deposition of Cu on the FT composite was
carried out using the photo deposition method. A 100 mg sample of the prepared FT composite
was dispersed in 10 mL of a 50% aqueous isopropyl alcohol solution in a test tube. Then, the
required amount of 0.01 M copper nitrate solution (0.5-2 wt% Cu) was mixed with this FT
dispersion and purged with Argon gas for 15 minutes to eliminate dissolved oxygen. The
solution in the test tube was enclosed using rubber septa and exposed to a UV light source (125
W Hg arc, 10.4 mW/cm?) when subjected to constant magnetic agitation for 2 hours. After that,
grey-coloured Cu-deposited FT composite (FT-Cu) was separated using centrifugation at 8000
rpm for 8§ minutes, rinsed with distilled water and ethanol, and dried at room temperature. This
approach was repeated to obtain an adequate quantity of FT-Cu composite for photocatalytic
applications. The Cu-deposited FT composite catalyst containing 0.5wt%, 1wt% and 2wt% of
Cu are named as FT-Cuo s, FT-Cui, and FT-Cu; respectively [32].

3.2.4 Measurement of the point of zero charge (pzc) of composite:

The zero-point charge is an important physicochemical parameter that indicates the pH at which
the adsorbent surface has no net charge. This parameter was evaluated using the solid addition
method with 0.002 M cetrimide (C19H42BrN) and 0.1 M KCI solutions. In this procedure, 25

mL of each solution was placed in separate test tubes, and the initial pH of these solutions was
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adjusted to 2 to 10 using 0.1 M NaOH and 0.1 M HCI. Next, 6 mg of FT-Cuo.5-2 composite was
introduced into each test tube, which was kept for 3 hours with constant shaking to allow
equilibration. The solution underwent filtration, and the final pH was recorded. The zero-point
charge was ascertained by plotting the change in pH (ApH = pH; - pHy) versus the initial pH

and finding the intersection point on the graph.

3.2.5 Dark adsorption study of FB dye
The adsorption properties of FT and FT-Cuo 5.2 composites were systematically evaluated using

a 10 ml solution of the FB dye pollutant based on the influence of several critical parameters,
e.g., the concentration (5 to 30 mg/L) of FB dye, the adsorbent dosage (1-10 mg) and the contact
time (30 to 180 min). Under dark conditions, a magnetic stirrer was employed to uniformly mix
and agitate multiple test tubes, each containing 10 mL of FB dye solution with varying
concentrations and corresponding amounts of adsorbent. After the designated agitation period,
the test tubes were withdrawn and subjected to centrifugation to ensure efficient separation of
the FT/FT-Cu composite adsorbents from the liquid phase. The residual dye concentration in
the supernatant was quantified using a UV—visible spectrophotometer at the characteristic
maximum absorbance of FB dye (A_max = 546 nm), based on previously established calibration
curves in accordance with Lambert—Beer’s law. The adsorption performance of the adsorbents,
expressed as the pollutant mass adsorbed per unit adsorbent mass (mg/g), was calculated using

the following formula:
: . \4
Adsorption capacity= Q.= (C,-C,)x W (1)

In this equation, C, signifies the starting concentration of the FB dye (mg/L), whereas C.
denotes the dye's equilibrium concentration in the solution (mg/L). W indicates the adsorbent
mass (g), V is the volume of the FB dye solution (L), and Q. corresponds to the adsorption
capacity of the adsorbent at equilibrium (mg/g) [33]. The percentage of dye absorbed by the

adsorbents (R%) was evaluated using the subsequent equation.

o

% removal of FB dye= R% = ( COC- C. jx 100 ()

Co and Ce represent the initial and equilibrium concentrations, while R% indicates the

percentage of FB dye eliminated from the solution.
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3.2.6 Photocatalytic degradation study
The photocatalytic degradation was conducted in a test tube containing 10 ml of FB dye (10

ppm) and different photocatalysts (6 mg) dispersion with continuous magnetic stirring and
visible light (Wipro Garnet B22 50-Watt LED bulb (wavelength > 360 nm) irradiation for
different times (60-240 min). Before exposure to light radiation sample was magnetically
agitated for 180 minutes in the dark to ensure that the catalyst and FB dye molecules were in a
state of adsorption-desorption equilibrium. After photo-irradiation at various time intervals,
the test tube was extracted, and the mixture was subjected to centrifugation for 8§ minutes at
8000 rpm. The clear supernatant FB dye solution was analyzed and quantified using a UV-
visible spectrophotometer at the FB dye’s Amax = 546 nm.The absorbance spectra of the FB dye
were monitored to assess the degree of degradation, yielding valuable information regarding
the efficacy of the photocatalytic process [34]. The photodegradation efficiency was derived

using the following formula:

A,A,

) o C,-C,
Rate of FB degradation (%) = x

x100 =

4] [}

x100 3)

In this context, Ao and Co represent the initial absorbance and initial FB dye concentration at
time zero, while A and C; pertain to the absorbance and the dye concentration at a specific time

t, respectively [35, 36] .

3.3 Results and discussion

3.3.1 XRD analysis
The crystal planes and corresponding diffraction angles for the synthesized FT and FT-Cu;

nanocomposites observed in the XRD spectra are presented in Fig. 3.1. The characteristic
anatase crystalline phase of TiO: is evident from the diffraction peaks at 25.3° (101), 37.9°
(004), 48.3° (200), 54.1° (105), 55.1° (211), 62.8° (204), 69.2° (116), 70.3° (220), and 75.4°
(215), confirming the presence of anatase TiO: consistent with the JCPDS Card No. 21-1272
[37]. The X-ray diffractogram of fly ash reveals four primary crystalline phases: quartz (SiO2),
mullite (AlsSi2013), magnetite (Fe3O4), and hematite (Fe>Os3). Characteristic peaks in the XRD
profile at 16.45°, 25.98°, and 26.30° align with the mullite phase, while peaks at 20.86°, 26.58°,
and 36.55° are attributed to the quartz phase. These phases effectively match with their
respective JCPDS cards: mullite (JCPDS card no. 89-2644), quartz (JCPDS card no. 89-1962),
and hematite (JCPDS card no. 33-664) [38]. Additionally, the diffractogram exhibits a notable

increase in intensity within the 21 and 28° 20 range, accompanied by relatively low-intensity
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peaks of quartz and mullite, suggesting a fine particle size and high activity index of the fly
ash. All the peaks identified in the fly ash were also found in the FT composite, with an
additional peak at 20 = 25.3° corresponding to TiO». This peak in the FT composite highlights
the successful incorporation of TiO2 onto the fly ash surface, demonstrating the effective
formation of the composite. Conversely, in the FT-Cu; photocatalyst, no distinct peak for the
Cu co-catalyst was detected following the deposition of Cu metal onto the FT composite.
Previous research has established that metal nanoparticles with a low weight percentage

(<5wt%) are usually not visible in XRD spectra.
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Fig. 3.1 XRD patterns of TiO»(T), Fly ash (F), FT and (FT-Cuy.

3.3.2 FESEM, HRTEM and EDS analysis
The morphological and microstructural characteristics are illustrated in Fig. 3.2(a); the SEM

images of TiO2 nanoparticles exhibit a spherical morphology. However, the TiO; particles tend
to agglomerate and form clusters [39]. The Fly ash particles depicted in Fig. 3.2(b)
demonstrated a spherical morphology and a uniformly smooth surface [40]. The FESEM
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images of the FT and the FT-Cu; in composite Fig. 3.2(c-f) show that the spherical fly ash
particles were more thoroughly coated with TiO>. However, the Cu nanoparticles were not
visible in the FESEM images due to their tiny size within the nm range. Nevertheless, the EDS
spectra confirmed the presence of oxygen, aluminium, silicon, titanium, iron, and copper within

the FT-Cui composite.

Fig. 3.2 FE-SEM images of (a) TiO2(b) FA, (c & d) FT, and (e & f) FT-Cu; composite
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In Fig. 3.3 (a—c), the TEM micrographs of the FT-Cu; composite at multiple resolutions
demonstrate a homogeneous distribution of Cu nanoparticles over the FT surface. The
nanoparticles, identifiable as dark spherical domains, exhibit a largely spherical morphology,
confirming uniform deposition throughout the composite. The particle size of deposited Cu was
observed in the 7 to 17 nm range. Their compact size potentially provides increased active sites,
thereby enhancing photocatalytic activity. Moreover, the HRTEM micrographs in Fig. 3.3(d)
distinctly reveal two distinct sets of lattice fringes of TiO2 and Cu. One set is attributed to
metallic Cu's (111) diffraction plane, characterized by an interplanar spacing of 0.21 nm. In
contrast, the other set exhibits a lattice fringe spacing of 0.35 nm, corresponding to the (101)

crystal plane of TiO2. The image shows the lattice fringes for TiO2 and Cu [41].

(a)

200 nm

TiO,
0.35 nm

" 50 nm

Fig. 3.3 HRTEM images of (a-c) FT-Cu, composite and (d) corresponding Lattice fringes
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As shown in Fig. 3.4, the EDS results provide a quantitative assessment of the elemental
composition of the FT-Cu; composite. The composite predominantly contains oxygen (55.19%)
and silicon (41.65%), consistent with the underlying fly ash—TiO: matrix. Minor proportions
of aluminium (1.48%), titanium (0.15%), iron (0.17%), copper (1.05%), and magnesium

(0.04%) are also detected, validating the elemental distribution within the material.

Element Weight % Atomic %
55.19
0.04
1.48
41.65
0.28

0.15
0.17
1.05

100

cps/eV

1 2 3 B 9 0 N 12 13

5 ] 7 g
Energy(keV)
Fig. 3.4 Elemental analysis (EDS) of FT-Cu, composite

3.3.3 Surface area and pore size analysis

The surface characteristics and pore size distributions of the synthesized materials were
assessed by analysis of N> adsorption-desorption isotherms, and the associated BJH pore-size
distribution graph of fly ash, FT and FT-Cu; composite are depicted in Fig. 3.5 (a-b). The N2
adsorption—desorption isotherms exhibit type-IV profiles with H3-type hysteresis loops,
confirming the presence of mesoporous structures characteristic of multilayer adsorption [42].
The pore size distribution further validates mesoporosity, with pore diameters predominantly
in the range of 2—10 nm. Incorporation of TiO: and copper significantly enhances the surface
textural properties of the FT-Cu; composite, which displays a higher specific surface area and
pore volume compared to the other samples. These improvements promote more efficient
adsorption of FB dye and simultaneously enhance photocatalytic activity in both FT and FT-
Cu systems by enabling better diffusion and interaction of reactant and product molecules. The

observed enhancements can be attributed to the generation of additional active sites and
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synergistic structural—functional effects. Detailed values of specific surface area, pore size, and

pore volume for all samples are provided in Table 3.1.

Table 3.1. Pore volume, surface area and pore diameter of TiO., fly ash, FT; and FTs
composites.

Photocatalyst | BET surface area (m?/g) | Pore volume (cm3/g) | Pore diameter (nm)
TiO2 99.70 0.20 12.31
Fly ash 1.35 0.00 3.05
FT 3.27 0.01 341
FT-Cui 6.73 0.01 8.71
W= 0.0010 - -
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Fig. 3.5 (a) N, adsorption-desorption isotherms and (b) BJH plot distribution curves of various

(FA, FT, and FT-Cu;) composites

3.3.4 Optical absorption and band gap analysis
The UV-vis diffuse reflectance spectra for FT and FT-Cu; composites with copper

concentrations ranging from (0.5- 2wt%) are shown in Fig. 3.6(a), with the corresponding Tauc
plots in Fig. 3.6(b-d). The DRS spectra illustrate peaks at wavelengths under 400 nm in the
ultraviolet region, denoting the electron transitions from the valence band, particularly the (2p)
orbitals of O? ions, to the conduction band, involving the (3d) orbitals of Ti** ions. The FT

composite demonstrates enhanced ultraviolet (UV) light absorption, which results in a shift to
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longer wavelengths. This observed shift can be ascribed to the formation of Si-O-Ti bonds
between TiO» and fly ash surfaces [43]. This absorption capability was further elevated with
Cu loading on FT composites that reduces the bandgap, shifts the absorption edge to the visible
light region by creating localized energy levels, forming strong heterojunctions, altering the
electronic structure through doping, and synergistically interacting with the fly ash and
enhances overall light absorption, thereby improving photocatalytic efficiency and resulting in
a significant red shift in the absorption edge of the FT-Cu composite.

The bandgap of the as-prepared composites was determined using Tauc's equation, which is
expressed as:

ohv = A(hv-E g)n 4)

a is defined as the absorption coefficient, hv refers to the photon energy, A is a proportionality
constant, and E, signifies the bandgap, corresponding to either a direct or indirect transition
(n=0.5 for a direct transition and n=2 for an indirect transition). The band gap values were
determined by extrapolating a straight line to intersect the x-axis on the plot of (ahv)? versus
hv [44]. Based on the analysis, the E, values were found to be 2.27 eV for FT-Cui, followed
by 3.12 eV for pure TiO2, 2.84 eV for fly ash, 2.55 eV for the FT composite, and 2.35 eV for
the FT-Cuz composite.
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Fig. 3.6 (a) Diffuse reflectance spectra of (b-d) Tauc Plot of FT, FT-Cu, and FT-Cu, composites.

