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Original Research  Abstract

Received: We report an ultrasound-assisted green synthesis of 2% Bi,Os, C0s04, and Fe;Os co-doped
21 February 2025 Zn0/g-CsNs nanocomposites. Structural and physicochemical analyses (XRD, FTIR,
Revised: SEM/EDS, UV-Vis DRS, BET) confirm uniform dopant incorporation, enhanced light
19 May 2025 harvesting, and increased surface area. Under natural sunlight, the composite achieved 98.1%
?5335’593625 degradation of Indigo Carmine and 94.8% degradation of Xylidine Ponceau within 90 min, as

shown by UV-Vis and TOC measurements. Optimization of pH, catalyst loading, and dye
concentration, coupled with radical scavenging assays, identified *OH radicals as the primary
reactive species. The catalyst retained over 78% of its initial activity after four successive cycles,
demonstrating outstanding stability and reusability. This work introduces a sustainable, low-
energy route and a novel trimetallic doping strategy for efficient remediation of organic
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1. Introduction

Water pollution caused by industrial effluents containing
organic pollutants is a growing environmental challenge,
especially with the rapid expansion of industries in
developed and developing countries [1]. Many
industries, such as chemical, textile, paper, leather, and
plastics, release large quantities of harmful organic
chemicals like dyes, organic acids, pesticides, and
detergents into nearby water bodies, which eventually
end up in the oceans. These pollutants are often non-
biodegradable and cause long-term damage to the

environment, biosphere, and humans [2,3]. Dyes are
especially more problematic organic contaminants
compared to those mentioned before, because they can
reduce light penetration from the surface into the water
due to their low density compared to water, disrupting
photosynthesis in aquatic plants, which is vital for
oxygen production in water bodies. Moreover, due to
their inertness and slow biodegradation, they incorporate
a considerable amount of residue in water, causing
carcinogenic and mutagenic

effects to smaller and eventually larger organisms [4].
These effects lead to oxygen depletion in water bodies,
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decreasing the DO level, which results in an increase in
BOD and COD in water [5]. Additionally, almost all
dyes are carcinogenic, and their accumulation in the food
chain can pose significant health risks .Water is a vital
natural resource, yet its quality is increasingly threatened
by organic pollutants, including synthetic dyes
discharged from industrial processes [A, B]. Such
contaminants pose serious environmental and health
risks due to their toxicity and persistence
[B].Photocatalytic dye degradation using advanced
nanomaterials offers a promising route for water
remediation, leveraging solar energy and eco-friendly
mechanisms [4. 5]. Recent developments in
semiconductor-based  photocatalysts and  optical
strategies have significantly enhanced degradation
efficiency and selectivity [6,7]. Sustainable management
of water resources thus necessitates integrating green
photocatalytic technologies to ensure long-term water
safety and availability [8]. Advanced Oxidation
Processes (AOPs) have emerged as highly effective
strategies for the comprehensive elimination of organic
pollutants from aqueous environments. Unlike
conventional methods such as adsorption and
flocculation, which often generate secondary waste, or
membrane filtration, which requires sophisticated and
costly infrastructure, AOPs offer a more sustainable and
efficient alternative. Central to these processes is the use
of photocatalysts that, upon light irradiation, absorb
photons with energy equal to or greater than their band
gap, thereby exciting electrons from the valence band to
the conduction band and generating photoinduced
electron-hole (¢/h*) pairs. These charge carriers interact
with molecular oxygen (O:) and water (H20) to form
highly reactive oxygen species (ROS), primarily
hydroxyl radicals (*OH) and superoxide anion radicals
(O2¢7). The availability of more charge carriers enhances
ROS generation, which in turn accelerates the
degradation of organic dyes through mechanisms such
as photo-Kolbe reactions. These reactive intermediates
attack and oxidize complex organic molecules, leading
to their mineralization into simpler inorganic end-
products like carbon dioxide (CO:), ammonia (NHs), and
water (H20). Such mineralization can achieve up to 98%
reduction in organic carbon content, highlighting the
efficacy of AOPs in advanced water purification [8,9].
Zinc oxide (ZnO) is a versatile and effective
photocatalyst for dye degradation due to its structural
flexibility, tunable bandgap, eco-friendliness, light
absorption, and efficient charge separation factors
crucial for high photocatalytic efficiency [10]. Zinc
oxide (ZnO) is an excellent photocatalyst for dye
degradation due to its wide band gap (~3.26-3.40 eV)
and high exciton binding energy (~60 meV). These
properties enable efficient absorption of UV light and
stable generation of electron-hole pairs, which drive
photocatalytic reactions. Upon excitation, ZnO produces
reactive oxygen species (ROS) like hydroxyl radicals
and superoxide ions that effectively degrade dye
molecules. Variations in band gap energy depend on
temperature, structure, and synthesis method, offering
tunability for specific applications. Its high surface
reactivity, chemical stability, abundance, low cost, and

environmental friendliness make ZnO a promising
material for photocatalytic wastewater treatment and
other environmental remediation processes.
Modifications such as doping with suitable metals
extend its light absorption into the visible range, which
is important for utilizing 42-50% of solar radiation.
These modifications also improve charge transport and
enhance the generation of reactive oxygen species [11,
12]. Furthermore, ZnO exhibits exceptional stability and
reusability, maintaining its performance over multiple
cycles. These characteristics make ZnO a promising
candidate for environmental remediation through
heterogeneous photocatalysis [13].

Recently, carbon-based materials like graphene oxide
(GO), carbon nanotubes (CNT), and carbon fibers (CF)
have found applications in various fields that require free
electrons for different functions [14]. Among them,
graphitic carbon nitride (g-CsNa) is a highly promising
material for photocatalytic applications due to its unique
properties, including a suitable bandgap (~2.7 eV) for
visible light absorption, high thermal and chemical
stability, and ease of synthesis from abundant precursors
such as urea and melamine. Graphitic carbon nitride (g-
CsNa), particularly in its tri-s-triazine-based form,
exhibits a combination of mechanical robustness and
semiconducting properties that make it highly suitable
for photocatalytic and energy-related applications. Its
two-dimensional  conjugated  polymeric  structure
contributes to a significant elastic modulus, reported to
be approximately 210+ 5 GPa for tri-s-triazine-based g-
CsNa (TgCN). The tensile strength also follows this
trend, with values reaching 30 GPa for TgCN making it
comparable to other strong 2D materials like graphene
oxide [15]. However, pristine g-CsNs demonstrates
relatively low electrical conductivity, typically less than
1 S/cm, which limits its charge transport efficiency. This
limitation can be overcome through structural
modification or doping with conductive materials. For
instance, the incorporation of semiconducting metalloids
into g-CsNa frameworks has been shown to enhance
conductivity significantly, achieving values as high as
9.2 S/cm, which is nearly 24 times greater than that of
unmodified g-CsNa. These enhancements not only
improve the material’s charge separation efficiency but
also broaden its applicability in photocatalytic
degradation with excellent reusability [16]. The 2D tri-
s-triazine-based structure of g-CsN. offers a matrix of
empty orbitals, facilitating the efficient movement and
storage of a large number of electrons generated on the
surface of the excited semiconducting material. This
structure effectively suppresses the recombination of
photoinduced charge carriers, such as electrons (e”) and
holes (h"), in the fabricated nanocomposite material [15,
16]. Moreover, its unique properties—such as enhancing
the photocatalytic process, providing structural support,
and increasing the owverall surface area of
nanocomposites—impart a synergistic effect that
enables the generation of additional properties not found
in individual semiconducting or carbon-based materials
[16,17].

