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Abstract

Increasing contamination of freshwater by persistent organic pollutants calls for
efficient and ecofriendly treatment methods. This study explores photocatalytic
degradation of organic dyes using metal-oxide nanostructures (TiOz, ZnO, Fe20s)
synthesized via sol-gel and hydrothermal techniques. Characterization by SEM,
FTIR, XRD, and UV-Vis confirmed well-dispersed nanostructures with favorable
structural and optical properties. Under UV and wisible light, significant
degradation of dyes like methylene blue, Rhodamine B, and methyl orange was
observed. Photocatalytic efficiency was tested across catalyst dosage, dye
concentration, pH, and light conditions. Kinetic analysis indicated pseudo-second-
order behavior, suggesting surface chemisorption as the key degradation mechanism.
Reusability tests showed catalyst stability over multiple cycles. These results
demonstrate the potential of green-synthesized metal-oxide nanostructures as
sustainable catalysts for effective wastewater treatment.

Muhammad Zeshan Azam

INTRODUCTION

Environmental pollution is increasing day by day and
imposing severe and irreversible damage to the world.
It is of different types: air, water, soil, noise, light, etc.
Urbanization and technological development have
put the survival of the planet in danger by degrading
the quality of the environment’s essential elements
air, water and soil due to the release of hazardous
waste from factories like plastics, heavy metals,
nitrates, burning of fossil fuels, acid rain, oil spills and
industrial toxins. Urbanization and overpopulation
have increased city noise and light pollution. Polluting
agents are exponentially increasing in modern society,
disturbing the ecological balance and posing
extinction problems for different animal and bird
species. This is because the destruction of plants,
especially trees, by acid rains disturbs the natural
environment of animals [1]. Water is the most
valuable reserve among all natural assets present on
the Earth. Earth is recognized as a blue planet because

of the occurrence of plentiful water on its surface [2].
Owing to its exclusive structure and characteristics,
water is taken as a matrix of life [3]. It is projected that
97.3% of the whole water present on the earth is
saline. The entire freshwater which is only 2.7% of
whole water, approximately 68% is frozen in form of
ice and glaciers 30% as groundwater and leftover [4]
about 1.3% is found on the surface of the earth in lake
and rivers C.G.W.M. 1990.Freshwater, especially is
very important in context to sustenance as it is
required for household consumption and also as
industrial and farming use. The water applied for
human utilization should be “safe and wholesome”
i.e. odorless, colorless, and fine in taste and liberated
from dangerous chemical agents and pathogen [5].
The quality of water being used is, however, an
important issue as a decrease in quality of water
reduces its utility for a human being and other
organisms [6]. Industrial use of toxic, water-soluble
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dyes especially in textile, food, leather, and paper
industries is a major source of environmental
pollution [7]. Untreated effluents contaminate soil
and water, affecting human health through the food
chain. Everyday products like colored paper and
towels also contribute to exposure [8]. These dyes are
often carcinogenic and mutagenic.

Water pollution also stems from pathogens
introduced through sewage and industrial discharge.
Microorganisms like E. coli, coliforms, and various
bacteria can cause diseases such as cholera, typhoid,
and hepatitis [9]. Fecal contamination introduces
harmful microbes, especially in stagnant water.
Suspended solids SS, both organic and inorganic,
further affect aquatic life by blocking sunlight and
damaging fish gills [10]. The impact depends on SS
concentration, exposure time, and particle size [11].
Physical, chemical, and biological processes are the
primary elements of conventional wastewater
treatment techniques. While physical methods like
sedimentation and filtration work well for eliminating
suspended solids, they are not enough to dissolve
organic contaminants [12].  While chemical
treatments such as ozonation, chlorination, and
coagulation can neutralize contaminants, they
frequently produce hazardous byproducts, secondary
pollution, and high operating costs [13]. Although
biological methods like trickling filters and activated
sludge rely on microbial degradation, they are usually
slow and inefficient when dealing with complex or
non-biodegradable organic compounds. In addition,
all of these techniques usually result in the production
of substantial amounts of sludge, which requires
additional processing and secure disposal [14]. These
drawbacks highlight the need for more sophisticated,
efficient, and environmentally friendly substitutes,
like photocatalysis, which can provide total pollution
degradation with little adverse effects on the
environment [15].