3.3.5 XPS analysis

X-ray photoelectron spectroscopy (XPS) was conducted to determine the elemental
composition and chemical states of the FT-Cu composite, as shown in Fig. 3.7(a-f). The XPS
analysis of TiO; revealed distinct peaks in the Ti 2p and O 1s regions, confirming the existence
of titanium and oxygen species in the material. The Ti 2p spectra showed peaks at 458.6 eV
(2ps/2) and 464.3 eV (2p1/2), indicating titanium in the +4 oxidation state, typical of TiO2, with
binding energies consistent with those found in pure TiO>. The O 1s spectra revealed a
dominant peak at 531.7 eV, which corresponds to surface hydroxyl groups or oxygen species
associated with C—O bonds [45]. Peaks observed at 102.65 eV in the Si 2p spectra and 74.4 eV
in the Al 2p spectra confirmed the presence of silicate species and Al**, respectively, derived
from the fly ash [46, 47]. Furthermore, the Fe 2p spectra revealed peaks at 710.9 eV (2ps/2) and
724.7 eV (2pi1/2), characteristic of Fe** in iron oxides [48]. The Cu 2p spectra, as illustrated in
Fig. 3.7(e), displayed binding energy peaks at 932.9 eV (2ps/2) and 952.7 eV (2p1/2), with a 6-

eV energy separation, indicative of copper in the Cu (0) oxidation state. Moreover, the presence
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of a satellite peak in the Cu 2p spectra suggests the coexistence of Cu,0 and CuO, reflecting
mixed oxidation states of copper within the composite. These findings demonstrate the
effective incorporation of copper within the TiO> matrix while retaining essential fly ash
components, including silicon, aluminium, and iron, which contribute to the composite's

surface chemistry.
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Fig. 3.7. XPS spectra of the synthesized FT-Cu composite: (a) Ti 2p, (b) Si 2p, (c) Al 2p, (d)
O Is, (e) Cu 2p, and (f) Fe 2p.

3.4 Adsorption study

3.4.1 Effect of adsorbent dosage on the removal of FB dye
The influence of the FT adsorbent and its composite on the removal efficiency of FB dye is

depicted in Fig. 3.8(a). The data demonstrate that an increase in adsorbent dosage corresponds
to an improvement in removal efficiency. This enhancement is likely attributable to the greater
number of available adsorption sites and the increased adsorbent mass. Notably, FT-Cu;
exhibited significantly higher adsorption efficiency compared to the unmodified FT material.

By increasing the catalyst dose from 1 to 6 mg, the percentage removal of FB dye rises from
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12 to 60% for FT, 21 to 66% for 0.5wt% FT-Cuo.s, 34 to 73% for 2wt% FT-Cu; and 44 to 77%
for FT-Cui composite. Increasing the adsorbent dose from 5 to 7 mg produces no significant
increase in removal efficiency. However, raising the dose over 7 mg reduces efficacy, most

likely owing to particle aggregation obstructing the active sites. Thus, the optimal dosage for

this experiment was ascertained to be 6 mg of adsorbent.
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Fig. 3.8 (a) Effect of adsorbent dose on FB removal, (0.006 g/L) (b) Effect of adsorbate
concentration, (10mg/L) (¢) the effect of contact time, (180 min) (d) effect of pH, (¢) Langmuir

isotherm adsorption isotherm (f) Pseudo-first-order kinetic model.

3.4.2 Impact of initial dye concentration on FB dye removal

In the batch adsorption experiments, the initial FB dye concentration was varied from 5 to 30
mg/L, as shown in Fig. 3.8(b). The removal efficiency of the adsorbent decreased with
increasing initial dye concentration. At lower dye concentrations, the number of available
adsorption sites exceeds the number of dye molecules, resulting in higher removal efficiency.
However, beyond a certain concentration threshold, dye molecules outnumber the available
adsorption sites, leading to reduced adsorption efficiency. With an increase in FB dye
concentration from 5 to 30 mg/L, the percentage removal of dye decreased from 60 to 29% for
FT, 66% to 36% for FT-Cuos, 73% to 47% FT-Cuz and 77% to 54%. (FT-Cui) composites.
This decline in adsorption occurs due to the saturation of active sites with the rise in the FB
dye's initial concentration. Therefore, a 10 (ppm) initial concentration of FB dye was taken as

an optimum value for further study.

3.4.3 The effect of contact times on the removal of FB dye
As shown in Fig. 3.8(c), the adsorption of FB dye onto FT and FT-Cugs-2 gradually improves

with increasing contact time at a dye concentration of 10 mg/L. The extended contact period
allows more dye molecules to interact with the available adsorption sites, thereby enhancing
overall removal efficiency. The adsorption rate decreases when the quantity is raised further
until equilibrium is attained after 180 minutes. After 180 minutes, the maximum removal
percentage (66, 77, and 73%) was achieved with no further rise in efficiency observed. The dye
removal efficacy of the different adsorbents, FT and various FT-Cuo.s2, remained consistent
between 180 and 210 minutes due to dye saturation of active sites. Compared to FT and other
FT-Cu composites, FT-Cu; was the most effective adsorbent that notably removed 77% of FB
dye.

3.4.4 The pH effect on FB dye removal

The solution pH plays a crucial role in determining the surface charge of the adsorbent and the
ionization state of the dye, both of which significantly impact adsorption efficiency. In this

study, adsorption experiments were conducted with an adsorbent dosage of 6 mg at room
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temperature, using a fixed adsorbate concentration of 10 ppm and a contact time of 180 minutes.

The pH was adjusted using either 0.1M HCI or 0.1M NaOH, and the variation in dye adsorption
was analyzed across a pH range of 2 to 12. As shown in Fig. 3.8(d), the removal efficiency of
FB dye increased gradually with rising pH from 2 to 12. The adsorption behaviour of FB dye
onto the FT-Cui composite was investigated over this pH range for a duration of 180 minutes.
The maximum dye removal efficiency, 77%, was observed at pH 9.

The pHpzc of FT-Cu; is 7.4. At lower pH values (acidic conditions), the surface of the FT-Cu;
composite becomes protonated, acquiring a net positive charge. Simultaneously, the functional
groups of the FB dye molecules undergo protonation, leading to a positively charged state for
the dye. This results in strong electrostatic repulsion between the positively charged adsorbent
surface and the protonated dye molecules.

At higher (alkaline) pH values, the FB dye molecules become either neutral or partially
negatively charged due to deprotonation. The FT-Cu; composite, possessing a negative surface
charge at pH values above its point of zero charge (pHpzc), now engages in electrostatic
attraction with the dye molecules, facilitating enhanced adsorption onto the composite surface.
The optimal dye removal at pH 9 is due to the enhanced electrostatic interactions between the
negatively charged FT-Cu; composite (above its pHpzc of 7.4) and the positively charged or
partially protonated FB dye molecules. This pH also facilitates secondary interactions, such as
hydrogen bonding, between the deprotonated sites on the FT-Cu; surface and the dye's
functional groups. However, at pH values greater than 9, the dye molecules undergo further
deprotonation, becoming neutral or negatively charged, which reduces electrostatic attraction

with the negatively charged adsorbent.

3.4.5 Adsorption isotherm studies
Adsorption isotherms are necessary to ascertain the equilibrium interactions between

adsorbates and adsorbents. They represent a relationship between the adsorbate concentration
in the liquid phase and the amount adsorbed onto the adsorbent surface at a specific
temperature. According to the Langmuir isotherm model, the substance forms a monolayer on
the surface when each molecule binds to its specific site. The model also states that there are
no interactions between the molecules of the adsorbate, indicating that the adsorption of one
molecule does not affect the adsorption of any other molecules. The following equation (5)

mathematically expresses the Langmuir isotherm:

L:[ ! ij+; )

KLQmax Ce Qmax
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1
Ri=TR.C, (6)

Where Ce (mg/L) is the concentration of adsorbate at equilibrium, Q. (mg/g) is the equilibrium
adsorption capacity of the adsorbent, K1 (L/mg) is the Langmuir constant related to the affinity
of binding sites, and Qmax (mg/g) is the maximum adsorption capacity (mg/g) representing a
complete monolayer on the adsorbent surface. Co is the initial concentration of the contaminant.
[49]. The dimensionless separation factor Ry describes the Langmuir isotherm and
demonstrates the favourability of the adsorption process. Adsorption is favourable when the
value is 0 to 1 and unfavourable when the value exceeds 1. A value of 1 indicates reversible
adsorption, while 0 signifies irreversible adsorption. The graph plotted 1/Q. against 1/Ce in Fig.
3.8(e) with the intercept and slope used to determine the Ki and Qmax values. [50, 51]. An
empirical model known as the Freundlich isotherm describes heterogeneous surfaces where the
heat of adsorption is not distributed uniformly over the surface. The Freundlich isotherm
defines the formation of several layers (multilayer adsorption) on a surface, which involves
some interaction between the adsorbed molecules. It assumes that the adsorbent surface is
assumed to be heterogeneous, indicating significant interactions between the molecules of the
adsorbate. The equation represents Freundlich's isotherm:
log Q_=log KF+[iJlog C. (7)

where Kr is the Freundlich constant, which corresponds to adsorption capacity; 1/n is the
heterogeneity factor, which is related to adsorption intensity; Qe (mg/g) is the adsorption
capacity at the equilibrium time, and Ce (mg/L) represents the concentration of pollutant in
solution at equilibrium [49] where n>1 indicates a favourable adsorption procedure. The
parameters for both models are shown in Table 3.2. Langmuir isotherm R? values are greater
and closer to unity (0.9839-0.99) than the Freundlich isotherm R? values (0.9405-0.9549),
suggesting that the Langmuir model better explains FB dye adsorption. The Freundlich
parameter "n>1" in Table 3.2 indicates that adsorption is non-linear and prefers larger solute

concentrations.
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Table 3.2. Langmuir and the Freundlich adsorption isotherm parameter for FB dye over FT,
and various FT-Cuo.5-2 composites.

Langmuir model Freundlich model

Adsorbent Qmax KL RL R? Kr n R?
(mg/g) (L/mg) [mg/g.(L/mg)]"

FT 9.041 0.253 0.116 0.984 2.263 2.289 0.953

FT-Cuos 12.077 0.243 0.120 0.990 2.766 2.083 0.955

FT-Cui 25.009 0.495 0.063 0.990 4.164 2.063 0.942

FT-Cuz 20.000 0.345 0.088 0.984 3.509 2.283 0.941

Table 3.3. Kinetic model parameters of adsorption of FB dye over FT-Cug.s-2 composite

(@ Pseudo-first-order Model Pseudo-second-order Model

e ki1 e k2
Adsorbent 8ng/g) (min™") R? gng/g) (g/mg. min) R?
FT 13.548 0.015 0.992 9.813 0.001 0.981
FT-Cuo.2 17.619 0.015 0.983 8.613 0.002 0.978
FT-Cui 25.003 0.016 0.969 10.384 0.001 0.939
FT-Cu: 19.678 0.016 0.976 10.351 0.001 0.956

3.4.6 Adsorption kinetics

The adsorption kinetics of FB dye on FT-Cu have been evaluated using a pseudo-first-order,

pseudo-second-order kinetic model by the following equations (8) and (9).

K
log(Q.- Q, )=10ng-7‘()3t (8)
B ©)
Qt kZQe2 Qe

Q¢ and Q., in mg/g, respectively, indicate the adsorption rates at equilibrium and time t,
respectively, whereas ki is the first-order rate constant. The second-order rate constant is
denoted by k». The chemisorption process, in which electrons are transferred from the adsorbent
to the adsorbate, is determined to be the rate-limiting phase according to the second-order
kinetic model [52, 53]. As indicated in Table 3.3, the slopes and intercepts of the graphs were

used to calculate the parameters for first- and second-order kinetics. The first-order model was
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closer to unity and had a more significant rate constant value than the second-order model in
Fig. 3.8(f). This suggests that first-order kinetics govern the adsorption of FB dye onto FT and

other FT-Cu composites.

3.5 Photocatalytic studies

3.5.1 Photocatalytic degradation under visible light
Fig. 3.9(a, b) illustrates variations in the absorption spectra due to the FB dye degradation by

FT-Cu; composite at varying irradiation times under visible light. During adsorption and
photocatalytic degradation, the typical maximum absorption peak of FB dye is found at 546
nm, and its absorption intensity steadily decreases with increasing illumination time. In the
visible light photodegradation of FB dye resulted in 94% removal by the FT-Cu; catalyst, which
is significantly higher than the removal rate achieved via adsorption only. After 180 minutes of
degradation under visible light, the dye solution shifted from dark pink to colourless, further
confirming the significant removal of dye by photocatalytic degradation (Fig. 3.9). This
suggests that for complete removal of dye, photocatalytic degradation plays a significant role
than adsorption whereas, in the absence of a photocatalyst, only 14% removal of FB dye was
achieved within 180 minutes under visible light. In Fig. 3.9(a), the dark adsorption of fuchsin
blue dye in the FT-Cuo.5-2 composite is driven by the porous nature of fly ash, which offers a
high surface area for adsorption through electrostatic and van der waals forces. Copper
enhances this by forming coordination bonds and modifying the surface charge of TiO2, making
the composite more attractive to fuchsin dye molecules. Together, these interactions allow for
effective dye binding, which results in effective removal of dye under dark conditions.

The absorption spectra of FB dye after photodegradation by bare FT and FT-Cu exposed to 180
minutes of visible light are shown in Fig. 3.9(¢c). The photoactivity of the FT composite was
significantly increased after 1wt% Cu photo-deposition over fly ash-TiO2 composite,
displaying the highest photocatalytic activity. The time course duration plot Fig. 3.9(d) and
kinetic graphs Fig. 3.9(e) were analyzed to validate the optimal amount of Cu deposition on FT
for FB dye degradation under visible light. The photodegradation followed a pseudo-first-order
kinetic model, as the reaction rate is only influenced by the concentration of the FB dye without
any change in the concentration of water and oxygen. Additionally, with light intensity kept
constant and the amount of FT-Cu composites fixed (6 mg) and thus negligible in rate variation,
as shown in equation (10):

In (C,/ C) =kt (10)
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Table 3.4. (a) Kinetic parameter of pseudo first order model of various photocatalysts under

visible light (b) Kinetic parameter of pseudo first order model of various photocatalysts under

sunlight.

(a) Pseudo-first-order Model (visible light)

Photocatalyst ki R?

FT 0.0008 0.9922
FT-Cuo. 0.0015 0.9903
FT-Cui 0.0031 0.9921
FT-Cu2 0.0020 0.9915
(b) Pseudo-first-order Model (sunlight)

Photocatalyst ki R?