This study investigates the synthesis of trimetallic-
doped ZnO semiconductors incorporating Bi>Oz, C0304,
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and Fe,O3 as dopants, selected for their distinct
physicochemical properties. These dopants effectively
modulate the bandgap of ZnO, thereby facilitating the
transition of electrons to the conduction band while
simultaneously suppressing electron—hole
recombination [18]. Additionally, they enhance the
structural integrity of the ZnO lattice and introduce
oxygen vacancies or surface defects, which serve as
active sites for dye adsorption and catalytic reactions—
ultimately improving photocatalytic performance [19].
The incorporation of these dopants alters the electronic
structure of ZnO, leading to enhanced light absorption
and improved charge separation. This enhancement is
attributed to their distinct bandgap energies (Bi2Os: ~2.8
eV; Fex0s: ~2.2 eV; CoO: ~1.8 eV) [20,21].
Furthermore, their atomic radii (125-145 pm) are well-
suited for substitution within the ZnO lattice. When
coupled with @g-CsNs, the doped ZnO materials
demonstrate increased electron availability due to
efficient excitation and inhibited charge recombination
within the g-CsNa matrix. This combination facilitates
the generation of reactive oxygen species such as -OH
and O:", which are instrumental in dye degradation. g-
CsN4 thus functions both as an electron reservoir and as
a favorable surface for dye adsorption, enhancing the
photocatalytic degradation process. Moreover, dopant
incorporation also modifies the surface area of the
composite material, further promoting dye molecule
adsorption and subsequent photodegradation into
smaller, less harmful species [21,22].

Herein, Bi,Os, Co304, and Fe;O3 co-doped ZnO was
synthesized by the hydrothermal method using urea as a
fuel to obtain a high yield of trimetallic-doped ZnO
semiconductor. The synthesized material was then
coupled with g-CsNi, which was prepared by the
pyrolysis of urea, followed by an ultrasound-assisted
hydrothermal method. The resulting nanocomposite was
tested for the degradation of Xylidine Ponceau (XP) and
Indigo Carmine (IC) organic dyes under eco-friendly
solar radiation. For comparison, pristine ZnO and g-
CsNa4 were also employed as photocatalysts.

2. Experimental
2.1. Materials

All chemicals were used as received without any further
purification. Zinc nitrate hexahydrate (Zn(NOs).-6H:0,
97%), bismuth nitrate pentahydrate (Bi(NO:)s-5H-0),
iron nitrate nonahydrate (Fe(NOs)3-9H:0), cobalt nitrate
hexahydrate (Co(NOs).:6H:0), nitric acid (HNO3),
Indigo Carmine (IC), and Xylidine Ponceau (XP) were
procured from Fisher Scientific, India. Urea (CO(NHz)z,
99%), polyethylene glycol 200 (PEG-200, 99.9%),
isopropyl alcohol, EDTA, and benzoquinone were
purchased from Merck, India.

2.2. Preparation of dye solution

Indigo Carmine (IC) and Xylidine Ponceau (XP), both
anionic dyes (Figure 1), were selected as model organic

pollutants for this study owing to their widespread
applications in the textile, pharmaceutical, and food
industries. Notably, anionic dyes are generally more
resistant to degradation compared to cationic dyes,
making them suitable for evaluating photocatalytic
efficiency. Indigo Carmine (IC) and Xylidine Ponceau
(XP) are synthetic azo dyes widely used in various
industries, including textiles, cosmetics, and food
products. However, their discharge into aquatic
environments can pose significant ecological and health
risks. IC, for instance, has been shown to cause adverse
effects on aquatic organisms, including fish, algae, and
invertebrates. Studies have demonstrated that IC can
lead to the accumulation of toxic metabolites in aquatic
organisms, disrupting metabolic pathways and causing
cellular damage. Additionally, IC contributes to oxygen
depletion in water bodies, negatively affecting aquatic
life. Similarly, XP, due to its high molecular weight and
complex aromatic structure, is persistent in the
environment and poorly biodegradable, leading to long-
term contamination of water resources. XP is also known
to be toxic to aquatic life, inducing genotoxicity and
mutagenicity in fish and other aquatic organisms. The
intense coloration of these dyes further reduces light
penetration in water, impairing photosynthesis in aquatic
plants and disrupting the food chain. Therefore, the
removal of these dyes from wastewater is critical for
mitigating their hazardous effects on aquatic ecosystems
and preserving environmental health. A stock solution of
Indigo Carmine (100 mg-L™') was prepared using
double-distilled water and subsequently diluted to the
required concentrations for experimental analysis [18].

2.3. Synthesis of the Bi2Os, C030s, and Fe20s doped
ZnO nanoparticles

Trimetallic-doped ZnO nanoparticles incorporating
bismuth (Bi), iron (Fe), and cobalt (Co) were
synthesized via the hydrothermal co-precipitation
method. A calculated amount (10.31 g) of
Zn(NOs).:6H.0 was added to 100 mL of 0.1 mol-L™!
HNOs solution to ensure effective dissolution.
Polyethylene glycol-200 (3.0 mL) was then added
dropwise, and the mixture was stirred for 1 hour to
obtain a clear solution. Subsequently, 1.2127 g of
Bi(NOs)s-5H20, 1.0010 g Fe(NOs);*9H:0, and 0.7276 g
Co(NOs).-6H.0 were added to achieve 2% doping of
each of the dopants, followed by stirring for 2 hours.
Urea (6 grams) was then introduced, and the mixture was
stirred for an additional 3 hours. Nitric acid facilitated
the dissolution of urea, resulting in an orange-colored
clear solution. The homogeneous solution was dried in
an open-air oven at 100°C for 12 hours. The black
residue obtained was then calcined at 450 °C for 3 hours,
yielding a brownish-grey powder of Bi,Os;, Co304, and
Fe,O; trimetallic-doped ZnO. The initial reaction was
carried out in an aqueous medium, and a precipitate
formed after 12 hours of heating, leading to the method
being termed the hydrothermal co-precipitation method
[19].
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Indigo Carmine
Characteristic