Water resource is the most precious resource for a
human being that it is necessary to make the water
resource to be clean and also non-toxic. Anyway, due
to urbanization, industrialization, and lack of people
awareness to consider water as a crucial commodity,
people in many countries are now facing problems
related to water supply and security [16]. Presently,
water pollution becomes one of the most serious
global issues, especially, water pollutions that
contaminate various types of organic compounds [17],

including pharmaceuticals and personal care
products, persistent organic pollutants, and organic
dyes.In recent years, many researchers have developed
the remediation techniques of organic pollutants in
water. Photo catalysis, as one of the advanced
oxidation processes AOPs using reactive oxidative
radicals or species, particularly hydroxyl radicals, to
remediate the organic pollutants, has drawn much
attention recently.Various types of photocatalysis can
be considered to be a green and effective strategy for
solving global environmental and energy problems.
The possibility to utilize solar energy as a free energy
from nature to solve the environmental problems is
the key significance of photocatalysis. Photocatalysis is
a type of catalysis which a chemical reaction is
accelerated in the presence of a catalyst so-called
photocatalyst on exposure to light which is mostly
described in term of photon hv - an elementary
particle of light, where the photocatalyst participates
in the chemical reaction without being consumed.
Photocatalysis can be also defined as the acceleration
of a photoreaction e.g., photolysis in the presence of a
catalyst. There are various types of pollutants in
wastewater ~ e.g., organic pollutants, inorganic
pollutants, pathogens, and radioactive pollutants.
Organic pollutants are a main part of environmental
pollution, which may cause an adverse effect on
aquatic organisms even at low levels of exposure
[18].0rganic pollutants are found in various
wastewater sources, e.g., domestic, industrial, and
agricultural sectors. Many kinds of organic pollutants,
such as pharmaceuticals and personal care products
PPCPs, textile, food, beverage, persistent organic
pollutants POPs, insecticide, pesticide, oil, fertilizers,
and chemical, are included in wastewater [19].

Nanotechnology has also proven to be one of the most
advanced and best strategies for wastewater treatment.
NP has high interaction, adsorption, and reactivity
due to its small size and high surface-atom ratio [20].
They were suspended within hydrous solutions to act
as colloids. These particles save energy due to their
small size, which can ultimately lead to cost-
effectiveness. NPs have a great advantage in treating
water at great depths and in any place that has not
been cleaned by conventionally available procedures
[21]. Green nanomaterials are more likely to treat
water contaminated with toxic metal ions, inorganic
solutes, and organic and pathogenic microorganisms.
Advanced research and commercialization of different

isreview.net

| Azam, 2026 | Page 2


https://portal.issn.org/resource/ISSN/3106-7840
https://portal.issn.org/resource/ISSN/3106-7832

The Intelligent
System Review

‘s

ISSN: 3106-7840|3106-7832
Volume 3, Issue 1, 2026

nanomaterials nanostructured catalytic membranes,
nano-absorbents, biologically active NPs, nano-
catalysts, biomimetic membranes, and molecularly
imprinted polymers MIP were performed to remove
pathogenic bacteria, toxic metal ions, organic solutes,
and inorganic substances from water [22]. The
widespread usage of pesticides in the field of
agriculture has had a significant impact on human
health and the environment because these pollutants
are not properly removed from the water. Pesticides
also can have adverse effects on aquatic animals and
humans because they are not completely removed
from the aquatic environment by conventional
wastewater treatment methods. Thus, processes such
as heterogeneous photocatalysis and nano-composite
adsorption have received considerable interest within
the scientific society due to their unique properties, in
addition to their ability to degrade and remove certain
substances such as organic pollution, including
pesticides [23].Existing metal-oxide nanostructures
still have a number of disadvantages, despite increased
interest in the photocatalytic degradation of organic
pollutants. Due to rapid charge carrier recombination
and limited light absorption, commonly used
photocatalysts like ZnO and TiO: frequently behave
poorly in visible light. In addition, a lot of methods
for synthesis use hazardous substances, which raises
environmental issues. In addition, little is known
about how structural characteristics such as particle
size, surface area, and morphology affect
photocatalytic efficiency. Furthermore, tiny is known
about these materials' long-term stability, recyclability,
and practicality. In light of this, the current study
attempts to evaluate the structural, morphological,
and optical properties of environmentally friendly
metal-oxide nanostructures by integrating them using
inexpensive strategies. In order to understand the
impact of operational parameters, the photocatalytic
performance will be evaluated under various kinds of
circumstances. In order assist in developing of
environmentally friendly wastewater treatment
methods, the study also aims to examine the
mechanism of degradation and evaluate the catalysts'
reusability. In order to assist in the creation of
environmentally friendly wastewater treatment
methods, the study also indicates to examine the
mechanism of degradation along with assessing the
catalysts' reusability.