FT 0.0009 0.9944
FT-Cuo. 0.0023 0.9906
FT-Cui 0.0016 0.9900
FT-Cuz 0.0021 0.9970

Where Co is the initial concentration of the FB dye at time zero, min and C; at reaction time t,
and k is the rate constant (min'") [54, 55]. The pseudo-first-order rate constant and the square
of the linear correlation coefficient (R?) of FT and various FT-Cu composites under visible light
and sunlight are shown in Table 3.4 (a, b). The rate constant for FT-Cu; composites (0.0031
min') is higher than that for FT composites (0.0008 min™'), indicating that the presence of
copper enhances the photocatalytic activity of TiO», potentially due to improved charge
separation and increased light absorption. The histogram in Fig. 3.9 (f) compares the percentage
removal of FB dye by FT and FT-Cu during dark adsorption and degradation under visible
light.
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3.5.2 Photocatalytic degradation of FB under direct sunlight

To increase the usefulness and applicability of Earth's most abundant energy source,

photocatalytic degradation of FB dye was conducted under direct sunshine. Different test tubes
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containing 6 mg of catalysts (FT/FT-Cu) and 10 ml FB dye (10 ppm) are kept under sunlight
on 21-05-24 for different periods (180 min) with constant magnetic stirring. The ambient
temperature fluctuated between 35°C and 40°C. and solar intensity of 670 Wm™, June, 2024.
In Fig. 3.10(a), the FB dye absorption spectra change from dark pink to light pink, indicating
77% removal, while Fig. 3.10(b) shows 92% removal, and the colour changes from light pink
to colourless under sunlight. The UV-visible absorption spectra shown in Fig. 3.10(c¢) illustrate
the relative variations in the absorbance of FB dye after it is photodegraded by bare FT and
different FT-Cu nanocomposites exposed to sunlight for 180 minutes. The photoactivity of the
FT composite was significantly increased by Cu loading. The change in colour of FB dye
showed that photocatalytic activity increased after 1 wt% Cu deposition over FT catalysts and
declined after that. The time course plot Fig. 3.10(d) and kinetic graphs Fig. 3.10(e) were
shown to further confirm the optimal amount of Cu loading on FT composite for FB
degradation. According to the findings, the photodegradation process follows a pseudo-first-
order rate law, and similarly, FT-Cu; composites have a higher rate constant value (0.0023 min
1) as compared to the FT composite (0.0009 min!). A histogram in Fig. 3.10(f) shows the
comparative percentage removal of FB dye by FT and different FT-Cu composites. The 1wt%
Cu-loaded FT composite exhibited the highest percentage removal of 92% relative to other Cu-

loaded FT catalysts under identical experimental conditions.

3.5.3 Active species detection

In the scavenging experiments, different scavengers were used to investigate the roles of active
species in the photocatalytic degradation of FB dye. Argon gas purging was employed to
remove dissolved oxygen from the reaction mixture, thereby suppressing the formation of
superoxide anion radicals (O2-"), which led to a significant decrease in degradation efficiency
to 18%. Ethanol and isopropanol (IPA) were used as hydroxyl radical (-OH) scavengers,
reducing the dye degradation efficiency to 17% and 20%, respectively, by neutralizing the
reactive species. Furthermore, NH4SCN acted as a hole (h*) scavenger, preventing the oxidation
of water molecules and reducing the degradation efficiency to 11%. These findings highlight
the crucial involvement of superoxide anion radicals, hydroxyl radicals, and holes in the
photocatalytic degradation process [56]. The percentage degradation of FB dye by FT-Cu; with
and without the addition of different scavengers is shown in Fig. 3.11(a). EDTA, IPA, and
NH4SCN reduced FB dye degradation from 94% to 17%, 20%, and 11%, respectively.
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degradation efficiency and (b) reusability test by FT-Cu, under visible light irradiation.

3.6 Proposed photocatalytic degradation mechanism

The photocatalytic process over FT-Cu; has several important stages that improve composite
performance and stability. Cu-photo-deposited TiO2 nanoparticles are uniformly spread across
the fly ash surface, stabilizing the catalyst and increasing catalytic reaction surface area. Copper
plays an important role in enhancing the photocatalytic performance of fly ash-TiO:
composites. The incorporation of Cu improves visible light absorption and acts as an electron
trapping center, which suppresses the recombination of photogenerated electron—hole pairs. In
addition, Cu modification broadens the photoresponse of TiO: from the UV region toward
visible light, thereby improving photocatalytic efficiency under solar and visible light
irradiation. Visible light generates electron-hole pairs in TiO; in the composite. Holes stay in
the valence band while photoexcited electrons enter the conduction band. Cu nanoparticles on
TiO2 capture photoexcited electrons, minimizing electron-hole pair recombination. Charge
separation is essential to produce reactive oxygen species (ROS), such as superoxide radicals
(*O2") and hydroxyl radicals (*OH), through interactions with oxygen and water. Copper
doping lowers the bandgap of TiO», allowing it to absorb visible light and create electron-hole
pairs. FB dye molecules on FT/FT-Cu, catalysts can be degraded by extremely reactive ROS.
This breakdown breaks the dye into smaller, less toxic molecules and can lead to complete
mineralization into CO2, NOj3", and H>O. The porous structure and large surface area of fly ash
increase the adsorption of dye, improving process efficiency [48, 49]. As demonstrated in
Scheme 3.1, this synergistic interaction creates a more efficient and sustainable photocatalytic

system for the breakdown of FB dye.
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Scheme 3.1. The proposed photodegradation mechanism of FB dye by FT-Cu composite under

solar/visible light irradiation.

3.7 Identification of intermediate photoproducts during the FB dye degradation pathway
After photocatalytic degradation of FB dye by FT-Cu; catalysts under 180 min visible light

irradiation, the reaction mixture is subjected to centrifuging and filtered to separate the catalyst
powders. The clear supernatant solution is used for HRMS analysis to investigate the various
intermediate photoproducts formed after FB dye degradation. The separation of the
mass(m)/charge(z) ratio was studied using the HRMS technique to determine the molecular
formula. For the FB ion 330, the exact m/z measurement was 330.0928. Mass spectrometry
analysis for basic FB dye determined two possible degradation pathways, as shown in Fig.
3.12(a, b). These pathways show how different reactions involving ring-opening reactions,
oxidation, demethylation, and hydroxylation can cause basic FB dye molecules to break down
into various intermediates and decompose to NO3", CO2 and H>O, etc.

First, FB (m/z = 365.91) dye is demethylated to produce Product B (m/z = 316.18) through
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pathway 1. After further demethylation, Product B yields Product C (m/z = 302.17). Product C
uses a ring-opening process with reactive oxygen species (*O2- and *OH) to produce Product
D (m/z = 205.11). Product D is then oxidized to produce 3-Heptynoic acid (m/z = 126.07),
which is Product E. Ultimately, Product E 3-Heptynoic acid (m/z = 126.07) mineralizes to form
H>0, CO», and a few inorganic ions. In pathway one, the other side of product C (m/z=302.17)
experiences the ring-opening reaction, changes into product H (m/z = 282.16), and then changes
again into NO3, CO and H>O. Product F forms via Pathway 2, i.e., carbinol of pararosaniline
(m/z=347.21), from Product A (m/z=330.09), which is the result of ionizing FB dye, through
hydroxylation. Product F undergoes oxidation to yield Product G (m/z = 223.14) and finally

Product G mineralizes to form H,0O, CO,, and specific inorganic ions [57].
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pathways of different intermediate photoproducts formed during photocatalytic degradation of

FB dye by FT-Cu, nanocomposite under 180 min visible light irradiation.

3.8 Photostability and reusability of the prepared photocatalyst

For real-world applications, photocatalyst durability must be assessed along with catalytic
performance. The reproducibility and photostability of the synthesized FT-Cu; catalyst were
tested through consecutive recycling experiments for the photodegradation of FB dye under
identical experimental conditions. The catalyst underwent multiple photochemical reactions,
and after each cycle, it was centrifuged, washed, and dried before being reused in the next cycle.

This process is illustrated in Fig. 3.11(b), where the FT-Cu; catalyst showed excellent
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effectiveness when subjected to visible light irradiation in the 1% cycle, degrading the FB dye
94% after 180 minutes. Despite undergoing five continuous cycles of visible irradiation, the
degradation efficiency stays relatively close to 83%, and its catalytic performance remains
largely unaffected by repeated use, suggesting that the composite degrades the dye effectively,
and FT-Cu, is a reusable catalyst. The decrease in removal efficiency from 94% to 83% can be
ascribed to the unavoidable loss of catalyst during the recovery process. Additionally, over the
recycling cycles, some unreacted intermediates may have adhered to the catalyst's surface,
blocking certain active sites and pores and contributing to the decline in its performance. The
Iwt% Cu deposited on fly ash-TiO> composite has a strong reusability performance, as
evidenced by the consistent degrading efficiency over several cycles. Comparison of
percentage removal of Fuchsin blue dye by various composites and Cu- loaded TiO»-fly ash
composites is shown in Table 3.5.

To confirm the adsorption and photodegradation of FB on the FT-Cu surface, XPS survey
spectra were recorded following the adsorption and degradation processes (Fig. 3.13). The
analysis revealed notable changes in the FT-Cu composite. After adsorption, the appearance of
an N 1s peak at 399 eV confirmed the incorporation of nitrogen from the dye, while an increase
in the C 1s peak at 284.6 eV indicated the adsorption of organic dye molecules. Following
photodegradation, the disappearance of the N 1s peak signified the breakdown of the nitrogen-
containing group [58] and the reduction in C 1s peaks, particularly those associated with
aromatic structures, confirmed the degradation of the dye into smaller fragments or mineralized
products. These results highlight the dual functionality of the FT-Cu composite in effectively
adsorbing and degrading fuchsine dye.

76



0, ——— FT-Cu (After Degradation
——FT-Cu (After Adsorption)

Intensity (a.u.)

Fe

el Cu,,

\M

f

e mmmm e m———— o

0 200 400 600 800 1000 1200
Binding energy (eV)

Fig. 3.13. XPS survey spectra of the FT-Cu composite after the adsorption and degradation of
fuchsin dye.

Table 3.5. Comparison of percentage removal of fuchsin blue dye by various composites and

fly ash-TiO>-Cu composites.

Adsorbent/Catalyst | % Removal of FB dye References
Fe-ZSM-5 zeolite 99.6% [59]
Sugarcane bagasse | 97% [60]

Mg- Fe TiO2 | 95% [61]
nanocomposites

g-C3N4-modified 70% [62]

ZnO

nanocomposite

FT-Cui 95% Present work
nanocomposite
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3.9 Conclusion

Cu-deposited fly ash-TiO» (FT-Cu) composite was synthesized successfully and assessed by
different characterization techniques. The FT-Cu composite exhibited superior adsorption due
to the presence of fly ash containing other metal oxides and photo-catalytic activity due to the
presence of TiO; and copper. Among the prepared composites, the maximum adsorptive
removal (77%) of FB dye was achieved by FT-Cu; composites, which followed the Langmuir
isotherm, confirming monolayer adsorption. 1wt% Cu-deposited fly ash-TiO; (FT-Cu)
attained the maximum removal of 92% of FB dye under solar light and 94% under visible light
in less than 180 minutes, whereas the (fly ash-TiO2) FT composite without Cu showed only
71% removal under sunlight and 74% under visible light. It revealed that Cu deposition not
only improved the photocatalytic activity of fly ash-TiO> catalysts, but it also sensitized the
absorption of visible/solar light. The XPS results of the FT-Cu composite, including the
analysis before and after illumination, provided valuable insights into the interactions between
the catalyst and the dye, reinforcing the role of surface chemistry in the photocatalytic process.
Furthermore, HRMS results revealed that the composites decomposed the FB dye into smaller
molecules. Based on the identification of various degraded photoproducts, band energy
analysis, and hole scavenger experiments, a feasible photocatalytic mechanism was proposed
where the different reactive oxygen species, OH radical and superoxide anions made a vital
contribution to the FB dye degradation process. The resulting Cu-loaded fly ash-TiO»
composite demonstrated high durability and photostability throughout consecutive degradation
cycles. Thus, the synergistic effects of fly ash incorporation and Cu modification within the fly
ash—TiO: heterostructure highlight its potential as an efficient photocatalyst for complete
mineralization of hazardous pollutants in industrial wastewater under natural sunlight,

supporting a more environmentally sustainable remediation strategy.
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Chapter-4

Fabrication and evaluation of ZSM-5-fly ash—TiO,—Cu hybrid catalysts
for efficient photocatalytic and adsorptive removal of crystal violet dye
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Schematic summary

4.1 Introduction

Water contamination from organic dyes is a serious issue that endangers the ecosystem.
Industries including paper, plastics, leather, textiles, and pharmaceuticals discharge large
volumes of wastewater tainted with dyes into natural water pools. [1, 2] The toxic organic dyes
often disrupt the ecosystems by lowering the oxygen levels and killing the aquatic life [3, 4].
Human exposure to polluted water can cause a range of health problems. Certain dyes are
carcinogenic, mutagenic, and teratogenic, posing long-term risks such as cancer and genetic
mutations. Drinking contaminated water can cause gastrointestinal disorders, damage to the
kidneys, and the liver. [5-7].

Crystal violet (CV) is a dye derived from aniline that has been widely utilized as a disinfectant,
a staining agent in biomedical applications, a pH indicator, and a colouring agent in the textile
industry [8]. It is a potent mutagen and has been classified as a potential carcinogen. Excessive

exposure to CV dye can cause cancer, organ damage, and reproductive disorders over time.
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Direct skin contact might irritate the skin with respiratory difficulties [9]. Thus, developing
efficient, cost-effective, and ecologically sustainable techniques for extracting crystal violet
from wastewater is critically important.