610 nm

Molecular weight: 466.36 g/mol
Molecular formula: C1,H,N,Na,0,S,
Absorption Maxiama: 610 nm

Xylidine Ponceau
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Molecular weight: 480.42 g/mol
Molecular formula: CyH,,N;Na,0,S,
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Figure 1. Molecular structures of anionic dyes: (a) Indigo Carmine and (b) Xylidine Ponceau

2.3. Synthesis of the Bi2Os, C030s, and Fe203 doped
ZnO nanoparticles

Trimetallic-doped ZnO nanoparticles incorporating

bismuth (Bi), iron (Fe), and cobalt (Co) were
synthesized via the hydrothermal co-precipitation
method. A calculated amount (10.31 g) of

Zn(NOs)2-6H.0 was added to 100 mL of 0.1 mol-L™
HNO: solution to ensure effective dissolution.
Polyethylene glycol-200 (3.0 mL) was then added
dropwise, and the mixture was stirred for 1 hour to
obtain a clear solution. Subsequently, 1.2127 g of
Bi(NOs)s-5H20, 1.0010 g Fe(NOs):-9H-0, and 0.7276 g
Co(NO:s)2-6H0 were added to achieve 2% doping of
each of the dopants, followed by stirring for 2 hours.
Urea (6 grams) was then introduced, and the mixture was
stirred for an additional 3 hours. Nitric acid facilitated
the dissolution of urea, resulting in an orange-colored
clear solution.

The homogeneous solution was dried in an open-air
oven at 100 °C for 12 hours. The black residue obtained
was then calcined at 450°C for 3 hours, yielding a
brownish-grey powder of Bi,O3; C030s, and Fe;Os;
trimetallic-doped ZnO. The initial reaction was carried
out in an aqueous medium, and a precipitate formed after
12 hours of heating, leading to the method being termed
the hydrothermal co-precipitation method [19].

2.3.1. Synthesis of Graphitic Carbon Nitride (g-C3Na)

Graphitic carbon nitride (g-CsNa) was synthesized by
heating 10 grams of urea at 550 °C in a muffle furnace
for 3 hours, using a heating rate of 10 °C per minute. The
final yield was 0.94 grams. This product was
subsequently used to fabricate the nanocomposite [20].

2.3.2. Synthesis of the Bi,Os, Co304, and Fe,O3; doped
Zn0-g-C3N4 nanocomposite

The ultrasound-assisted method was employed to
synthesize trimetallic ZnO nanoparticles coupled with
graphitic carbon nitride (g-CsNa4).

Initially, 0.1 g of g-CsNs was dispersed in 80 mL of
20% ethanol solution under stirring for 30 minutes,
followed by ultrasonic irradiation (Vertilux 2Litre
stainless steel ultrasonic bath; ultrasonic frequency: 40
kHz and ultrasonic power: 60 W) for 30 minutes to

exfoliate bulk g-CsNs into sheets. Subsequently, 1 g of
trimetallic ZnO nanoparticles was added to the solution
and stirred for 1 hour. The resulting suspension was then
subjected to ultrasonic treatment for 3 hours (ultrasonic
frequency: 40 kHz and ultrasonic power: 60 W),
followed by continuous stirring for 12 hours. Finally, the
product was filtered, washed with hot deionized water,
and dried at 120 °C for 3 hours in an open-air oven to
obtain grey-colored Bi»Os, C0304, and Fe,O3 co-doped
ZnO—g-CsNa nanocomposite [21].

2.3.3. Characterization

The morphology, grain size, crystallinity, and phase
composition of the synthesized nanocomposites were
characterized using transmission electron microscopy
(TEM) and X-ray diffraction (XRD). XRD analysis was
performed with a monochromatic Cu Ka radiation
source (A = 1.54060 A) using a diffractometer operating
at 45 kV and 40 mA, with a goniometer radius of 240
mm. Data were recorded at 25 °C between a 20 range of
20°-90°, using a slit size of 0.8710°, step size of 0.017°
20, and a continuous scanning rate of 0.1° s™'. TEM
investigations were carried out using a Philips CM 200
microscope. Further morphological, compositional, and
porosity analyses were conducted using scanning
electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDAX) on a JSM 7600 F instrument.
Functional groups were identified by Fourier-transform
infrared spectroscopy (FT-IR) using a Bruker 3000
Hyperion Microscope coupled with a Vertex 800 FT-IR
system. Optical properties were studied using UV-DRS,
recorded on a JASCO V-750 UV-Visible
Spectrophotometer  equipped with an  ISV-922
integrating sphere.

Surface area measurements were carried out using
BET analysis on a Micromeritics Gemini 2375 and
Gemini V system. TOC was analyzed by Mettler Toledo
TOC analyzers. UV-Vis absorbance and photocatalytic
dye degradation were evaluated with a Jasco V-730
double-beam spectrophotometer.

2.4. Photocatalytic Experiment:
The photodegradation efficiency of Bi»Os; Co30., and

Fe,Os co-doped ZnO-g-CsN: nanocomposites was
evaluated under eco-friendly solar radiation by
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degrading two organic contaminants, namely Xylidine
Ponceau (XP) and Indigo Carmine (IC), which are
anionic organic dyes used in industries such as textiles,
medicine, food, cosmetics, and pharmaceuticals. The
synthesized nanocomposites were compared to
commercial ZnO and g-CsN4 derived from the pyrolysis
of urea. Figures 8(a) and (b) illustrate the degradation of
XP and IC dyes in aqueous solutions under sunlight. A
100 mL dye solution, loaded with the catalyst, was
directly exposed to sunlight with constant stirring
between 12:00 PM and 3:00 PM on a summer afternoon.
During this time, sunlight intensity was measured using
a digital sun meter, with values ranging from 1100 to 730
W/mz2, Prior to photodegradation, an adsorption-
desorption process was carried out for one hour in the
dark. Aliquots were collected at regular time intervals
and subjected to UV-Vis absorption measurements using
a Jasco V-730 double beam spectrophotometer. The
degradation percentages were calculated using Equation
3, and kinetic studies were conducted using Equation 4.

(3)

Where, C; serves as the dye’s final concentration at a
given time t, and Co is its initial dye concentration.

)

—lna

Where, C represents the concentration (mgL™) in the
solution phase, k, the rate constant, and C, represents the
concentration at time zero.

3. Results and Discussion
3.1. XRD analysis

X-ray diffraction (XRD) characterization plays a pivotal

role in evaluating crystallinity, phase composition,
structural purity or doping, and average crystallite size
in synthesized nanomaterials.