2 Materials and methods

2.1 Chemicals and Reagents

Each substance used in this investigation was
analytical grade and didn't require any further
purification. We purchased metal precursors from
Sigma-Aldrich, which includes ironlll nitrate
nonahydrate FeNQOs3-9H-O, zinc nitrate hexahydrate
ZnNQOs2'6H20, and titaniumlIV isopropoxide TTIP.
To evaluate photocatalytic degradation, organic dye
pollutants such as methyl orange MO, rhodamine B
RhB, and methylene blue MB were selected as model
organic pollutants. Ethanol C:HsOH, deionized water
DI, hydrochloric acid HCI, and sodium hydroxide
NaOH were additional reagents employed for pH
modification.

2.2 Synthesis of Metal-Oxide Nanostructures
Because of their simplicity of utilization and ability for
producing nanomaterials with huge surface areas as
well as controlled morphology, the sol-gel and
hydrothermal methods were employed for generating
different metal-oxide nanostructures.

2.2.1 Sol-Gel Synthesis of TiO: Nanoparticles
Sol-gel was used to produce titanium dioxide TiO:
nanoparticles. In short, 100 mL of ethanol was stirred
constantly whereas 20 mL of titanium isopropoxide
was dissolved. The precursor was stirring constantly
while a separate solution of deionized water and
ethanol 1:1 v/v was added dropwise. To generate
crystalline TiO2 nanoparticles, the resulting white gel
was aged for 24 hours, dried at 80°C, and then
calcined for 3 hours at 450°C.

Ajay Sharma 2014 stated that the nanostructures
TiO2 exists in three polymorphic phase viz. rutile,
anatase and brookite. Amongst these three, anatase &
rutile are most thermally stable phases of TiO2.
Anatase structure of TiO2 belongs to D14 4h-
P42/mnm space group lattice constant a = 0.4584 nm,
¢ = 0.2953 nm, c¢/a = 0.664, while rutile structure
belongs to D19 4h-141/amd space group lattice
constanta = 0.3733 nm, ¢ =0.937 nm, ¢/a=2.51 [24].
These two structures have great importance in the
preparation of dssc, due to its high surface area. TiO2
nanoparticles adsorb more amounts of dye molecules,
which results into the increase photon to current
conversion efficiency, because a TiO2 nanoparticles-
coated  photoelectrode  usually has  higher
transparency, which cause to transmission of a
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significant amount of visible light, the smaller particle
size of the TiO2 nanoparticles only permits negligible
amount of light scattering [25]. The several methods
for preparation of nanocrystallite titania are well
reported, most of them belonging to wet chemical
method. The benefits of the wet chemical method are
well studied [26]. The best choices of wet chemical
methods are hydrothermal and sol-gel [27]. The Sol-
gel method is the simple, economical, and
accomplished and most frequently used methods of
synthesizing TiO2 nanoparticles. The sol-gel method
gives accessibility for synthesizing TiO2 nanoparticles
with different morphologies like sheets, tubes,
particles, wires, rods, mesoporous and aerogels. The
nano-structured TiO2 has been synthesized by the
hydrolysis process of Titanium IV Isopropoxide. The
thin films were prepared by dip coating method. The
crystallite size of as prepared TiO2 nanoparticles was
obtained approximately 20 nm and anatase and rutile
phases confirmed by XRD graph. FE-SEM was
employed to further study of the crystallite/particle
size and morphology of the assynthesized TiO2
particles. The particles of TiO2 in anatase phase have
a mostly spherical morphology. The optical
absorbance of the prepared films was found between
360 nm to 310 nm which is correspond to the band
gap of TiO2 3.2 ev. From the DSC-TGA analysis
phase transformation of TiO2 obtained at 720 °C.
From [-V graph efficiency was achieved about 1.77 %
(28].