Numerous approaches, such as adsorption, electrochemical processes, photocatalytic
degradation, and biological methods, have been established to remove organic dyes from
wastewater. Adsorption is the most beneficial of these techniques because of its low cost, ease
of setup, user-friendliness, low production of harmful byproducts, wide availability of
adsorbent materials, and ease of recovery [10]. However, a key challenge in this process is the
saturation of the adsorbent, which must then be either regenerated or replaced. In contrast,
photocatalysis can decompose particles that are challenging to remove from treated water
through conventional methods completely. The photocatalysis process breaks down various
contaminants into harmless compounds like carbon dioxide and water [11]. This technique
could remarkably decrease the operation cost due to low energy consumption. Combining
photocatalytic decomposition with adsorption would be a practical approach to enhance the
degradation of dyes.

Titanium dioxide (TiO3) is the best-known and widely studied photocatalyst for the degradation
of various toxic organic pollutants, particularly due to its high oxidative power upon
illumination. It is a non-toxic, chemically inert, low-cost, and biocompatible material with
interesting physical, optical, and electrical properties. UV radiation activates TiO> and causes
ROS, such as superoxide ions and hydroxyl radicals, potent oxidizers that may quickly break
down a range of organic contaminants into nontoxic inorganic compounds like CO2 and H>O
[12]. Despite its potential, the practical use of TiO> is hindered by its wide band gap of about
3.2 eV, which confines its photoactivation primarily to the ultraviolet region of the spectrum,
which constitutes only about 5% of sunlight. Additionally, the fast recombination of photo-
induced electron—hole pairs significantly diminishes its overall photocatalytic efficiency [13].

The best way to get around these restrictions is by metal doping. A practical method for
enhancing TiO; involves doping with transition metals such as nickel (N1), copper (Cu), and
silver (Ag), which induces a substantial modification of its optical absorption characteristics.
These metal dopants significantly reduce the band gap of TiO,, allowing photoexcitation in
visible light (red shift) while also preventing the recombination of photogenerated electron-
hole pairs [14, 15]. It is not easy to produce stable, reasonably priced doped nanomaterials with
distinct properties that can efficiently absorb visible light. Among the various transition metals,
copper (Cu) is a particularly strong dopant due to its special characteristics and capacity to

promote charge separation and transfer. Doping of copper (Cu?*) produces additional energy
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levels in the TiO; band gap, thereby increasing visible light absorption and photocatalytic
activity. Moreover, Cu?" ions favour photogenerated electron-hole separation and reduce
charge carrier recombination by functioning as electron traps [16, 17]. Recent research have
emphasized the impact of multi-metal doping and surface modification in increasing
photocatalytic stability. Sun et al. [18] developed Cu—Mn catalysts for carbon monoxide (CO)
removal using a co-precipitation approach and comprehensively examined the influence of
additional metal dopants (Fe, Ce, and Sn), precipitation temperature, and hydrophobic
modification with polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP). The catalyst
containing Ce prepared at 70 °C showed roughly 50 % greater CO removal efficiency than the
other samples and, after PVA/PVP treatment, retained about 85 % removal efficiency under 90
% relative humidity, indicating excellent water resistance.

One technique is to anchor TiO» particles onto high-surface-area supports, such as ZSM-5
zeolite, a synthetic aluminosilicate with a well-ordered microporous framework, excellent
thermal and chemical stability, and the ability to modify its hydrophilic or hydrophobic
characteristics [19]. ZSM-5 not only enhances adsorption by trapping organic pollutants near
the photocatalytic surface but also aids in better dispersion of TiO2 nanoparticles, preventing
aggregation and promoting efficient charge transfer. Its shape-selective pore structure and
strong adsorption affinity make ZSM-5 particularly effective in capturing dye molecules, such
as crystal dyes, before their degradation [20].

Fly ash, a solid byproduct of burning coal in thermal power plants, is frequently employed as a
support material in photocatalytic applications because of its abundance, affordability, and
favourable chemical compatibility with metal oxides. Silica, alumina, and other inorganic
oxides comprise most of its composition. It forms a structurally rigid and chemically stable
matrix that permits the uniform dispersion of photocatalytic particles such as TiO,. This
homogeneous distribution not only prevents nanoparticle aggregation, but it also enhances the
composite’s surface area and structural robustness, resulting in increased photocatalytic activity
[21]. The integration of fly ash with ZSM-5 and Cu-doped TiO> results in a multifunctional
composite material that offers improved surface area, enhanced pollutant adsorption, enhanced
photocatalytic performance when exposed to visible light, and cost-effectiveness.

Over the last few years, several research studies have investigated photo-catalytic degradation
of organic pollutants under UV and visible light using ZSM-5/TiO», TiO»-supported fly ash,
and metal-modified fly ash- TiO> composites. Mergenbayeva et al. [22] developed TiO>
/zeolite composites, TiO2 /Z-45 (TZ) and TiO2 /ZSM-5 (TZSM), by mechanical mixing and

liquid impregnation processes. These composites were used in the photocatalytic breakdown
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of sulfamethoxazole (SMX) in water using UV light. Photocatalytic testing revealed that
TZSM2600 and TZSM 1450 produced 65% and 67% mineralisation of SMX, respectively, after
120 minutes. Al-Wasidi et al. [23] synthesized ZSM-5/TiO2/Ni photocatalyst to degrade
methylene blue dye under ultraviolet light. The ZSM-5/TiO2/Ni nanocomposite had a
maximum degradation efficiency of 99.17% for 50 mL of 15 mg/L methylene blue dye under
140 minutes. Zhu et al. [24] developed a copper (II)-modified ZSM-5/TiO> composite using a
sol—gel technique combined with an impregnation method. This composite was applied for the
photocatalytic degradation of ammonia gas under visible light conditions. The catalyst
containing 0.5wt% Cu exhibited the highest efficiency, removing nearly 94.2% of ammonia
within 60 minutes of exposure to visible light. Stojanovi¢ et al. [25] synthesized TiO2/zeolite
composites via a solid-state dispersion technique, incorporating synthetic and natural zeolites
with P25 TiO2 and TiOz nanocrystals derived from nanotubes. Among the tested materials, the
TiO2 /ZSM-5 (P25) composite demonstrated the most effective photocatalytic performance
under simulated solar light, achieving nearly 94% removal of atenolol within 70 minutes.

In the previous work, Cu photo-deposited fly ash-TiO> composite was synthesized, and its
performance was evaluated for removing fuchsin blue dye [26]. In the present work, the
influence of ZSM-5 zeolite loading on Cu photo-deposited fly ash-TiO2 composite for the
degradation of crystal violet dye under visible and solar light is investigated. However, the
novelty of the present work lies in the design and application of ZSM-5—-loaded fly ash—TiO>—
Cu (ZFT-Cu) hybrid composites, which, to the best of our knowledge, have not been reported
earlier. The composite was prepared using the wet impregnation process. A synergistic effect
is produced when visible-light-active flyash-TiO2-Cu and high-surface-area, highly porous
ZSM-5 are combined. The novel composite catalyst is used to destroy the CV dye molecules
once they have been adsorbed onto the surface of the ZSM-5. Additionally, the photocatalytic
degradation of crystal violet under sunlight was investigated to evaluate the impact of ZSM-5
incorporation onto copper photo-deposited TiO2/fly ash composite. The degradation of crystal
violet using ZFT-Cu composites has not been reported elsewhere, thereby establishing the
novelty and significance of this research. This study contributes to developing efficient,
environmentally friendly, and cost-effective composites for the removal of dye-contaminated

wastewater.
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4.2 Materials and methods

4.2.1 Materials and reagents

All chemicals were of analytical grade and used as received, without further purification. ZSM-
5 was procured from Thermo Fisher Scientific India Pvt. Ltd. Fly ash was collected from the
Rajpura Power Plant in India. Deionised water, with a conductivity of 35 uS cm' at 25 °C, was
produced using a Milli-Q ultrafiltration system (Millipore). Titanium butoxide (Ti(OCsHo)4,
97%) and didecyl dimethyl ammonium chloride (C22HssCIN) were obtained from Sigma-
Aldrich, India. Loba Chemie, India, supplied acetic acid (C2H402, 99.8%), ethanol (C2HsOH,
99.9%), cupric nitrate trihydrate (Cu (NO3)2-3H20, 99.5%), isopropyl alcohol (C3HgO, 99.5%),
and crystal violet dye (C25H30CIN3).

4.2.2 Techniques Used for Characterizing the Synthesized Samples

Diffraction images were recorded using an X-ray diffractometer (Smart Lab SE) equipped with
Cu-Ko radiation (A = 1.54 A) and operated at 45 kV to analyze the crystalline structure. Scans
were performed across a 20 range of 5° to 80°, using a 10 mm slit, at a resolution of 0.01° per
scan and a scan speed of 5 ° min’'. Field emission scanning electron microscopy (FESEM,
JEOL JSM-7600F, JAPAN, operated at 30 kV) was used to examine the surface morphology
and microstructure of the catalyst. Elemental composition and spatial distribution were
analysed using energy dispersive spectroscopy (Bruker EDS). FTIR spectra of the synthesized
samples were obtained using an Agilent FTIR spectrophotometer. The BET Autosorb 1Q
(Quanta chrome Instruments, version 3.01, USA) was employed to assess the surface area and
pore size distribution of the samples. A JASCO V-750 diffuse reflectance spectrophotometer
(Japan) was used to determine the optical properties, employing BaSO4 as the standard

reference material.

4.2.3 Synthesis of ZSM-5 loaded fly ash-TiO2-Cu (ZFT-Cu1) composite

A wet impregnation method was used to produce the ZSM-5 modified fly ash-TiO2-Cu (ZFT-
Cui) composites. 500 mg of the Cu-deposited fly ash-TiO, (FT—-Cu;) composite, prepared as
described in chapter 3 (section 3.2.3), was used for the experiment. On the FT—Cu; composite,
ZSM-5 was added in varying weight percentages (1wt%, 3wt%, and Swt%). After a thorough
stirring for 2 hours followed by centrifugation, the components were frequently washed with

ethanol and deionized water multiple times to remove any last traces of impurities. After
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washing, ZSM-5 modified composites were calcined at 400°C to strengthen their structure after
being dried for 24 h at 70°C. The substance was ground into a fine powder using a mortar and
pestle. 1ZFT-Cui, 3ZFT-Cui, and 5ZFT-Cu; were the end products having loaded with 1wt%,
3wt%, and Swt% ZSM-5 zeolite onto the fly ash-TiO;-Cu (ZFT-Cui) composite respectively.

4.2.4 Adsorption in Dark and Photocatalytic Studies

Batch adsorption studies were carried out to evaluate the adsorption performance of FT-Cu;
and (3—-5wt%) ZFT-Cu; composites toward crystal violet (CV) dye. A 10 mL CV solution with
initial concentrations of 3—15 mg/L was contacted with adsorbent dosages of 1-10 mg for
contact times ranging from 0 to 240 min. The effect of solution pH (2—12) was also examined.
All experiments were conducted at room temperature (25 + 2 °C) under dark conditions with
continuous stirring. After adsorption, the suspensions were centrifuged, and the residual CV
concentration was measured using a UV-visible spectrophotometer at Am.x = 598 nm, as
determined from the calibration curve. The adsorption capacity and removal efficiency were
calculated using equations 1 and 2 as described in Chapter 3 (Section 3.2.5).

Under visible light, photocatalytic degradation experiments were carried out to evaluate the
degradation of crystal violet (CV) dye using FT-Cu; and (3—5wt%) ZFT-Cu; composites. The
reaction mixtures were irradiated using a Wipro Garnet B22 50-W LED bulb (A > 360 nm)
under continuous magnetic stirring for predetermined time intervals. Before light irradiation,
the suspensions were stirred in the dark for 180 min to establish adsorption—desorption
equilibrium between the catalyst and CV dye molecules. At specified irradiation times, the
samples were withdrawn and centrifuged at 8000 rpm for 8 min to separate the photocatalyst.
The residual CV dye concentration in the clear supernatant was quantified using a UV—visible
spectrophotometer. The photodegradation efficiency was calculated using equations 3 and 4 as

described in Chapter 3 (Section 3.2.6).

4.2.5 Adsorption Isotherm Models
To determine the effectiveness of the adsorption process, the data were fitted to various

isotherm models, including Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (D—-R)

isotherms. The corresponding models are expressed as:

Langmuir isotherm model: i =( ! ] x 1 + L (1)
e KLQmax Ce Qmax
1
Freundlich's isotherm model: log Q. =log KF+(_jIOg C. 2)
n
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Temkin isotherm model: Q, = B;InA+ B;InC, (3)

Dubinin-Radushkevich (D-R) isotherm model: InQ, =InQ_ -B82 4
Here, Q. (mg/g) is the quantity of pollutant adsorbed at equilibrium, and C. (mg/L) denotes the
pollutant concentration at equilibrium. Qmax (mg/g) is the maximum adsorption capacity. The
Langmuir constant, Ki. (L/mg), signifies the affinity between the substance that adsorbs and the
adsorbate that occurs at the active binding sites. To what extent the adsorption process is
favoured is determined by the Langmuir isotherm, which is in turn described by the
dimensionless separation factor (Rr) [27]. The model constants, Ki and Kr, are obtained by
fitting the experimental data to the linear forms of the isotherms [28]. The quantities A (L/g)
and B represent the Temkin isotherm constant and the adsorption heat, respectively. In this
context, B is the Dubinin-Radushkevich isotherm constant (mol*/kJ?), and ¢ is the Polanyi

potential.