The XRD patterns of commercial ZnO and Bi,Os,
C0304, and Fe,O3  co-doped Zn0-g-CsNa
nanocomposites (Figure 2a and 2b) reveal sharp and
well-defined diffraction peaks, indicative of high
crystallinity. A prominent peak at 27.30°, corresponding
to the (002) plane of graphitic carbon nitride (g-CsNa),
confirms the incorporation of the carbonaceous matrix
[25]. The observed reflections at 20 values of 31.75°,
34.66°, 36.20°, 47.61°, 56.51°, 62.82°, 66.26°, 68.05°,
and 69.05° correspond to the (100), (002), (101), (102),
(110), (103), (200), (112), and (201) planes of the
hexagonal wurtzite phase of ZnO, consistent with
JCPDS data and literature reports [26].

Additional diffraction peaks at 23.50°, 33.48°, and

45.41°, corresponding to the (012), (311), and (220)
planes, respectively, confirm the presence of Fe;Os,
Co0304, and Bi,O3 dopants within the ZnO-g-CsNs matrix
[27-29].
The successful incorporation of metal dopants and the
formation of a homogeneous composite with g-CsNa are
thus validated by the combined XRD signatures. The
crystallite size of the doped nanocomposites was
estimated using the Debye-Scherrer equation (Eq. 1)
[31], based on the most intense diffraction peaks. The
average crystallite size of the Fe203, Co304, and Bi;Os3 -
doped ZnO-g-CsN. was calculated to be approximately
36.19 nm, as presented in Table 1.

D= 0.94 A
" BcosH

(1)

Where, A is 1.5406 A (the wavelength of Cu-Ko
radiation), K is a constant (0.94), B is the full width at
half maximum (FWHM), and 6 is the diffraction angle
[32,33].
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Figure 2. X-ray diffraction (XRD) patterns of (a) commercial ZnO and (b) Bi,O3, C030s4,
and Fe,0; co-doped ZnO-g-CsN4 nanocomposite
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Table 1. XRD-derived crystallographic parameters and crystallite size of Bi,Os,

C0304, and Fe,03 co-doped ZnO-g-CsN4 photocatalyst

20 degree Planes (hkl) FWHM (B) Size (nm)

36.25 101 0.194 31.22
31.75 100 0.173 37.86
34.45 002 0.19679 41.14
56.61 110 0.2993 34.49
47.56 102 0.2505 36.20

Average Crystallite Size = 36.19 nm

3.2. TEM analysis

TEM measurements provide essential information
regarding particle size, morphological features, crystal
structure, and the effectiveness of the synthesis of Bi,Os,
C0304, and Fe;0O3 doped ZnO-g-CsN. photocatalysts.
The TEM images presented in Figure 3(a),
corresponding to commercial ZnO nanoparticles, and
Figure 3(b), depicting Bi,Os, Co30., and Fe,O3 doped
Zn0-g-C3N4, show that the commercial ZnO
nanoparticles form clusters of varying sizes. In contrast,
the synthesized heterogeneous doped ZnO nanoparticles
in Figure 3(b) are integrated with the g¢g-CsNa4
carbonaceous material using the ultrasound method [34].
The TEM image clearly demonstrates the successful
deposition of nanoparticles onto the fabric-like surface
of g-C3N4. This provides strong evidence for the
effective synthesis of the nanocomposite using a simple
and straightforward ultrasonic method.

3.3 SEM-EDS analysis

In this study, both commercial ZnO and synthesized
trimetallic doped ZnO-g-CsNswere analyzed using a
Scanning Electron Microscope (SEM), which offers

high-resolution and magnification capabilities. The
SEM image in Figure 4(a) shows clusters of
nanoparticles in commercial ZnO. In contrast, the
nanocomposite in Figure 4(b) reveals heterogeneous
BiOs, Co0304, and Fe;O; doped ZnO- g-C3Na

nanoparticles attached to larger particles of graphitic
carbon nitride (g-CsN4). This clustering increases the
material's porosity, which is essential for photocatalytic
applications due to its large surface area and excellent
adsorption capacity [35]. Pollutants adhere to the surface
through adsorption, a critical step for their subsequent
degradation. The degradation process is most effective
when adsorption is followed by degradation in the
optimal sequence [36,37].

Energy-dispersive X-ray spectroscopy (EDS) was
employed to determine the elemental composition of the
Bi;O;, Co0304, and Fe,O3 doped ZnO-g-CsNs
nanocomposite in comparison with commercial ZnO
[38]. The EDS spectra shown in Figure 4(c) confirm the
presence of all the doped elements, with no unexpected
or unadded elements detected, unlike in Figure 4(a) for
commercial ZnO [39].

The EDS results verify the successful incorporation of
1.83% bismuth, 1.96% iron, and 1.92% cobalt into the
ZnO lattice, confirming approximately 2% doping of
each element. Additionally, the data show that the
material contains approximately 37.29% carbon and
20.35% nitrogen, which originate from the g-CsNg4
carbon-based material.

This confirms the presence of graphitic carbon nitride
in the Bi,O3 Co0304, and Fe;O; doped ZnO- g-CsNs
nanocomposite and its successful fabrication via the
ultrasound method [40]. The detailed elemental
composition of the synthesized material and commercial
ZnO is provided in Table 2.

(b} ‘»{;

Dopedpanomaterial
o

.

Figure 3. Transmission electron microscopy (TEM) micrographs of (a) commercial ZnO and
(b) Bi,O3, C0304, and Fe,O3 co-doped ZnO-g-CsN4 nanocomposite
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Table 2. Elemental composition (weight %) obtained from EDS analysis of
commercial ZnO and Bi,03, Co304, and Fe,03 co-doped ZnO-g-CsN« photocatalyst

Element Atomic number

Weight (%)

Commercial ZnO

0] 9
Zn 30

29.33
70.67
Total =100

Bi,O3, C0304, and Fe,O3; doped ZnO-g-C3Ny,

C 6
N 7
O 9
Zn 30
Bi 83
Fe 26
Co 27

37.29
20.35
12.71
23.94

1.83

1.96

1.92

Total = 100

[Full Scale 4244 cts Cursor: 0.000

cps/eV

Figure 4. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) images of (a, b) commercial ZnO and (c, d) Bi,O3, Co304, and
Fe,O5 co-doped ZnO-g-CsNa nanocomposite

3.4. FT-IR analysis

Fourier-transform infrared (FT-IR) spectroscopy was
employed to analyze the chemical bonding within the
material. This technique is particularly important for
carbon-based materials to confirm their structural
integrity. The FT-IR spectra were recorded using a
Vertex 800 FT-IR System from Bruker, Germany, over
the frequency range of 400-4000 cm™. Figures 5 (a) and
(b) show the FT-IR spectra of commercial ZnO and the
synthesized Bi,O3;, C0304, and Fe;03 doped ZnO-g-CsNa4
nanocomposite, respectively.