2.2.2  Hydrothermal
Nanostructures

In order to produce ZnO nanostructures, 5 g of zinc
nitrate hexahydrate was dissolved in 50 mL of
deionized water and mixed with 5 mL of 1 M NaOH
solution while stirring constantly. subsequently that,
the mixture that was homogenous was put into an
autoclave lined with Teflon and heated to 150°C for
12 hours. After being frequently sterilized with
ethanol and water, the product was dried at 80°C. To
enhance crystallinity, the powder was ultimately
calcined for two hours at 500°C.

Vijaceslavs Gerbreders et al 2020 demonstrated that
amongst the most popular methods for the
production of metal oxide nanostructures is
hydrothermal synthesis. For producing ZnO
nanostructures, a nitrate-based precursor reaction
with equimolar amounts of hexamethylenetetramine
HMTA is commonly used. In these reactions, zinc

Synthesis of ZnO

nitrate provides the source of Zn*" ions, and HMTA
produces the desired amount of OH ions. The
growth process occurs due to a dissolution-secondary
precipitation mechanism. ZnO nanostructures are
characterized by anisotropic growth with different
growth rates of the individual faces, where 40001
>91010 >01011 >01011 >00001. Therefore,
considering the principle of energy minimization, the
most favorable is vertical growth perpendicular to the
0001 plane, which ensures the formation of
characteristic rod-like nanostruchtures of ZnO. The
mentioned process takes place when chemical
reactions are in equilibrium. Shifting from the
equilibrium conditions by varying the parameters of
reaction, or using capping agents, makes it possible to
change the growth rate of individual crystallographic
planes and, as result, affect the morphology of the
obtained nanostructure [29].

2.2.3  Synthesis of Fe2Os Nanoparticles

For the purpose of to produce iron oxide FeOs
nanoparticles, 2 g of ironlll nitrate was immersed in
50 mL of deionized water, and 10 mL of ammonia
solution was added dropwise until pH 8 was obtained.
After two hours of mixing at room temperature, the
mixture was left to age for a whole night. After being
sterilized and dried at 100°C, the precipitate was
calcined for three hours at 400°C.

Antara R. Chakraborty et al. 2024 demonstrated that
Iron oxide nanoparticles were synthesized via a
chemical co-precipitation method, involving several
sequential steps. Initially, 6.7 g of FeCI3.6H20 was
dissolved in 100 mL of distilled water to form a
solution. Subsequently, the solution was subjected to
chemical bath deposition, where it was stirred
vigorously at room temperature. The next step
involved the gradual addition of NH4OH dropwise to
the stirring mixture, resulting in the formation of a
black dispersion. This dispersion was continuously
stirred for 1 h to ensure homogeneity. Following this,
the solution was heated to 80 °C for 2 h to facilitate
evaporation, after which it was cooled to room
temperature and left undisturbed for 5 days to allow
precipitation of iron oxide. The precipitated iron
oxide was collected using filter paper, and this process
was repeated to obtain six samples. These samples
were then subjected to an annealing process at

different temperatures: annealed, 100 °C, 300 C, 500
°C, 700 °C, and 900 C. After annealing, the samples
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were ground into fine powders for further
characterization. During the synthesis of iron oxide
nanoparticles, the reaction pH played a crucial role in
determining the efficiency and outcome of the co-
precipitation process. In the initial steps, a solution of
6.7 g of FeCl3:6H20 in 100 mL of distilled water was
prepared. To this, ammonium hydroxide NHsOH was
added dropwise, and the pH of the reaction mixture
was closely monitored. The addition of NH4OH
gradually increased the pH to approximately 9, which
is slightly alkaline. This pH was maintained to ensure
optimal conditions for the precipitation of ferric
hydroxide FeOHs, a precursor to iron oxide
nanoparticles Fe2Os. Maintaining this pH ensures
that the reaction proceeds efficiently, favoring the
nucleation and growth of uniform nanoparticles, and
minimizing unwanted side reactions. The controlled
pH of 9 created optimal conditions for the formation
of ferric hydroxide nuclei, which subsequently
underwent dehydration and oxidation, leading to the
formation of Fe20s nanoparticles. The nanoparticles
NDPs were annealed at specific temperatures to control
their crystallinity, phase transitions, and magnetic
properties. Annealing at lower temperatures 100 <C-
300 <C facilitates the transition from amorphous or
poorly crystalline phases to more defined crystalline
structures, such as the y-Fe2Os maghemite phase.