4.2.6 Adsorption Kinetic Models
The adsorption kinetics were analyzed using pseudo-first-order, pseudo-second-order,

intraparticle diffusion, and Elovich models:

Pseudo-first order kinetic model: log(Q,- Q, )=long-%t (3)
1 t
Pseudo-second order kinetic model: —= +— (6)
Qt kZQe2 Qe
Intra-particle diffusion kinetic model: Q=K /t+C, 7
Elovich kinetic model: Q, 2[13 1n(a[3)+[13t (8)

Q:t and Q. denote the adsorption capacity at time t and equilibrium, respectively. C; and C,
denote the pollutant concentrations at time t (min) and at the initial time, respectively. The rate
constant for the pseudo-first-order model is ki (min™'), and for the pseudo-second-order model
is k2 (gmg ' min™). In this model, Kair (mg g'min™) represents the intra-particle diffusion
rate constant, whereas C; (mgg™') measures diffusion resistance. In the Elovich model, a
(mg g ' min!) represents the initial adsorption rate, while f (g mg™) is the desorption constant

[29].
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4.3 Results and discussion

4.3.1 XRD analysis

The XRD image of the synthesised FT, FT-Cui, and ZFT-Cu; nanocomposites, along with their
crystal planes and associated diffraction angles, is shown in Fig. 4.1. The FT sample has a
diffraction peak at 25.3° of 20, which corresponds to the anatase (101) phase. TiO verifies the
presence of the anatase phase besides the crystalline phases that are frequently found in fly ash,
such as hematite (Fe2O3), magnetite (Fe3O4), mullite (AlsSi2013), and quartz (Si0>) [30].

The appearance of this peak confirms the successful integration of TiO» [31] onto the fly ash
surface, signifying effective composite formation. There are no noticeable diffraction peaks in
the FT-Cu; photocatalysts' XRD patterns that correspond to the Cu co-catalyst. This finding is
in agreement with other studies that found that metal nanoparticles at low concentrations (often
less than 5wt%) are often undetected when analysed by XRD [26]. The ZFT-Cui composite
similarly lacks distinct peaks associated with ZSM-5, likely attributable to the low loading level
of ZSM-5 and the overlap of peaks with the predominant crystalline phases of quartz and
mullite in fly ash [32] . The lack of ZSM-5 diffraction peaks in the XRD indicates that the
particles are either extensively dispersed within the support matrix or present in a partially

amorphous state, notably reducing the diffraction intensity.

4.3.2 FESEM analysis
A uniform dispersion of TiO2 nanoparticles across the surface of the spherical fly ash particles

is revealed by the FE-SEM images of the synthesized composites, which are displayed in Fig.
4.2 (a, b). The FT composite predominantly consists of spherical particles characterized by
smooth surfaces, affirming successful surface modification. At lower magnification, the
boundaries may appear indistinct; however, TiO2 nanoparticles are likely dispersed across the
fly ash particles. The irregular surface roughness indicates a heterogeneous composition of the
fly ash [26,33].

The FT-Cu; composite shown in Fig. 4.2 (¢, d) exhibits enhanced surface uniformity in TiO»-
coated fly ash. Cu doping reduces agglomeration, potentially due to enhanced dispersion or
interaction with TiO; particles, but it is not shown on the surface in FESEM images, due to a
smaller nanometer size. This modification may enhance electron mobility or reduce the
recombination rate in photocatalytic systems [26]. The FESEM structure of 3ZFT-Cu; and
5ZFT-Cu; composites is shown in Fig. 4.3 (a, b) and Fig. 4.3 (¢, d), respectively. Both

composites' coarse and porous surfaces make them suitable for adsorption and photocatalytic
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degradation [34]. The presence of cluster particles in the 3ZFT-Cu; composites' coarse structure
suggests that the zeolite, fly ash, and TiO> were well incorporated. Furthermore, the marked
circles in Fig. 4.3 confirm the presence of ZSM-5 zeolite particles distributed over the

composite surface, enhance surface area and adsorption efficiency.

ZSM-5-Flyash TiO,-Cu (ZFT-Cu,)| M- mullite(ALSi,0,,)
Q - quartz(SiO,)
M H- hematite(Fe,0,)
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Fig. 4.1 XRD profiles of Fly ash-TiO> (FT), Copper loaded fly ash-TiO> composite (FT-Cuy)
and ZSM-5 loaded Fly ash- TiO- copper composite (ZFT-Cuy)
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Fig. 4.3 FE-SEM micrographs of (a, b) 3ZFT-Cu; and (c, d) SZFT-Cu; composite.

4.3.3 EDS analysis

Energy dispersive spectroscopy (EDS) was used to analyze the elemental composition of 3ZFT-
Cu; composite, which showed the distribution of the elemental composition, as well as their
atomic and weight percentages. Fig. 4.4 shows the elemental composition of the composite as
confirmed by the EDS spectra, which show the presence of oxygen (O), silicon (34.07%),
aluminium (12.88%), copper (1.05%), iron (1.1%), titanium (4.32%), and sodium (0.82%) in

the composite.

cps/eV
140 - Elements Weight % | Atomic %
] Oxygen 45.76 60.7
120 Aluminium | 12.88 10.1
] Silicon 34.07 25.8
100 1 Titanium 4.32 1.9
A iron 1.1 0.42
] Copper 1.05 0.35
go{ T [N Sodium | 0.82 0.73
] o [&i Si | Total 100 100
1| | [Fe Ti Fe
60 -
40 -
20
0"! Tl{ TIl]ﬁll]r‘r‘*l]ltll]llll]rxrlx:vrllr
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Fig. 4.4 EDS analysis of 3ZFT-Cui composite confirming the presence of constituent elements.

4.3.4 FT-IR analysis
The FTIR spectra of ZSM-5, TiO», fly ash, and the Cu-modified composites (1ZFT-Cui, 3ZFT-

Cui, and 5ZFT-Cuy) are presented in Fig. 4.5. For ZSM-5, the typical framework vibrations are

evident, with strong bands at 1080—1100 cm™ corresponding to asymmetric T-O-T stretching
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(T = Si or Al), at 790-800 cm™* for symmetric Si—O-Si stretching, and at 450-500 cm™
attributed to Si—O—Si/Al-O-Si bending [35]. These characteristic peaks persist in the ZFT-Cu
composites, confirming that the zeolite lattice remains intact after compositing and Cu
incorporation. TiO; displays a broad band below 800 cm™ assigned to Ti—O-Ti vibrations,
which is also distinguishable in the composites, signifying the presence of TiO: within the
hybrid framework [36]. The FTIR profile of fly ash reveals broad Si—O-Si stretching
absorptions between 1000—-1080 cm™ and a band near 1630-1640 cm™ linked to bending of
adsorbed water molecules [37]; both signals are retained in the ZFT-Cu materials.
Incorporation of Cu into the composites leads to subtle shifts and variations in the intensities
of the ZSM-5 framework peaks, suggesting interaction among ZSM-5, TiO:, and fly ash
components while preserving the fundamental crystalline structure. In addition, all spectra
show a broad band around 34003450 cm™, assigned to O—H stretching of surface hydroxyl
groups and physisorbed water, which appears more intense in the composites, indicating an
increased number of active surface sites. Overall, the FTIR results demonstrate that ZSM-5,
Ti02, and fly ash were successfully integrated with Cu, maintaining the structural integrity of
the zeolite and producing composites with potential for enhanced adsorption and photocatalytic

performance.
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1ZFT-Cu,
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Fig. 4.5 FTIR spectra of TiOz, fly ash, ZSM-5, and ZSM-5-loaded Fly ash-Ti0;-Cu composites
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4.3.5 BET Surface Area and Pore Size Distribution

Fig. 4.6 (a, b) displays the results of the N> adsorption-desorption experiments conducted on
FT, FT-Cui, and 3ZFT-Cu; composites using BJH plots for the purpose of evaluating the
surface area and pore distribution. Type IV isotherms confirm the existence of mesopores with
multilayer adsorption and H3 hysteresis loops, which are seen in all composites. As compared
to FT and FT-Cui, 3ZFT-Cu; achieves the highest nitrogen adsorption quantity. After ZSM-5
modification, FT-Cu; exhibits a greater surface area. The study of the BJH pore distribution,
derived from the desorption branch of the nitrogen adsorption—desorption isotherms, indicated
a more homogeneous mesoporous structure, with a sharp and narrow peak between 4 and 6 nm
and a total pore diameter range of 2 to 10 nm. The enhanced adsorption of dye molecules and
the greater mass movement during photocatalytic degradation are two potential advantages of
the larger pores and more surface features. Our results show that adding ZSM-5 to FT-Cuy
composites improves their photocatalytic effectiveness when exposed to visible and solar light

[38] Table 4.1 shows the specific surface area, pore diameter, and pore volume data for each

sample.
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Fig. 4.6. (a) Nitrogen sorption isotherms and (b) Barrett—Joyner—Halenda (BJH) plot of various
(FT, FT-Cu; and 3ZFT-Cu1) composites.
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Table 4.1. Pore volume, surface area and pore diameter of TiO», fly ash, FT, and FT-Cui, 3ZFT-
Cu; and ZSM-5 composites.

Photocatalyst BET surface area (m?/g)  Pore volume (¢cm3/g) Pore diameter (nm)
TiO2 99.703 0.195 12.309

Fly ash 1.347 0.003 3.054

FT 3.268 0.007 3411

FT-Cu; 6.725 0.010 8.712

3ZFT-Cu; 10.562 0.012 11.552

ZSM-5 24.600 0.169 23.740

4.3.6 DRS analysis

Diffuse reflectance spectra (DRS) obtained via UV-vis spectroscopy of TiO», FT, FT-Cuy, and
3ZFT-Cu; composites are presented in Fig. 4.7. The corresponding Tauc plots of TiO, FT, and
FT-Cu; are shown in Fig. 4.8(a). At the same time, Fig. 4.8(b) illustrates the Tauc plots of
composites containing different ZSM-5 loadings (1-5wt%). Unique absorption peaks can be
observed below 400 nm in the DRS spectra. The observed peaks signify the transitions of
electrons from O% (2p) orbitals in the valence band to Ti**(3d) orbitals in the conduction band.
Enhanced UV absorption and a red shift in the FT composite are likely due to the formation of
Si—O-Ti bonds between Ti0> and the fly ash surface [39]. The photocatalytic effectiveness of
the Cu-loaded TiO,-fly ash composite is enhanced because the addition of Cu induces localized
energy levels and heterojunctions, which in turn decrease the bandgap and move the absorption
edge to the visible area [26]. The 3ZFT-Cui composite, although showing improved light
absorption compared to the bare FT composite, exhibits a relatively smaller red shift than the
Cu-loaded FT composites as determined from the Tauc plot analysis. The data suggest that
although the integration of ZSM-5 improves light absorption and promotes charge separation
due to its elevated porosity and surface acidity, its effect on bandgap reduction is rather
minimal. Thus, the modulation of the bandgap is mostly dictated by copper modification,
whereas ZSM-5 has little effect on the electronic transition characteristics [40]. The bandgap
energies of the synthesized composites were evaluated using Tauc’s method, defined by the

following equation (4):
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mW:A@»Egn (12)

In the Tauc equation, a signifies the optical absorption coefficient, hv refers to the photon
energy, A is a proportionality constant, and Eg signifies the optical bandgap energy. The
exponent n characterizes the electronic transition, where n = 0.5 corresponds to a direct allowed
transition and n = 2 to an indirect allowed transition. Eg values were estimated by projecting
the linear section of the (ahv )* versus hv curve onto the photon energy axis, with the intercept
on the x-axis indicating the bandgap. The estimated bandgap (E;) values were estimated to be
2.3 eV for 3ZFT-Cuy, 2.2 eV for FT-Cui, 3.12 eV for pristine TiO2, 2.55 eV for the FT
composite, 2.36 eV for SZFT-Cui, and 2.48 eV for 1ZFT-Cuy, as shown in Fig. 4.8 (a, b)
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Fig. 4.7 UV-Vis diffuse reflectance spectra of TiO», FT, FT-Cu; and 3ZFT-Cu; samples
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Fig. 4.8 (a) Optical bandgap estimation using Tauc plots for TiO2, FT and FT-Cu; (b) for 1ZFT-
Cui, 3ZFT-Cu; and 5ZFT-Cu; composites.

4.4 Adsorption study

4.4.1 Influence of adsorbent dosage on CV dye removal

Fig. 4.9(a) demonstrates the impact of adsorbent dosage on the removal of CV dyes. It is seen
that the % removal of CV dye increases with the increase of adsorbent dose of all the
composites, including FT, FT-Cui, and ZSM-5 integrated composites (1ZFT-Cui, 3ZFT-Cu;,
and 5ZFT-Cuy). This is due to the increased availability of surface-active sites, allowing the
dye molecules to interact more efficiently with the adsorbent surface. Among the composites,
the 3ZFT-Cu; composite exhibited the highest removal efficiency of 71% followed by 5ZFT-
Cui (66%), 1ZFT-Cui (61%), FT-Cui (55%), and FT (49%) at a 5 mg dose. Composites loaded
with ZSM-5 have superior performance compared to those without because of the synergistic
interaction between copper and zeolite, which enables efficient dye absorption through the
mesoporous nature of zeolite and its enhanced surface area. However, the % removal of CV for
all samples decreased when the dose was increased from 5 mg to 10 mg. This is likely because
of agglomeration at higher dosages and potential interaction among active sites. The results

indicate that 5 mg is the optimal dose for removing CV dye.

4.4.2 Role of initial dye concentration on the removal of CV dye
The impact of initial pollutant concentration on crystal violet dye removal was investigated
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using several modified composites, including FT, FT-Cui, 1ZFT-Cui, 3ZFT-Cui, and 5ZFT-
Cui. Fig. 4.9(b) shows that with the increase in dye concentration from 3mg/L to 15 mg/L, a
gradual decline in % removal of CV dye was observed. 3ZFT-Cu, exhibited the highest removal
of 71% CV dye at 5mg/L concentration, indicating enhanced active sites availability and
synergistic effects due to optimal ZSM-5 loading. In contrast, the FT composite demonstrated
the lowest removal efficiency of 49%, highlighting the role of surface modification in
improving adsorption performance. As dye concentration rises, the reduction in efficiency may
result from the saturation of active adsorption sites, leading to insufficient surface area to

accommodate the additional dye molecules.