The FT-IR results provide strong evidence for the
effective fabrication of doped ZnO nanoparticles on the
2D tri-s-triazine-based structure of graphitic carbon
nitride (g- CsN4). In the synthesized nanocomposite, the
absorption band between 3384 and 3015 cm™’, featuring
two distinct peaks, corresponds to the stretching
frequencies of O-H bonds (from adsorbed water
molecules) and N-H bonds (from g- CsN4) [40]. The
peaks observed at 1636, 1403, and 1242 cm™ are
characteristic of graphitic carbon nitride's tri-s-triazine
rings, corresponding to the stretching vibrations of C=C,
C=0, C=N, and C-N bonds, respectively [41,42].
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The presence of metallic dopants in the synthesized
material is confirmed by FT-IR spectra, which display
characteristic M—O stretching vibrations: Zn—O at 809
cm™!, Fe-O at 881 cm™!, Co—O at 738 cm ™', and Bi—O at
558 cm™. These distinct absorption bands verify the
successful incorporation of all metal dopants. Notably,
this analysis also underscores the absence of g-CsN4 in
bare ZnO. In the FT-IR spectrum of commercial ZnO

(Figure 5(a)), peaks associated with O—H stretching and
H-O-H bending vibrations are present; however, no
additional peaks corresponding to the triazine ring
structure of graphitic carbon nitride are observed. The
FT-IR spectra thus confirm the successful incorporation
of nanoparticles with g- CsNs, leading to the effective
formation of the Bi,O3, C0304, and Fe,O3 doped ZnO-g-
CsN4 nanocomposite.
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Figure 5. Fourier-transform infrared (FT-IR) spectra of (a) commercial ZnO and (b) Bi,O3, C030y4,
and Fe,03 co-doped ZnO-g-CsN4, highlighting metal-oxygen bonding and doping-related features

3.5. Optical properties

UV Diffuse Reflectance Spectroscopy (UV-DRS) was
employed to investigate the fabrication and activity of
the material in the visible range of radiation, which is
crucial for harnessing solar energy, as the visible
spectrum constitutes nearly 43% of total solar radiation.
Figures 6 (a) and (c) display the UV-DRS absorbance
spectra, while Figures 6 (b) and (d) present the Tauc
plots for commercial ZnO and the Bi,O3 Co0304, and
Fe,O3 doped Zn0O-g-CsN4 nanocomposite, respectively,
calculated from the DRS data.

The absorption peak observed around 290 nm for
commercial ZnO indicates its limited activity in the
visible region. In contrast, the Bi,O3, Co304, and Fe;03
doped Zn0O-g-C3N4 nanocomposite exhibits a noticeable
absorption peak around 363 nm, and the broader UV-
DRS spectrum indicates significantly improved activity
under visible light radiation.This red shift in the
synthesized material is attributed to the doping of visible
light-active, lower band-gap materials such as Bi,Os,
Co304, and Fe;0s into the ZnO lattice, as well as the
incorporation of the active, visible-light-harnessing g-
C3N4 2D material [43].

Equation 2 was applied to the UV-DRS analysis results
to determine the band gap energy of both commercial
ZnO and the Bi,O3, Co304, and Fe,O3 doped ZnO-g-
C3N4 from the corresponding Tauc plots.

(ahv) = A(hv — Eg) )

In the equation, (chv) represents the absorption
coefficient, which indicates the rate at which a material
absorbs photons. A is a constant, and hv refers to the
photon energy [44].

The synthesized photocatalyst exhibits a band gap (Eg)
of 2.92 eV, which is significantly lower than that of pure
Zn0O (3.17 eV). This reduction in the band gap is a

notable finding, providing substantial evidence that the
doping of Bi,O3, Co304, and Fe,O3 and the incorporation
of g-CsN4 have effectively reduced the band gap. Such a
reduction is expected to enhance the photocatalytic
efficiency of the material by extending its activity into
the visible light spectrum.

This observation further supports the critical role of
doping and composite formation with carbonaceous
materials in improving photocatalytic performance.

3.6. BET surface area study

The Brunauer-Emmett-Teller (BET) surface area
analysis was conducted to assess the surface properties
of both materials, as the catalyst surface plays a
significant role in photocatalytic contaminant
degradation. Effective adsorption is crucial for the
degradation of organic contaminants. Figure 7(a)
illustrates the adsorption isotherm for pure ZnO, where
the x-axis represents the relative pressure (P/Po), and the
y-axis indicates the volume of gas adsorbed (cm?3/g). The
graph demonstrates a gradual increase in adsorption
volume at lower relative pressures, followed by a sharp
rise as the relative pressure increases [45]. This behavior
is characteristic of a type IV isotherm, commonly
observed in mesoporous materials. The sharp increase at
higher pressures indicates multilayer adsorption and
capillary condensation occurring within the mesoporous
ZnO structure [46]. While ZnO exhibits reasonable
adsorption capacity, its surface area and porosity are
limited, as reflected by the modest adsorption volume.
The surface area of commercial ZnO is 38 m2/g, which
is consistent with previously reported data [47].

Figure 7(b) shows the adsorption isotherm for the
Bi>03, C0304, and Fe;O3 doped ZnO-g-CsNa4 composite,
which demonstrates a significantly higher adsorption
volume compared to pure ZnO, particularly at higher
relative pressures. The surface area of this composite is
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98 m?/g, considerably greater than that of commercial
ZnO [48]. The sharp rise in adsorption suggests
enhanced porosity and surface area, resulting from the
incorporation of g-CsN4 carbonaceous 2D material and
the effective doping into the ZnO structure. The presence
of g-CsNa likely introduces additional mesopores and
increases the number of surface-active sites, improving
the material's adsorption properties [49]. This enhanced

adsorption capacity makes the trimetallic ZnO-g-CsNs
composite more suitable for applications requiring a
high surface area, such as photocatalysis and pollutant
removal. A comparison between the two materials
clearly highlights the superior performance of the
nanocomposite, demonstrating the effectiveness of
structural modifications in enhancing the functional
properties of ZnO-based materials [50].
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Figure 6. UV-visible diffuse reflectance spectroscopy (UV-DRS) and corresponding Tauc plots of
(a, b) commercial ZnO and (c, d) Bi,O3, Co304, and Fe,03 co-doped ZnO-g-CsN+ nanocomposit
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Figure 7. Brunauer—Emmett—Teller (BET) surface area analysis of (a) commercial ZnO
and (b) Bi>Os, C0304, and Fe,O5 co-doped ZnO-g-CsNa nanocomposite

3.6. Photocatalytic activity of the nanocomposite

The synthesized trimetallic Bi,O3;, Co304, and Fe;Os co-
doped ZnO-g-CsN: nanocomposite photocatalyst
exhibited significantly enhanced photocatalytic activity
for the degradation of the anionic dyes Indigo Carmine
(IC) and Xylidine Ponceau (XP) under natural solar
irradiation, in comparison to both commercial ZnO and
thermally synthesized graphitic carbon nitride (g-CsNa),
as detailed in Section 2.3.1. As shown in Figures 8 (a)
and (b), degradation efficiencies reached 98.14% for IC
and 94.82% for XP within 90 minutes of solar exposure,
highlighting the superior light-harvesting capability and
improved charge carrier dynamics of the doped system.