Higher annealing temperatures 500 °C-900 °C
promote the phase transition from y-Fe2Os to a-Fe2Os
hematite, enhancing the crystallinity and magnetic
properties of the nanoparticles. The selection of these
specific temperatures ensures optimal control over the
structural and magnetic characteristics of the
synthesized nanoparticles, aligning with the goals of
the study to produce NPs with desirable properties for
various applications. Characterization of the
synthesized products was performed using various
techniques, including Scanning Electron Microscopy
SEM, X-Ray Diffraction XRD, Fourier Transform
Infrared Spectroscopy FTIR, Zita potential, dynamic
light scattering and UV-Vis Spectroscopy. These
techniques allowed for the differentiation between
unannealed and annealed products, providing
valuable insights into their structural and chemical
properties [29].

3 Results and discussion

3.1 SEM

The synthesized metal-oxide nanostructures have a
uniform and well-dispersed morphology, generally
spherical, rod-like, or flowerlike depending on the
synthesis route, according to SEM images. This
consistency  indicates defined synthesis-related
nucleation and growth.

Figure 3.1: SEM image 10,000% of metal-oxide nanostructures for photocatalytic pollutant degradation scale
bar: 1 pm.
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The study emphasized on using light-driven catalytic
processes to degrade harmful organic pollutants using
nanostructured metal oxides. Scanning Electron
Microscopy SEM is crucial for this study because it
offers comprehensive information about the surface
characteristics and morphology of the nanostructures.
With a 10,000x magnification and a 1 pm scale bar,
the SEM image that is part of the data enables
researchers to look at the size, shape, and structural
characteristics of the metal-oxide nanomaterials, such
as nanoparticles, nanowires, or porous frameworks.
Since high surface area and individualized porosity
improve light absorption and pollutant adsorption,
these physical features have a direct impact on
photocatalytic performance. While the standard
detector Std.-P.C.25.0 records topographical details
essential for measuring material quality, the 20.0 kV
accelerating voltage ensures high-resolution imaging.
The study can optimize the synthesis of these
and make they have
appropriate morphology for maximum degradation
activity by contrasting SEM data with measurements
of photocatalytic efficiency. Furthermore, SEM can be
used together with Energy-Dispersive  Xcray
Spectroscopy EDS the elemental
composition, detect impurities, and confirm the

nanostructures sure an

to confirm
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presence of significant metal oxides such as ZnO or
TiOa. Everything considered, SEM is a crucial
instrument in this study, bridging the gap between the
functional application of nanostructure design in
environmental remediation and its design.

3.2 FTIR

Significant  molecular-level  insights the
photocatalytic degradation of organic pollutants
mediated by metal-oxide nanostructures can be
acquired from the analysis of Fourier Transform
Infrared FTIR spectroscopy. The spectrum shows a
number of unique vibrational modes that together
clarify the photocatalytic system's
characteristics. O-H stretching vibrations can be
determined by their broad and strong absorption
bands in the 3519-3399 cm™ range, which have
transmittance values between 70 and 72%. Both
physically adsorbed water molecules and surface
hydroxyl groups -OH chemically bound to the metal-
the of these
characteristics. These surface hydroxyls are important
active sites in photocatalysis because they produce
highly hydroxyl *OH upon
photoexcitation, which are the primary oxidizing
species that start the degradation of pollutants.