4.4.3 Impact of contact duration on the removal of CV dye

The effect of contact duration on the removal of CV dye over all the composites is shown in
Fig. 4.9(c). Initially, the CV removal efficiency increased with increasing contact time due to
the availability of a large number of vacant active sites on the adsorbent surface, which
promoted rapid adsorption of dye molecules. The maximum removal was achieved at 180 min,
indicating optimum interaction between the dye molecules and the active sites of the
composites. Beyond this contact duration, the removal efficiency slightly decreased, which
may be due to the saturation of active sites and the establishment of adsorption—desorption
equilibrium. At prolonged contact time, some weakly adsorbed CV molecules may desorb back
into the solution, leading to a slight reduction in overall removal efficiency. The combined
benefits of porous ZSM-5 and copper-mediated composite (3ZFT-Cui) enabled the most
effective and quick dye adsorption at 180 minutes, removing 71% of the CV dye. Beyond 180
minutes, the removal efficiency plateaued or slightly declined, indicating that equilibrium had

been attained and active sites were saturated.

4.4.4 The effect of solution pH on CV dye removal

The overall adsorption efficiency is affected by solution pH, which is a major factor
determining the adsorbent surface charge and ionization behavior of the dye. The adsorption
occurred at ambient temperature using 5 mg of the 3ZFT-Cu; composite, with a dye
concentration of 5 ppm and a contact time of 180 minutes. The pH of the solution was altered
from 2 to 12 using 0.1 M HCI and 0.1 M NaOH. Fig. 4.9(d) illustrates the influence of pH on
the elimination of crystal violet (CV) dye throughout a pH range from 2 to 12. The result shows

that with a rise in solution pH, CV removal increases up to pH 9, followed by a decline at higher
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pH levels. Among all the composites, 3ZFT-Cu; showed the highest removal efficiency,
reaching over 70% at pH 9, indicating a synergistic effect of ZSM-5 and copper incorporation.
The removal order at the optimum pH was 3ZFT-Cu; > 5ZFT-Cu; > 1ZFT-Cu; > FT-Cu; > FT.
The superior performance of ZFT-Cu; composites is ascribed to the increased surface area,
active sites, and charge interactions with dye molecules. The point of zero charge (pHp.c) of the
3ZFT-Cu; composite was quantified to be around 7.4. When exposed to acidic circumstances
(pH < 7.4), the surface of the composite undergoes protonation, becoming positively charged.
The positive charge of the cationic CV dye molecules induces electrostatic repulsion with the
adsorbent surface, hence reducing the quantity of dye that may be adsorbed. Conversely, at
alkaline pH values (pH > 7.4), the surface of the 3ZFT-Cu; composite acquires a negative
charge as a result of deprotonation. Although CV dye remains cationic across a broad pH range,
the electrostatic attraction between the negatively charged adsorbent and the positively charged
dye molecules becomes more favourable, enhancing adsorption.

The enhanced electrostatic interaction between the negatively charged 3ZFT-Cu; surface and
the cationic CV dye accounts for the optimal dye removal at pH 9. Additionally, hydrogen
bonding and n—= interactions between CV aromatic rings and the adsorbent surface might boost
adsorption effectiveness at this pH level. Adsorption of CV dye decreases at pH levels over 9,
probably due to greater competition with OH™ ions and partial neutralization of dye molecules,

lowering electrostatic attraction.
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Fig. 4.9 Plots illustrating the impact of (a) adsorbent dose, (0.005 g/L), (b) adsorbate
concentration, (5mg/L), (¢) the contact time, (time 180 min) and (d) Effect of solution pH on

removal of CV dye by FT, FT-Cu,, 1ZFT-Cu, 3ZFT-Cu, and 5ZFT-Cu,composites.

4.4.5 Adsorption isotherm studies

The adsorption of crystal violet (CV) onto FT-Cu; and ZFT-Cu; composites was analyzed using
Langmuir, Freundlich, Temkin, and Dubinin—Radushkevich (D-R) isotherms. The initial
fitting of the data was conducted utilizing the Langmuir isotherm model, as outlined in equation
(4). This model suggests that adsorption takes place via the establishment of a monolayer over
ZSM-Cu-flysh-TiO> composite, wherein each molecule occupies a unique adsorption site on
the surface. The graph of 1/Qe vs. 1/Ce is shown in Fig. 4.10(a). The intercept and slope of this
curve determine K and Qmax.

Adsorption on heterogeneous surfaces is described by the Freundlich isotherm shown in
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equation (5), where the adsorption energy varies across locations. It takes surface heterogeneity
into account, which in turn considers multilayer adsorption and interactions between adsorbed
molecules. Here, 1/n is the heterogeneity factor, which is related to adsorption intensity, and
Kr is the Freundlich constant, which stands for adsorption capacity [41]. The plot of log Q. vs
log C. may be seen in Fig. 4.10(b). The results indicate that for the 3ZFT-Cu; composite, the
Freundlich isotherm best described the adsorption process, with a correlation coefficient R>=
0.997, compared to R?=0.982 for the Langmuir model. This suggests that the adsorption occurs
predominantly on heterogeneous surfaces rather than through ideal monolayer formation.
According to the Temkin isotherm presented in equation (6), it is suggested that the heat of
adsorption diminishes as the number of interactions between the adsorbate and adsorbent
increases (Fig. 4.10(c)). The heat of adsorption, represented by BT, is calculated using the
equation BT = RT / B, where [ signifies the maximum binding energy. The value of B was
found to be 8.55 kJ/mol, suggesting a physisorption process [42].

The Dubinin—Radushkevich (D-R) isotherm model in equation (7), illustrated in Fig. 4.10(d),
serves as a prevalent tool for differentiating between the mechanisms of physical and chemical
adsorption. The adsorption of crystal violet onto ZFT-Cu; composites yielded low values for
the constant § (mol 2 kJ?), resulting in mean free energy values ranging from 0.705 to 1.120 kJ
mol™ [43]. The evidence indicates that the adsorption process is primarily governed by
physisorption. The specifications for the models, as mentioned above, are presented in Table
4.2. Although nonlinear fitting is generally recommended for adsorption and kinetic modelling,
linear models were employed in this study for consistency and comparability with previous
literature. Overall, the analysis demonstrates that ZSM-5 loading improves adsorption
efficiency by offering more active sites and promoting interactions between the dye molecules

and the composite surface.
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Fig. 4.10 Linear fitting of adsorption isotherm plots for CV dye adsorption over FT, FT-Cuj,
1ZFT-Cuy, 3ZFT-Cui, and 5ZFT-Cu; composites using (a) Langmuir adsorption isotherm, (b)
Freundlich adsorption isotherm, (c¢) Temkin adsorption isotherm, and (d) Dubinin-

Radushkevich adsorption isotherm model.

Table 4.2. Isotherm parameter of Langmuir, Freundlich, Temkin and D-R models for

adsorption of crystal violet dye by FT and different wt.% ZFT-Cu; composites.

Langmuir isotherm Freundlich isotherm
Adsorbent  Qmax(mg/g) KL R? Kr 1/n R?
FT 34.480 0.003 0.995 1.774 1.436 0.993
1ZFT-Cuy 42.190 0.006 0.990 2.329 1.478 0.992
3ZFT-Cuy 50.000 0.020 0.983 3.064 1.587 0.997
5ZFT-Cuy 43.290 0.005 0.988 2.802 1.628 0.983
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Temkin isotherm D-R isotherm

Adsorbent B (KJmol!) A (Lmg') R? Bx 108 (mol2kJ?) E R?
FT 0.011 0.714 0.958 0.010 0.705 0.889
FT-Cu; 0.009 1.159 0.934 0.008 0.791 0.870
1ZFT-Cuy 0.009 1.561 0.922 0.006 0913 0.871
3ZFT-Cu 0.009 2.362 0.944 0.004 1.120 0.915
5ZFT-Cu 0.008 2.138 0.917 0.004 1.120  0.865

4.4.6 Adsorption Kinetics study

The experimental kinetic data (Fig. 4.11) were analysed using several models, including
pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion. As shown in Fig.
4.11(a), the pseudo-first-order model (Eq. 9; log (Qe—Qt) vs. t) gave an excellent fit for the
adsorption of CV dye on 3ZFT-Cu;, with an R? value of 0.9945 and a rate constant of 0.0225
min~'. In comparison, the pseudo-second-order model (Eq. 10; Fig. 4.11(b)) yielded an R? of
0.9725 and a rate constant of 0.0004 min'. These results indicate that the adsorption of CV dye
onto FT-Cu; and ZFT-Cu; composites follows predominantly pseudo-first-order kinetics,
suggesting that physisorption is the main adsorption mechanism under the studied conditions.
The calculated equilibrium capacities (Q.), rate constants (ki and kz2) and R? values for all
samples are already summarized in Table 2, which clearly shows the superiority of the pseudo-

first-order model over the pseudo-second-order model for these systems.

As shown in Fig. 4.11(c) of the Elovich model in equation (11), the adsorbate appears to be
removed from solution using chemisorption onto a surface that contains energetically different
active sites [44]. The B values ranged from 0.217 to 0.240 g mg™*, which are relatively low and
suggest that the adsorption mechanism is primarily controlled by physisorption rather than
chemisorption. Furthermore, although the Elovich model provided a reasonably good fit
(R>=10.8868-0.9844), the pseudo-first-order model exhibited higher correlation coefficients
(R?=0.8968-0.9962), indicating it more accurately described the adsorption kinetics and thus
followed the physisorption process.

Fig. 4.11(d) displays the intra-particle diffusion model equation (12) plots for all the
composites, including FT, FT-Cui, and ZFT-Cu; (1ZFT, 3ZFT, and 5ZFT). The fact that Q
and t12 are linear in all samples suggests that intraparticle diffusion plays a substantial role in

adsorption [44]. Intraparticle diffusion is not the only step that determines the rate because the
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plots do not go through the origin. The 3ZFT-Cu; composite showed the steepest slope and

highest intercepts in the figure, meaning that the surface improvements allowed for an increase

in intraparticle diffusion capacity; Table 4.3 shows the values correlating to the various kinetic

models. In this study, linear models were used to maintain consistency with prior literature,

despite the general recommendation of nonlinear fitting for adsorption and kinetic modelling.

These results collectively highlight that the synergistic incorporation of ZSM-5 and copper

enhances both adsorption capacity and adsorption kinetics of the fly ash—TiO. composites.

1.0
0.8 4
~>
< 0.6+
! @
o
N
o0 0.4 -
=
0.2 4
0-0 T T L T T
30 60 920 120 150
Time (min)
16
s FT
144 e FI-Cu; (C)
1ZFT-Cu, ;E 4
12 4 3ZFT-Cu, 1Al
¢ S57ZFT-Cu,
= 101
o
84
6
4 4
2 T T L T T
3.0 35 4.0 4.5 5.0 55
Int

40 T
[ ]
354 * FT-CI.I1 (b)
4 1ZFT-Cu,
301+ 3ZFI-Cu,
2] ¢ SZFT-Cy,
gzo-
15
10 4
5_ [
0 30 60 90 120 150 180 210 240
Time (min)
16
s KT
e FT-Cu, (d)
1ZFT-Cu, ¢4
124 v 3ZFT-Cuy,
+ SZFT-Cuy,
O's-
44
4 6 8 10 12 14 16
{12

Fig. 4.11 Linear fitted plots of kinetic models for CV dye adsorption over FT, FT-Cui, 1ZFT-

Cui, 3ZFT-Cui, and 5ZFT-Cu; composites using (a) Pseudo-first-order kinetic model, (b)

Pseudo-second-order kinetic model, (c) Elovich kinetic model and (d) Intra-particle diffusion

kinetic model.
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Table 4.3 Kinetic parameter of Pseudo-first-order, Pseudo-second-order, Elovich and Intra-
particle models for adsorption of crystal violet dye by FT and different wt.% ZFT-Cu,

composites.

Pseudo-first-order Pseudo-second-order

Adsorbent Qe (mg/g) ki (min!) R? Qemg/g) k2(min!) R?

FT-Cu; 17.621 0.015 0.994 8.993 0.002 0.988
1ZFT-Cuy 19.567 0.021 0.996 18.420 0.001 0.985
3ZFT-Cu 27.003 0.023 0.995 20.240 0.000 0.973
5ZFT-Cu 20.678 0.021 0.897 19.300 0.000 0.876
Elovich model Intra-particle diffusion model
Adsorbent o (mgg!min') B(gmg!) R? Kip C(mgg! R?
FT 0.325 0.225 0.983 0.923 -0.902 0.979
FT-Cu 0.385 0.240 0.984 0.882 -0.017 0.990
1ZFT-Cuy 0.412 0.235 0.979 0.896 0.220 0.985
3ZFT-Cuy 0.313 0.235 0.968 0.948 0.071 0.998
5ZFT-Cu 0.391 0.239 0.887 0.892 0.096 0.959

4.5 Photocatalytic studies

4.5.1 Photocatalytic efficacy under visible light irradiation
Photocatalytic degradation of crystal violet (CV) dye under visible light using a Wipro Garnet

B22 50-Watt LED bulb equipped with a cut-off filter (wavelength > 360 nm) by ZFT-Cu,
composites containing ZSM at various weight percentages (1, 3, and 5wt%) is illustrated in
Fig. 4.12. Fig. 4.12(a) displays the UV-vis absorption spectra of CV dye (5 ppm) with the
3ZFT-Cu; composite at different irradiation periods (60-240 minutes), showing a maximum
absorption peak at 589 nm. The visual evidence shows that 98% of the CV dye has been
removed, and the decomposition of the dye has been noticeable, with a noticeable shift from a
violet to a colourless dye solution, and a significant decrease in the distinctive absorption peak
at 589 nm. In Fig. 4.12(b), after being exposed for 180 minutes under visible light. ZSM-5-fly
ash-TiO2-Cu composites (1ZFT-Cuy, 3ZFT-Cui, and 5SZFT-Cu;) are compared to FT and FT-
Cuy in terms of their photocatalytic activity. The 3ZFT-Cui composite has the best degradation
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efficiency, with the largest drop in absorbance, compared to the other materials.