The photodegradation kinetics were found to follow
the Langmuir—Hinshelwood (L-H) model, indicating a

surface-mediated catalytic process where dye adsorption
and subsequent photoreaction govern the overall rate.
The pseudo-first-order rate constants (k) were calculated
using the linearized form of the kinetic equation
In(Co/Cy) = kt, as illustrated in Figures 9 (a) and (b) and
summarized in Table 3. For the Bi,O3;, Co304, and Fe;03
co-doped ZnO-g-CsNs composite, the k values were
0.02488 min' for IC and 0.01903 min?! for XP,
reflecting rapid degradation Kkinetics. In contrast,
commercial ZnO exhibited lower rate constants of
0.01015 min" (56.02% degradation of IC) and 0.00554
min~ (41.24% for XP), while pristine g-CsN+ showed
intermediate values of 0.01791 min™ (63.11% for IC)
and 0.00990 min' (49.23% for XP).

The enhanced photocatalytic activity of the trimetallic-
doped nanocomposite can be ascribed to synergistic
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effects such as enhanced visible-light absorption due to
electronic band structure modification, increased density
of surface oxygen vacancies, and effective separation of
photogenerated electron-hole (e7/h*) pairs facilitated by
heterojunction formation. Moreover, the incorporation
of transition metal dopants introduces defect states
within the bandgap, acting as trapping sites to delay
recombination and thereby enhancing the photocatalytic
redox potential.

The high linear regression coefficients (R? > 0.98 for
both dyes) support the applicability of the pseudo-first-
order kinetic model under the assumptions of the L—H
mechanism, indicating that the photodegradation
process is predominantly surface-reaction limited. These
results collectively confirm the kinetic superiority and
photocatalytic robustness of the Bi>Os, C0304, and Fe;03
doped ZnO-g-CsN4 nanocomposite for environmental
remediation under solar light irradiation [51]. The
enhanced photocatalytic performance of Bi»Os, C030.,
and Fe,O3 co-doped ZnO-g-CsNs is attributed to the high
surface area of the composite and the incorporation of
Bi203, Co304, and Fe203, which enhance the generation
of photoinduced charge carriers (e/h* pairs) while
suppressing their recombination due to the trapping of
electrons in g-CsNa and the conduction bands of the
dopant materials [52].The significant improvement in
photocatalytic efficiency is also linked to the optimized
band gap energy (Eg = 2.92 eV) of the nanocomposite,
which enables effective utilization of solar energy and
promotes the generation of reactive oxygen species, such
as HOe and O:*. Overall, the synthesized material
proved to be much more effective than commercial ZnO
and g-CsNa for organic contaminant degradation. Figure
10 (a) and (b) shows the continuous color fading of both
dye contaminants within 90 minutes of solar radiation,
with an inset picture displaying aliquots of the degraded
dye sample, which demonstrates excellent degradation
of both anionic dyes [53].

3.7. Effect of pH

The degradation efficiency of IC and XP dyes using
Bi»O3, C0304, and Fe;O3 co-doped ZnO-g-CsNa is

significantly influenced by the pH of the reaction
mixture. The physical and chemical interactions between
the catalyst and the contaminant molecules are greatly
affected by the pH in heterogeneous photocatalysis. pH
also influences the production, stability, and activity of
reactive oxygen species (ROS), such as HOe and Oz~
radicals [54]. The pH of 100 mL, 10 mg L dye solutions
for both 1C and XP anionic dyes was varied from 2 to 10
by adding dilute HCI/NaOH, with a catalyst dose of 0.4
g, under sunlight (Figure 11).

The highest degradation efficiency for both 1C and XP
was observed at pH 8, which is attributed to the
enhanced generation of ROS, including HO* and O»e~
[55]. At pH values higher than 8, the degradation
capacity decreased for both dyes, indicating that ROS
were effectively scavenged by carbonates and
bicarbonates generated in the highly alkaline medium
[56]. Additionally, the catalytic surface may undergo
excessive hydroxylation, leading to increased repulsion
of the negatively charged contaminants [57]. At pH
values below 6, the degradation efficiency drastically
decreased, likely due to the wear and dissolution of the
catalyst surface and limited ROS generation.
Furthermore, previous studies have reported that lower
pH is unfavorable for the stability of g-CsNa
carbonaceous material. In summary, a slightly alkaline
pH (around pH 8) favors the degradation of anionic dye
contaminants under sunlight.

Zeta potential analysis was performed to assess the
surface charge characteristics of the synthesized
nanocomposite, which is a critical parameter influencing
colloidal stability. Surface charge, whether positive or
negative, contributes significantly to nanoparticle
dispersion through electrostatic repulsion, thereby
minimizing aggregation. The measurement was carried
out using distilled water as the dispersion medium.As
illustrated in Figure 12, the carbon-based nanocomposite
exhibited a zeta potential of -3.84 mV, indicating a
negatively charged surface. This negative surface charge
is primarily attributed to the presence of hydroxyl (—OH)
functional groups on the catalyst surface, a commonly
reported feature in carbonaceous nanocomposite
systems [58].

Table 3. First-order rate constants (k) for the photocatalytic degradation of Indigo Carmine and Xylidine

Ponceau using Bi>Os, C0304, and Fe,O5 co-doped ZnO-g-CsNa (reaction conditions: catalysts, 0.4 /100 ml; dye

concentration, 10 mg/L; pH, 8.0)

Photocatalyst Indigo Carmine Xylidine Ponceau
(10) (XP)
k (min') R? k (min?) R?
ZnO 0.01015 0.9961 0.00554 0.9960
g-CsNy 0.01791 0.9972 0.00990 0.9936
Bi»Os, C0304, and Fe;Os; doped 0.02488 0.9981 0.01903 0.9977

ZnO-g-C3N4
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3.8. Effect of catalyst dose

The influence of catalyst concentration on the
photodegradation efficiency of Indigo Carmine (IC) and
Xylidine Ponceau (XP) dyes using Bi»Os, Co304, and
Fe,O3 doped ZnO-g-CsNa under solar irradiation at pH 8
is depicted in Figures 13 (a) and (b). The optimal catalyst
dose was determined to be 0.4 g/100 mL, at which the
highest degradation efficiencies were achieved for both
dyes. This concentration likely ensured an ideal
dispersion of the photocatalyst, offering a maximum
number of surface-active sites for dye adsorption and
subsequent photocatalytic reactions, while maintaining
sufficient light transmittance throughout the suspension
[59]. At sub-optimal concentrations (0.1-0.3 ¢/100 mL),
the reduced availability of photocatalyst limited the
generation of electron-hole pairs and the associated
reactive oxygen species (ROS), resulting in lower
degradation efficiency. Conversely, at higher catalyst
dosages (0.5-0.6 g/100 mL), a marginal decline in
photocatalytic activity was observed. This phenomenon
is attributed to the increased optical density of the
suspension, which leads to significant light scattering
and photon shielding effects, thereby reducing the
penetration depth of incident light [60]. Additionally,
higher catalyst loadings promote nanoparticle
agglomeration, decreasing the effective surface area and
hindering mass transfer between the dye molecules and
the catalytic sites [61].