into
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Figure 3.2: FTIR spectrum of metal-oxide nanostructures showing hydroxyl groups 3500-3400 ¢cm™!, organic
intermediates 1635 cm™, and metal-oxygen bonds 792 cm™.
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The H-O-H bending vibration of adsorbed water
molecules or C=0O stretching modes from carbonyl
functional groups are the two possible causes of the
pair of medium-intensity peaks seen at 1635 and 1631
with transmittance values of 89.10% and
82.63%, respectively. Because it suggests the creation
of intermediate oxidation products during the
photocatalytic  degradation process, the latter
interpretation is especially significant. These could be
carboxylic acids, ketones, or aldehydes that develop as
organic pollutants gradually due to
oxidation. Direct spectroscopic proof of the current
photocatalytic process
demonstrated by the presence of such intermediates.
A fingerprint region absorption characteristic of
metal-oxygen M-O lattice vibrations is expressed by the
sharp peak at 792 cm™ 73.76% transmittance. This
characteristic demonstrates the material's stability
under operating conditions by providing that the
metal-oxide's crystalline structure was maintained
throughout the photocatalytic reaction. Even though
the metal-oxide framework takes part in several redox
cycles during photocatalysis, the lack of important
peak shifts or new absorptions in this region indicates
that it remains intact. Collectively, these spectroscopic
signatures present a complete picture of the
photocatalytic mechanism: 1 organic pollutants first
adsorb onto the metal-oxide surface, which is rich in
hydroxyls; 2 photogenerated charge carriers interact
with the adsorbed oxygen and surface hydroxyls to

cm’!

decrease

mineralization can be

1.6

produce reactive oxygen species; 3 these radicals
systematically attack and degrade pollutant molecules
through intermediate carbonyl-containing
compounds; and 4 the metal-oxide catalyst maintains
its structural integrity throughout the process. By
connecting the gap between the material's chemical
characteristics and photocatalytic performance, the
FTIR data is a powerful diagnostic tool that offers
essential insights to enhance the nanostructured
photocatalysts ~ for  improved
remediation applications.

environmental

3.3 UV- Visible Spectroscopy

A thorough understanding of the photocatalytic
degradation process of organic pollutants using TiO2
provided by the UV.visible
spectroscopy data presented here. The
decomposition of organic pollutants is evident from
the time-dependent spectra  0-150
minutes, as shown by the declining absorption
intensity in the visible light range of 500-800 nm. The
degradation of the pollutants' chromophoric groups
corresponds  precisely with  this
absorbance, demonstrating the TiO2 photocatalyst's
efficacy. The degradation demonstrates a systematic
pattern, according to the spectra, with the most
notable modifications taking place during the first 60
to 90 minutes of irradiation and a more gradual
decline at afterwards points.

nanostructures is
slow

absorbance

decrease in

TiO,

1.4

1.2

1.0

0.8

Absorbance

0.6

0.4

0.2

0 min
30 min
—— 60 min
— 90 min
120 min
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500 550 600

650
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Wavelength, nm
Figure 3.3: UV-Vis absorbance spectra showing time-dependent degradation of organic pollutants by TiO2
nanostructures 0-150 min. Decreasing absorbance confirms photocatalytic activity.
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According to this kinetic profile, there may be a rapid
degradation phase at the catalyst surface when there
are many pollutant molecules present, which is
followed by slower removal rates as the reaction
proceeds and the concentration of the pollutants
decreases. The wide absorption characteristics in the
visible spectrum 500-800 nm are especially significant
because they indicate that the TiO2 nanostructures
might have been altered to demonstrate visible-light
photocatalytic activity, which is an essential benefit for
realworld solar energy applications. The complete
mineralization of pollutants without a notable
accumulation of colored intermediates is indicated by
the lack of new absorption peaks. All of these findings
show that TiO2
photocatalysts that can break down organic pollutants
when exposed to light, and the UV-Vis spectra offer
measurable proof of the efficiency and kinetics of the
degradation. The data highlights the potential of these
metal-oxide

nanostructures act as efficient

nanostructures for environmental

remediation applications, particularly for wastewater

treatment, where photocatalysis driven by visible light
gives important advantages in operation.