Fig. 4.12(¢) displays concentration profiles (C/Co) that change over time; this data sheds
information on the degradation kinetics in both dark and visible light. Under illumination, the
3ZFT-Cu, catalyst demonstrates a steep drop in CV concentration. Fig. 4.12(d) shows the
results of the kinetic analysis, which provide a pseudo-first-order model in equation (13) for
the degradation process. This model is mainly controlled by the concentration of CV dye and
is defined by the following equation:

In (Co/Cy) = kt. (13)

Co is the CV dye concentration at 0 minutes, C; is the concentration at time t, and k is the rate
constant. This indicates the breakdown rate remains unchanged regardless of variations in the
content of water or oxygen [45]. When the light intensity and amount of photocatalyst are held
constant, the rate changes are considered insignificant. According to the rate constant obtained
from the linear plots, 3ZFT-Cu; has the highest rate constant (k = 0.0054 min™'), which is
greater than the FT composite (k = 0.0013 min!) shown in Table 4.4. suggesting that the
combination of Cu doping, ZSM-5, and fly ash has a synergistic effect that improves charge

separation and light absorption.

Table 4.4. Kinetic parameter of pseudo pseudo-first-order model of different wt.% ZFT-Cu,

composites under visible and under sunlight.

Pseudo-first-order (visible light) Pseudo-first-order(sunlight)
Photocatalyst k1 R? k1 R?

FT 0.0013 0.9927 0.0012 0.9943
FT-Cuy 0.0015 0.9948 0.0014 0.9915
1ZFT-Cu 0.0019 0.9907 0.0019 0.9926
3ZFT-Cuy 0.0054 0.9950 0.0044 0.9980
5ZFT-Cu; 0.0024 0.9938 0.0023 0.9952
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Fig. 4.12 (a) Absorption spectra and visual colour changes of CV dye during photocatalytic
degradation under visible light by 3ZFT-Cu, composite over different time periods (b)

Absorption spectra of CV dye after 180 min of visible light by different wt% ZFT-Cu;
composites, (¢) time dependent kinetic plots (d) Pseudo first-order kinetic fitting illustrating

the degradation efficiency by various composites under visible light irradiation.

4.5.2 Photocatalytic degradation under direct sunlight

The photocatalytic performance of ZFT-Cui composites was thoroughly investigated under
natural sunlight for the degradation of crystal violet (CV) dye. The experiments were conducted
on 20 May 2025 in Patiala, Punjab, wherein 5 mg of each composite was dispersed in 10 mL
of 5 ppm CV dye solution and exposed to sunlight for 180 minutes under constant magnetic
stirring. The solar light intensity during the process averaged 620 W/m?, and the ambient
temperature remained between 34 and 38°C.

As depicted in Fig. 4.13(a), the time-dependent absorption spectra and corresponding visual
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colour changes of the dye solution indicate the gradual photodegradation of CV dye by the
3ZFT-Cu; composite. The intense violet colour of the dye faded significantly with increasing
irradiation time, eventually turning nearly colourless after 180 minutes, suggesting substantial
breakdown of the dye molecules. Fig. 4.13(b) compares the photocatalytic performance of
ZFT-Cu; composites with different ZSM-5 loadings. The composite with 3wt% ZSM-5 loading
(3ZFT-Cu;) demonstrated the highest photocatalytic efficiency, achieving around 95%
degradation of CV dye when subjected to solar irradiation. The improvement is due to the
combined effects of Cu doping and ZSM-5 incorporation, which enhance surface area, dye
adsorption, and charge carrier mobility.

The degradation kinetics are further elaborated in Fig. 4.13(c), which shows the time course
plots of dye concentration over 180 minutes. The 3ZFT-Cu; composite demonstrated the
steepest decline, indicating the most rapid degradation rate among all tested samples. The
kinetic behaviour of the composites follows a pseudo-first-order model, as shown in Fig.
4.13(d). The calculated rate constant for 3ZFT-Cu; was found to be 0.0044 min™', notably
higher than other composites, underscoring its excellent photocatalytic performance under solar
light. The pseudo-first-order kinetic constants, along with the corresponding R? values for FT
and ZFT-Cu; composites under visible and solar light irradiation, are presented in Table 3.
These findings support that the 3ZFT-Cu; composite is a highly efficient photocatalyst for the
solar-assisted degradation of crystal violet dye and holds strong potential for application in

sustainable wastewater treatment technologies.
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Fig. 4.13 (a) Absorption spectra and visual colour changes of CV dye during photocatalytic
degradation under solar light by 3ZFT-Cu, composite over different time periods and (b)

Absorption spectra of CV dye after 180 min of solar light by different wt% ZFT-Cu
composites, (c) time dependent kinetic plots (d) Pseudo first-order kinetic fitting illustrating

the degradation efficiency by various composites under solar light irradiation.

4.6 Detection of active species

The experiment aimed to determine the main reactive species involved in the degradation
process. Fig. 4.14(a) shows the function of different scavengers in the photocatalytic
degradation of crystal violet (CV) dye using the 3ZFT-Cu; composite. The degradation
efficiency reached a peak of 98% without any scavenger, demonstrating the exceptional
photocatalytic activity of the composites used. The introduction of EDTA, recognized as a hole

(h") scavenger, reduced degradation efficiency to 19%, indicating that photogenerated holes
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are vital to the degradation mechanism. Similarly, the introduction of argon (Ar), which
removes dissolved oxygen and consequently suppresses the formation of superoxide radicals
(O2-) [46], resulted in a 20% degradation rate, indicating the involvement of superoxide
radicals.

The presence of ammonium thiocyanate (NH4SCN), an electron scavenger, resulted in a
degradation efficiency of 15%, underscoring the role of electrons in the redox reactions. Adding
ethanol and isopropanol, functioning as hydroxyl radical (.OH) scavengers, resulted in 22%
and 21% degradation efficiencies, respectively. This signifies that hydroxyl radicals
significantly contribute to the breakdown process. The significant decrease in photocatalytic
performance with the introduction of each scavenger indicates that various reactive species,
such as holes, electrons, superoxide radicals, and hydroxyl radicals, play a role in the

degradation mechanism of CV dye removal by the 3ZFT-Cu;i composites under visible light.
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Fig. 4.14. (a) Effect of different hole scavengers on the photocatalytic degradation efficiency
of FB dye using the 3ZFT-Cu; composite, (b) Reusability performance of the 3ZFT-Cu

composite over multiple photocatalytic cycles under visible light irradiation.

4.7 Proposed photocatalytic degradation mechanism

As shown in Scheme 4.1, the photocatalytic degradation of crystal violet (CV) dye using a
ZSM-5-loaded-flyash-TiO>-Cu (ZFT-Cui) composite occurs through a combined process of
adsorption, charge separation, and reactive species production when exposed to visible or solar
light. The extensive surface area and porous structure of ZSM-5 facilitate the adsorption of CV

molecules onto the catalytic surface, increasing the dye concentration at the active sites. In
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addition, the interconnected micropores of ZSM-5 also provide pathways for charge migration,
enhancing charge separation efficiency. Exposure to visible light induces Cu doping, hence
decreasing the band gap of TiO; and enhancing its photon absorption within the visible
spectrum. Photoexcitation causes the formation of electron-hole pairs (e¢/h"). Electrons are
transported from the conduction band of TiO; to Cu?’, which is then reduced to Cu”,
suppressing charge recombination and promoting interfacial charge separation. In this context,
the Cu sites act as effective electron traps that further suppress electron—hole recombination,
thereby prolonging the lifetime of photogenerated charge carriers and facilitating subsequent
redox reactions. Electrons reduce dissolved oxygen (O2) to form superoxide radicals (0*),
whereas photogenerated holes in the valence band react with surface-bound water or hydroxyl
ions to produce hydroxyl radicals (OH) [47]. Both radicals exhibit high reactivity and facilitate
the progressive oxidative degradation of the CV dye into simpler intermediates, which
ultimately decompose into CO2, H20, and inorganic ions. Furthermore, the fly ash matrix adds
stability and offers additional adsorption sites. This cooperative behaviour of ZSM-5, Cu, and
TiO2 is consistent with recent studies on the optimization of Cu-doped photocatalysts by surface
modification [ 18] and with catalytic shunt mechanisms proposed for multi-component catalysts
[48], which together support the enhanced charge separation and reactive species formation
observed in this work. So, improved CV dye degradation efficiency under visible light
irradiation is guaranteed by the combined impacts of ZSM-5 textural features, Cu electron

trapping function, and TiO> photocatalytic activity.
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Scheme 4.1. The proposed photodegradation mechanism of CV dye by ZFT-Cu composite
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under solar/visible light irradiation.

To better understand the contribution of Cu and ZSM-5, the photocatalytic behavior of the
developed composites was evaluated in comparison with previously reported fly ash-TiO2 and
fly ash-TiO.—Cu systems. In the fly ash-TiO: composite, TiO. serves as the main
photocatalytic active component by producing electron—hole pairs under light exposure,
whereas fly ash primarily functions as a supporting matrix with additional adsorption
capability. Upon Cu incorporation, the fly ash-TiO.—Cu composite exhibited improved charge
separation because Cu species acted as electron acceptors, thereby reducing electron—hole
recombination and promoting the formation of reactive oxygen species involved in dye
degradation. In the present study, the addition of ZSM-5 further enhanced the surface area, pore
structure, and adsorption properties of the composite, facilitating higher adsorption of dye
molecules around the active photocatalytic sites. Consequently, the combined influence of fly
ash, TiO2, Cu, and ZSM-5 resulted in superior adsorption and photocatalytic degradation

performance relative to the earlier catalyst systems.

4.8 Reusability and photostability of the prepared photocatalyst

The 3ZFT-Cu; composite was tested for its photostability and reusability by exposing it to
visible light for five cycles of crystal violet (CV) dye photocatalytic degradation. For each
reusability test, 5 mg of the composite was dispersed in 10 mL of 5 ppm CV dye solution and
irradiated with a visible light source (300 W Xe lamp, A > 420 nm) for 180 minutes under
constant magnetic stirring to maintain uniform suspension and efficient photon—catalyst
interaction. After every cycle, the used catalyst was obtained by centrifugation, regenerated
using water and ethanol as desorbing agents to remove the adsorbed dye molecules, and dried
at 80 °C for 6 h before reuse. The catalyst weight was measured after each run and showed only
negligible loss (<3%) across the five cycles, confirming good structural stability.

As shown in Fig. 4.14(b), after reaching 95% in the first cycle, the CV removal effectiveness
dropped to 84% in the fifth cycle. The 3ZFT-Cu; composite has remarkable photocatalytic
stability and structural longevity, as seen by this little performance drop. The slight decrease is
because the catalyst is lost somewhat during the washing and recovery processes between
cycles, with minor surface fouling and possible blockage of active sites also contributing. But
this didn't diminish the remarkable degrading efficiency of the composite, which bodes well
for its future reusability in real-world wastewater treatment applications. These results validate

that the catalyst maintains its structural integrity and functionality even after several reuses,
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demonstrating excellent stability, recyclability, and sustained photocatalytic activity under

repeated operating conditions.

4.9 Comparative discussion with reported photocatalysts

The ZSM-5/Fly ash-TiO»/Cu composite exhibits comparable or superior photocatalytic
performance toward organic pollutants compared to the catalysts reported in Table 4.5 [22, 49—
54], owing to the synergistic effect of Cu, porous ZSM-5, and fly ash support, which enhances
adsorption and light absorption.

In addition to its superior activity toward dye degradation, the ZSM-5/Fly ash-TiO,/Cu
composite also shows strong potential for scale-up and broader environmental application. Its
preparation by wet impregnation and calcination, combined with the use of low-cost fly ash as
a support, makes the material cost-effective and compatible with large-scale or pilot-scale
implementation. Moreover, the composite’s high surface area, porous structure and visible-
light activity indicate that it can be extended beyond dyes to the removal of other classes of
organic pollutants such as antibiotics [55], phenolic compounds [56] and pesticides [57]. These
attributes highlight its promise as a sustainable and economically viable photocatalyst for
diverse wastewater treatment scenarios.

The use of fly ash-composite photocatalysts provides major environmental advantages by
converting plentiful industrial waste into a valuable resource for pollution removal. However,
integrating metals into the composite could potentially cause leaching. ICP—OES analysis
showed minimal release of Fe and Al after five photocatalytic cycles, with Fe decreasing from
1.20 ppm to 0.45 ppm and Al from 1.56 ppm to 0.65 ppm, indicating the material’s stability.
The catalyst not only removes pollutants but also degrades them, reducing the overall toxicity
of the treated water. The low metal leaching is supported by the minor decline in removal
efficiency during reusability tests, indicating that the composites remain stable and can be
reused effectively.

Table 4.5 Comparative photocatalytic performance of different reported catalysts for the

degradation of various pollutants.