These observations underscore the importance of
optimizing catalyst dosage to strike a balance between

maximizing photocatalytic performance and minimizing
adverse effects such as light attenuation and particle
aggregation. Furthermore, such optimization ensures
cost-effectiveness and sustainability for large-scale
water purification applications.

3.9. Effect of dye concentration

The influence of initial dye concentration on the
photocatalytic degradation of Indigo Carmine (IC) and
Xylidine Ponceau (XP) anionic dyes was evaluated at a
fixed pH of 8 and an optimized catalyst dosage of 0.4
0/100 mL under solar irradiation. As depicted in Figure
14, the degradation efficiency and overall photocatalytic
performance exhibited a decreasing trend with
increasing dye concentrations for both IC and XP.

This inverse relationship can be attributed to several
interrelated factors. At higher dye concentrations (e.g.,
up to 25 ppm), the number of dye molecules in the
solution significantly increases, leading to competitive
adsorption on the limited active surface sites of the
photocatalyst. This competition reduces the availability
of those sites for the generation and interaction of
reactive oxygen species (ROS), such as *OH and O»*",
thereby diminishing the photocatalytic degradation rate
[62].

Moreover, elevated dye concentrations result in
increased solution opacity, which shortens the optical
path length of incident photons and leads to excessive
photon absorption by the dye molecules themselves
rather than the catalyst surface.
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Figure 13. Influence of catalyst dosage on the photocatalytic degradation of (a) Indigo Carmine and
(b) Xylidine Ponceau by Bi,03, Co304, and Fe,O5 co-doped ZnO-g-CsNa under solar light
(reaction conditions: dye concentration, 10 mg/L; pH, 8.0)
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Figure 14. Effect of dye concentration on degradation efficiency of (a) Indigo Carmine and (b) Xylidine Ponceau
using Bi,03, Co304, and Fe,03 co-doped ZnO-g-CsN. under solar irradiation
(reaction conditions: catalysts, 0.4 g/100 ml; pH, 8.0)

This light attenuation effect reduces the number of
photons reaching the photocatalyst’s surface,
subsequently decreasing the photoexcitation of
electron-hole pairs necessary for ROS formation. This
phenomenon is particularly significant in heterogeneous
photocatalysis driven by solar radiation, where the
photonic flux is already diffuse and varies with time and
weather conditions.

Conversely, at lower dye concentrations, the solution
remains more transparent, allowing better light
transmission and higher photon absorption by the
photocatalyst. This enhances the rate of photo-generated
charge carrier formation and subsequent dye
degradation. Thus, the optimization of initial dye
concentration is critical for maximizing photocatalytic
efficiency and ensuring scalability in practical
wastewater remediation systems [62,63].

To assess the extent of contaminant removal from
water, TOC (Total Organic Carbon) analysis of both
dyes was performed at regular intervals (0, 45, and 90
minutes) (Figure 15). This analysis not only confirmed
the degradation of large organic molecules but also
demonstrated the elimination of residual carbon
skeletons, indicating a higher level of water purification.
For Indigo Carmine (IC), the initial TOC value of
approximately 4.12 mg/L decreased significantly to
0.0042 mg/L after 90 minutes. Similarly, Xylidine
Ponceau (XP) showed a reduction in TOC from around
4.63 mg/L to 0.072 mg/L, validating the efficient
removal of organic pollutants under alkaline conditions
and with moderate catalyst loading.

3.10. Photocatalytic degradation mechanism

The generation of reactive oxygen species (ROS) is a
fundamental aspect  of  semiconductor-based
photocatalysis, governing the oxidative degradation of
organic pollutants such as anionic dyes. In this study, the
specific contributions of hydroxyl radicals («OH),
superoxide anions (Oz*"), and photogenerated holes (h*)
to the photodegradation of Indigo Carmine (IC) and
Xylidine Ponceau (XP) were investigated using radical
scavenger experiments. Photodegradation reactions
were conducted under optimized conditions pH 8, 10

ppm dye concentration, and 0.4 ¢/100 mL catalyst
loading under natural sunlight.
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Figure 15. TOC analysis of dye samples ate regular intervals
(reaction conditions: catalysts, 0.4 g/100 ml; pH, 8.0)

Scavengers were selectively introduced at a
concentration of 500 mM: isopropyl alcohol (IPA) for
*OH radicals, p-benzoquinone (BQ) for Oz, and
ethylenediaminetetraacetic acid disodium salt (EDTA-
2Na) for photogenerated holes (h*).

As depicted in Figure 16, the addition of IPA led to a
substantial reduction in degradation efficiency
approximately 40% for both IC and XP indicating that
*OH radicals are the primary reactive species
responsible for the oxidative degradation of these dyes
using the Bi,Os, Co304, and Fe;O3 co-doped ZnO-g-
CsNa photocatalyst. The suppression of color fading and
degradation in the presence of IPA confirms the
predominant role of hydroxyl radicals generated via
surface-bound water oxidation under visible light
excitation [64-66].

In contrast, the addition of EDTA and BQ resulted in
comparatively marginal reductions in photocatalytic
efficiency less than 10% suggesting limited roles for h*
and O:e7, respectively. The minimal impact of EDTA
implies that the recombination of photogenerated holes
is likely minimized through effective heterojunction
formation  within the trimetallic ZnO-g-CsNs.
framework, while the lesser involvement of O.¢~ may
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stem from suboptimal electron transfer to molecular
oxygen in the conduction band [65,67].

These findings align with previously reported kinetic
profiles in similar Z-scheme systems, where *OH
radicals were identified as the dominant oxidizing
species in dye degradation under solar irradiation. Based
on this evidence, the relative contributions of ROS to the
overall photocatalytic process are inferred as; *OH >>h*
> O»+". Upon solar excitation, efficient interfacial charge
separation  occurs  within  the  ZnO-g-CsNa
heterojunction. The photogenerated electrons from g-
CsN. are transferred to ZnO’s conduction band, while
holes remain in the valence band of g-CsNi. Water
molecules and surface hydroxyl groups are oxidized by
h* to yield *OH radicals, which subsequently oxidize the
dye molecules. Meanwhile, a minor fraction of electrons
reduces Oz to Oz¢7, which also contributes to degradation
but with lower reactivity.