Key Features / Removal

Photocatalyst Pollutant Light Source Improvements Efficiency Reference
High surface
. . area, larger ~94.7 %
T10.2/Analc1me Methyl Orange UV pore volume, removal of MO [50]
zeolite . . . .
uniform TiO2  in 60 min
dispersion,
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Photocatalyst

CuO/TiO2/ZSM-5

Pollutant

Methyl Orange

Fe:0.@TiO:@zeolite Levofloxacin

Sulfamethoxazole

TiO/ZSM-5 (TZSM) (SMX)

Ag:0@Y Zeolite

TiO:/Fe:0s/Zeolite

CuO/Ag-Zeolite

ZSM-5/Flyash/TiO:-
Cu (This work)

5.0 Conclusion

Ranitidine

Cyanide

Methylene Blue

Crystal violet

Light Source

UV/Visible

Dark
(adsorption)

uv

Sunlight

uv

Dark
(adsorption +
antibacterial)

Visible/Solar
light

Key Features /
Improvements

more active
sites

Defective
ZSM-5: active
sites &
adsorption;
CuO: electron
trapping;
extended
visible-light
absorption
Magnetic

separation, high

surface area,

TiO2 adsorption

Mechanical
mixing,
impregnation,
and improved
mineralization

Calcination,
simultaneous
adsorption &
photocatalysis
Impregnation
enhanced
structural
stability

CuO/Ag
modification,
antibacterial

Synergistic
effect of Cu,
porous ZSM-5,
fly ash support,
enhanced
adsorption &
light absorption

Removal

Efficiency Reference

~99 % removal
of MO in 60
min

[51]

~96.5 %
adsorption of
levofloxacin

[52]

=67 % SMX
degradation
within 120 min

[53]

Ag:0O—zeolite
systems achieve [54]
~97.51

~89 % cyanide
removal within [55]
90 min

~99 % MB
adsorption in
30-60 min
(dark)

[56]

98%
degradation
under visible
light

This work

In the present study, ZSM-5-loaded fly ash-TiO>-Cu (ZFT-Cur) composites were successfully

synthesized using the wet impregnation method for the abatement of crystal violet dye and

examined using XRD, FESEM, FTIR, UV-Vis DRS and BET analysis. The crystal violet (CV)
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dye was degraded by this catalyst under visible and solar light irradiation. The modified
composite catalyst (3ZFT-Cui) containing 3wt% ZSM-5 zeolite showed the best photocatalytic
activity among all prepared catalysts, with a maximum dye removal efficiency of 98% under
visible light and 95% under solar light, whereas the FT-Cu catalyst showed only 80% and 76%
removal under visible and solar light, respectively. The integrated effects of Cu doping, the
large surface area, porosity of fly ash, the higher crystallinity and light absorption caused by
ZSM-5 inclusion are responsible for this increased efficiency. The catalyst loss was the major
reason for the slight decrease, yet even after five cycles, the composites maintained 84%
removal efficiency. The experimental results were more accurately described by the Freundlich
isotherm than the Langmuir isotherm, indicating that multilayer adsorption is taking place.
whereas the kinetic investigations demonstrated pseudo-first-order behaviour. Free radical
production dominated the degradation route, as shown by scavenger experiments. The findings
indicate that 3ZFT-Cu; composites serve as recyclable, stable, and effective photocatalysts
under visible and solar light, presenting an environmentally sustainable solution for treating

wastewater contaminated with dyes.
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Conclusion and Future Prospects

The utilization of semiconductor-based photocatalysts for environmental remediation has
gained considerable attention, and the present thesis focuses on advancing this concept through
the development of sustainable, waste-derived materials. Fly ash—TiO. composites were first
fabricated to exploit the synergistic benefits of a low-cost industrial by-product with a proven
photocatalyst. The incorporation of fly ash enhanced the surface area, adsorption capacity, and
dispersion of TiO2, thereby improving pollutant—catalyst interaction and overall photocatalytic
performance. To further extend the light absorption capability and suppress electron—hole
recombination, copper was introduced into the TiO>—fly ash framework. The Cu-modified
composites exhibited significantly improved photocatalytic efficiency under visible and solar
irradiation, confirming the role of metal loading in facilitating charge separation and
broadening the photo-response region. Building upon this, ZSM-5 was incorporated into the
Cu/Ti0:—fly ash system to create a multifunctional composite with superior porosity, enhanced
adsorption—photocatalysis coupling, and better structural stability. The resulting ZSM-5—
Cu/TiO>—fly ash material demonstrated excellent dye removal efficiency, recyclability, and
robustness, highlighting its strong potential as a cost-effective photocatalyst for wastewater
treatment. Overall, this work establishes that the strategic integration of fly ash, metal
modification, and porous supports such as ZSM-5 can significantly enhance photocatalytic
activity, providing an environmentally friendly pathway for harnessing solar energy to degrade

organic pollutants.

Future studies should focus on optimizing ZSM-5 and metal content to maximize adsorption—
photocatalysis synergy, conducting long-term stability and regeneration tests, and performing
pilot-scale experiments with real wastewater. In addition, advanced analytical techniques such
as gas chromatography—mass spectrometry (GC-MS) should be employed to track degradation
pathways and accurately identify intermediate species, providing deeper mechanistic insight.
Further development of ternary or quaternary nanohybrids, along with their integration into
continuous-flow or immobilized reactor systems, could translate these materials into robust,

scalable technologies for environmental remediation.
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Abstract

It is important to accomplish both photocatalytic efficiency and adsorption capacity in the catalyst to produce a highly effec-
tive photocatalyst for complete dye removal from wastewater. In the current investigation, TiO, and fly ash-TiO, composites
(0.5-5 wt%) were fabricated by sol-gel and wet-impregnation process, and their catalytic performance was evaluated for
the effective adsorption and photocatalytic degradation of fuchsin blue dye. The catalysts were characterized by XRD, UV-
DRS, SEM, EDS, RAMAN spectroscopy, and N, adsorption analysis Adsorption and degradation studies were conducted
to investigate factors such as pH (2 — 10), adsorbent dose (1-9 mg), contact time (30-180 min), and initial adsorbate con-
centration (5-30 mg/L) to eradicate fuchsin dye from water. The 5 wt% fly ash-TiO, catalyst showed a maximum capacity
for adsorption of 20.32 mg/g and 76% removal of fuchsin dye. The Langmuir isotherm model fitted well to the experimental
data, whereas the adsorption process obeyed pseudo-first-order kinetics. When exposed to UV light, a 5 wt% fly ash-TiO,
composite demonstrated maximum photocatalytic degradation of 88% after 180 min, followed by a pseudo-first-order kinetic
model. The catalyst was easily reusable for five cycles without losing dye removal effectiveness.

Keywords Fly ash - Fly ash-TiO, composites - Fuchsin blue - Adsorption - Photocatalytic degradation

Abbreviations Introduction
FA Fly ash
XRD X-ray diffraction Coal power stations significantly meet the world’s energy

FESEM Field emission scanning electron microscopy needs (Hussain et al. 2020). Fly ash is a solid waste produced
EDS Energy dispersive spectroscopy in huge from the combustion of raw coal in power plants
DRS Diffuse reflectance spectrophotometer (Yao et al. 2015). The amount of coal fly ash produced annu-
HRMS  High-resolution mass spectroscopy ally is expected to be 750 million tonnes and is only used in
BET Brunner—-Emmet-Teller some industries to the extent of 25% (Hussain et al. 2020).
BJH Barrett—Joyner—Halend Coal fly ash is one of many industrial solid wastes (by-prod-
FB Fuchsin blue ucts) that are an attractive and low-cost adsorbent with good
VB Valence band specific surface area, porosity, and particle size due to its
CB Conduction band ability to adsorb a variety of hazardous and non-biodegrad-
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able dyes from coloured effluents (Okte et al. 2014; Visa
et al. 2015). Fly ash is improperly handled, stored, and dis-
posed which causes significant contamination to the earth,
air, water, and even living creatures. The environment is
contaminated, and human health is at risk when untreated fly
ash from power plant chimneys is released into the atmos-
phere (Bartoriova 2015; Ding et al. 2015). As a result, recy-
cling fly ash has sparked a lot of interest in research scien-
tists to find sustainable and environmentally friendly ways to
deal with this waste product (Blissett & Rowson 2012). The
composite material made up of fly ash and TiO, is reported
to show improved photocatalytic properties (Ma et al. 2015;
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In present investigation, TiOs, fly ash (F)-TiO3 (T), and Cu (0.5-2 wt%) photo-deposited fly ash-TiO (FT-Cug 5.2)
composites are fabricated to investigate their adsorption and photocatalytic degradation efficiency of (Fuchsin
blue) FB dye under visible light and direct sunlight. Surface analysis was conducted using X-ray diffraction(XRD),

‘;E;f:;:'; tic desradation Diffuse Reflectance Spectroscopy(DRS) while morphological analysis was performed using, High Resolution
Visible, /solir l.ightg Transmission Electron Microscopy(HR-TEM), X-ray Photoelectron Spectroscopy(XPS) and Nj-adsorption

Brunauer-Emmett-Teller (BET) confirming formation of Fly ash-TiO» (FT) and (FT-Cups) composites. Cu
nanoparticles, ranging from 7-17 nm, were uniformly deposited upon FT composite surface. Various adsorption
parameters, including adsorbent dosage, pH, contact duration and FB dye concentration, were studied. After 180
min of dark adsorption, 1 wt% Cu-loaded FT composite (FT-Cu;) exhibited highest FB dye removal (77 %),
following Langmuir adsorption isotherm. Photocatalytic degradation of FB dye by FT-Cu; was 92 % under direct
sunlight and 94 % under visible light, which is significantly higher than bare FT catalyst (68 % under direct
sunlight) and (71 % under visible light) achieved due to combined effect of Cu, fly ash, and TiO> particles. Cu
loading improves charge (e-h™) separation efficiency of photoexcited fly ash-TiO, and enhances visible light
absorption by introducing intermediate energy levels in TiO» bandgap. Photodecomposition pathway of FB dye
was identified through free radical trapping with hole scavengers and identification of intermediate photo-
products using High-Resolution Mass Spectrometry (HRMS) analysis. FT-Cu composite demonstrated excellent
photostability and recyclability, for degradation of organic pollutants. Degradation efficiency remained around
83 % even after five cycles confirming its durability for repeated use.

1. Introduction

Environmental integrity and public health are significantly impacted
by the harmful effects of industrial dye pollution in wastewater. These
dyes, widely used in many industries, including leather and textiles,
showed significant resistance to deterioration, extending their longevity
in the environment [1]. Unregulated dye pollution harms the ecosystem
over time, affecting the aesthetics of water bodies and endangering
aquatic life [2]. A decrease in biodiversity may result from the toxic,
mutagenic, or even carcinogenic effects of certain dyes, which put ma-
rine life in danger [3]. Therefore, employing an environmentally and
economically sustainable technique is essential to remove all colour
molecules from wastewater before it is released into the environment
[4.5]. Its high toxicity, carcinogenicity, and lack of biodegradability
make it a hazardous contaminant [6]. Fuchsin blue dye contact may

* Corresponding author.
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result in serious health complications such as headaches, skin and res-
piratory tract irritations, vertigo, and vomiting [7]. This dye has poor
biodegradability and is toxic and carcinogenic; it must be eliminated
from wastewater before discharge into the water effluents to reduce
environmental contamination [8].

Several approaches have been developed for the extraction and
elimination of contaminants from wastewater, including membrane
separation, biological oxidation process, chemical precipitation, ion
exchange, photocatalytic degradation, and adsorption[9,10]. Never-
theless, these techniques have drawbacks such as high operating costs,
energy consumption, poor selectivity, regeneration, and reusability
problems [11]. The adsorption process is extensively employed in
wastewater treatment because of its ease of operation, environmental
friendliness, excellent efficacy, and minimal energy requirement
[12,13]. Photocatalysis is a promising and eco-friendly advanced
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In the present investigation, Cu photo-deposited fly ash-TiO» (FT-Cu;) composites were synthesized. The pre-
pared composite was modified with 1 wt%, 3 wt%, and 5 wt% of ZSM-5 zeolite and named as 1ZFT-Cu,, 3ZFT-
Cuy, and 5ZFT-Cuy, respectively, for the removal of crystal violet dye. Experiments were conducted to evaluate
the performance of the ZFT-Cu; composites (1, 3, and 5 wt% ZSM-5 loadings) for the adsorption and photo-
catalytic degradation of crystal violet under visible and solar light. Structural and optical characterizations were
performed using UV-VIS DRS, FE-SEM, XRD, FTIR, and BET surface area analysis. The results demonstrated
enhanced crystallinity, decreased agglomeration, and improved visible-light absorption due to incorporation of
ZSM-5 zeolite into the FT-Cu; composite. Among the modified composites, the 3ZFT-Cu; composite (3 wt% ZSM-
5 loading) showed the highest photocatalytic activity, achieving 98 % removal of CV dye (Q. = 27 mg/g) under
visible light and 95 % removal (Q. = 20.24 mg/g) under solar light at catalyst dose of 5 mg, dye concentration of
5 mg/L, contact time of 180 min, and pH 9. The adsorption data were well-fitted to Freundlich isotherms
confirming multilayer coverage, and the kinetics adhered to a pseudo-first-order model. The enhanced efficiency
is attributed to the synergistic effects of Cu doping, porous ZSM-5, and fly ash support, which improved light
absorption and dye adsorption. Furthermore, 3ZFT-Cu, retained 84 % degradation efficiency after five cycles,
confirming good stability and reusability. The photodecomposition pathway of CV dye was identified through
free radical trapping using hole scavengers, confirming its visible-light-active potential for dye-based wastewater
treatment.

1. Introduction

Water contamination from organic dyes is a serious issue that en-
dangers the ecosystem. Industries including paper, plastics, leather,
textiles, and pharmaceuticals discharge large volumes of wastewater
tainted with dyes into natural water pools [1,2]. The toxic organic dyes
often disrupt the ecosystems by lowering the oxygen levels and killing
the aquatic life. [3,4]. Human exposure to polluted water can cause a
range of health problems. Certain dyes are carcinogenic, mutagenic, and
teratogenic, posing long-term risks such as cancer and genetic muta-
tions. Drinking contaminated water can cause gastrointestinal disorders,

damage to the kidneys, and liver [5-7].

Crystal violet (CV) is a dye derived from aniline that has been widely
utilized as a disinfectant, a staining agent in biomedical applications, a
pH indicator, and a colouring agent in the textile industry [8]. It is a
potent mutagen and has been classified as a potential carcinogen.
Excessive exposure to CV dye can cause cancer, organ damage, and
reproductive disorders over time. Direct skin contact might irritate the
skin with respiratory difficulties [9]. Thus, developing efficient,
cost-effective, and ecologically sustainable techniques for extracting
crystal violet from wastewater is critically important.

Numerous approaches, such as adsorption, electrochemical

Abbreviations: FT, Fly ash- TiO,; FT-Cu, Flyash-TiO,-Copper; XRD, X-ray diffraction; FESEM, Field emission scanning electron microscopy; EDS, Energy dispersive
spectroscopy; DRS, Diffuse reflectance spectroscopy; FTIR, Fourier Transform Infrared Spectroscopy; BET, Brunner- Emmet and Teller; BJH, Barrett —Joyner —Halend;
CV, Crystal Violet; VB, Valence Band; CB, Conduction Band; ZFT-Cu, ZSM-5-loaded- fly ash-TiO5-Copper.
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