The remarkable similarity in the degradation of both
the anionic azo dyes lies in their charges due to the
extended conjugated aromatic systems and contain
functional groups such as sulfonic acid groups and azo
linkages. These common features likely result in similar
adsorption behaviors on the catalyst surface and
facilitate comparable reactive oxygen species (ROS)
interactions during the photocatalytic process.
Moreover, their structural resemblance allows both dyes
to undergo similar degradation pathways under visible
light irradiation, explaining the close range of
degradation percentages and rate constants observed in
this study.

The co-dopants (BiOs, C0:04, Fe:05) contribute by
enhancing visible light absorption, introducing mid-gap
states, and promoting effective charge separation. The
ZnO—g-C:Na  heterojunction  facilitates  efficient
interfacial charge transfer, where electrons from g-CsNa4
migrate to ZnO, while holes remain in g-CsNa. These
holes oxidize water to produce *OH radicals, which
drive the degradation of the dyes. The similar
degradation behavior of Indigo Carmine (IC) and
Xylidine Ponceau (XP) is attributed to their structural
resemblance, leading to comparable adsorption and ROS
interactions.

3.11. Reusability study

The Bi203, C0304, and Fe;03 co-doped ZnO/g-CsNa4
nanocomposite demonstrates excellent reusability for
the photocatalytic degradation of indigo carmine (IC)
and xanthene-based (XP) anionic dyes under simulated
sunlight at pH 8, with a catalyst loading of 0.4 g-100
mL™! and dye concentrations of 10 ppm. As illustrated in
Figure 17, the catalyst was recovered after each cycle via
filtration and thermally regenerated at 150 °C for 2 hours
to remove any residual organic matter. After four
successive cycles, the catalyst maintained 78-80%
degradation efficiency for both dyes, highlighting its
structural stability and the effective synergy between
doped ZnO and g-CsN.. This sustained photocatalytic
activity is attributed to enhanced charge-carrier
separation, which reduces electron—hole recombination,
as well as the preservation of active surface sites due to
the trimetallic doping. Minor efficiency losses observed
after multiple cycles are likely caused by surface fouling
from intermediate products and slight catalyst loss
during the recovery process. These findings underscore
the practical viability of the Bi.Os; Co0304 and
Fe,03Zn0/g-CsN4 composites for long-term wastewater
treatment applications.

3.12. Comparison of photocatalyst with other works

The comparison of the synthesized Bi,Os, Co0304, and
Fe,Os doped ZnO-g-CsNs catalyst with the extensive
body of work on ZnO-graphitic carbon nitride (g-CsNa)
composites proves to be challenging due to the
uniqueness of this study. The distinctiveness of this work
lies in its green ultrasonic synthesis method and the use
of eco-friendly solar radiation for the photocatalytic
degradation process. These features differentiate the
current study from other reported approaches,
highlighting both the sustainability and efficiency of the
photocatalytic system. A comparative analysis of the
degradation efficiency of Indigo Carmine (IC) and
Xanthene-based Ponceau (XP) dyes by the synthesized
catalyst is summarized in Table 4, offering a clear
performance comparison to other systems in literature.

) Effect of scavenger
1.0 "‘"‘E-\-.ti::_ll_ || on photodegradation 1.0+
- - ‘7 ofIndigo Carmine
0.8 [—m—No Scavenger \ 0.8 -
7| —~e—1mmBa ‘Q
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Figure 16. Effect of different scavengers on the photocatalytic degradation efficiency of (a) Indigo Carmine and
(b) Xylidine Ponceau by Bi,03, C0304, and Fe,O3 co-doped ZnO-g-CsN4 (reaction conditions:
catalysts, 0.4 g/100 ml; dye concentration, 10 mg/L; pH, 8.0)
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Figure 17. Reusability study of Bi,O3, C0304, and Fe,03 co-doped ZnO-g-CsNa4 nanocomposite for the degradation of
(a) Indigo Carmine and (b) Xylidine Ponceau under sunlight (reaction conditions: catalysts, 0.4 g/100 ml;
dye concentration, 10 mg/L; pH, 8.0)
Table 4. Comparative analysis of photocatalysts reported for the degradation of Indigo Carmine and Xylidine Ponceau dyes.
Sr. Photocatalyst Dye Light Time for %Removal Ref.
No. Source Degradation
1. Zn0-Biy03-g-C3N4 /H20, Indigo Visible 180 min 93% [70]
Carmine light
2. WO3/CeO; Indigo Visible 120 min 30% [71]
Carmine light
3. Ag/ZnO Indigo Hg Lamp 120 min 96% [72]
Carmine
4. Zn0O Xylidine uv 180 min 97% [73]
Ponceau
5. Fe?*, Ag?* + E. coli Xylidine UVC (254 180 min 92% [74]
Ponceau nm)
6. NiO Xylidine Visible 100 min 95% [75]
Ponceau light
7. Bi,03, C0304, and Fe,O3 doped Indigo Sunlight 90 min 98% This
Zn0O-g-C3Ny, Carmine Work
8. Bi,O3, C0304, and Fe,O3 doped Xylidine Sunlight 90 min 95% This
Zn0-g-C3Ny, Ponceau Work

4. Conclusions

This study successfully demonstrated an effective
ultrasound-assisted green synthesis method for bismuth,
iron, and cobalt-doped ZnO-g-CsN.: nanocomposites
with doping. Structural and surface analyses using XRD,
FT-IR, SEM/EDS, UV-DRS, and BET confirmed the
successful incorporation of dopants and the formation of
a nanocomposite with excellent optical and surface
properties, which are critical for high catalytic activity.
The nanocomposite exhibited outstanding photocatalytic
performance, degrading Indigo Carmine (IC) and
Xylidine Ponceau (XP) anionic dyes within 90 minutes
under eco-friendly solar irradiation. The observed
degradation efficiencies of 98.14% for IC and 94.82%
for XP, along with rate constants of 2.488 x 102 min™!

and 1.903 x 1072 min* respectively, followed first-order
kinetics, indicating rapid photodegradation. Parametric
studies on pH, catalyst dosage, and dye concentration
helped optimize the degradation conditions. Scavenger
tests confirmed hydroxyl radicals as the dominant
reactive species, and reusability tests demonstrated the
catalyst’s stability over four cycles, affirming its cost-
effectiveness and sustainability.

To further enhance the practical relevance of this
work, future studies should investigate the catalyst’s
performance in real wastewater systems and explore its
effectiveness against a broader spectrum of organic
pollutants, including pharmaceuticals and industrial
effluents. Implementation in pilot-scale treatment
systems using natural sunlight can be considered to
evaluate its scalability and environmental impact.
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