34 XRD

The presence of crystalline phases, which are crucial
to photocatalytic activity, is demonstrated by the
intensity peaks seen between 20 angles of 20° and 60°.
While any peak broadening could indicate nanoscale
crystallite with  the
"nanostructures” referenced in the title the lack of
particularly broad peaks indicates that the material
has moderate to high crystallinity. The material's
bandgap and redox potential are established by the
metal-oxide phase such as anatase TiO2, wurtzite ZnO,
or another oxide, which impacts its capacity to
degrade organic pollutants under light irradiation.
The precise peak positions can aid in identifying this
phase. Additionally, the Scherrer equation's
calculation of crystallite size has an enormous effect
on photocatalytic

dimensions  consistent

performance because smaller
crystallites have more surface area suitable for light

absorption and pollutant adsorption.

(=]
—
—
—
wy
(=
= —_
- —
= S =
2 }
-
a
]
- —
= ha
n ‘
9 —
[=1 =] | ™~ ~ I
I =Y hy s
e N, | v \
~nd WAV |_}\_‘ M
20 20 60 80

2-theta (deg)

Figure 3.4: XRD pattern of metal-oxide nanostructures used for photocatalytic degradation of organic
pollutants. The peaks indicate crystalline phases, while peak broadening suggests nanoscale crystallinity, critical
for enhanced photocatalytic activity.

Primary crystalline phases dominate the pattern,
however instrumental artifacts or amorphous content
may be the cause of noise and negative intensities in
the low-angle region below 10° 26. In order facilitate
material optimization for environmental applications,
further XRD data refinement, microscopy, and
photocatalytic testing will help correlate the structural
characteristics of the metal-oxide nanostructures with
their degradation efficiency.

3.5 Photocatalytic Degradation Experiments
The degradation of various organic dyes MB, RhB,
and MO under UV or visible light irradiation was
employed to evaluate the photocatalytic activity of the
synthesized nanostructures.

3.5.1 Experimental Setup
The photocatalytic reactions were carried out in a
borosilicate glass reactor that was subjected to either a

solar simulator AM 1.5 or a UV lamp 365 nm, 125
W. Throughout the experiment, the catalyst and dye
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solution were constantly combined via magnetic
stirring.

3.5.2 Photocatalytic Procedure

A determined volume of catalyst 0.5-1.0 g/L was
added to a dye solution with a known concentration
10-20 mg/L. To establish an adsorption-desorption
equilibrium between the catalyst and dye molecules,
the suspension was magnetically stirred for half an
hour in the dark before being placed under light.
Aliquots were subsequently taken out of the reaction
at regular intervals e.g., every 10 or 15 minutes while
it was exposed to light.

After centrifuging the aliquots in order to remove
catalyst particles, the absorbance at the dye's
maximum wavelength 664 nm for MB Methylene
Blue, for example was measured with a UV-Vis
spectrophotometer to calculate the concentration of
dye that persisted.

3.5.3 Degradation Efficiency Calculation
The degradation efficiency % was calculated using the
following formula:

Co—
Degradation Efficiency%=( E}()Ct) X100
Where

CO= initial dye concentration

Ct= dye concentration at time t

Experiments were conducted out with varying catalyst
dosages 0.2 to 1.5 g/L, initial dye concentrations
varying between 5 and 50 mg/L, and pH values
adjusted from 3 to 11 in order to understand the
impact of various operating conditions. In order to
assess their impact on the overall efficiency of the
process, the influence on different irradiation sources
such as UV, visible, and solar light was also looked at.
To assess their individual and combined impact on
the system's performance, these parameters were
systematically shifted, providing insights into the best
conditions for maximizing effectiveness.

Recycling experiments were conducted out in order to
assess the photo catalyst’s stability. The catalyst was
recovered, cleaned, and dried after each cycle so that
it could be utilized again in later degradation runs. To
evaluate a decrease in performance, the efficiency was
monitored over three to five cycles.

Prabakaran Eswaran et al 2024 described that the
investigation into the photocatalytic activity of ZnO
nanoparticles ZnONPs and the ZnO/biochar

ZnO/BC nanocomposite for MB dye degradation was
carried out through a series of photocatalytic studies.
To initiate the experimentation, a stock solution of
0.05 g of MB dye, equivalent to 100 parts per million
100 ppm, was dissolved in distilled water within a
standard 1L measuring flask. Subsequently, a quantity
of 10 mL from this stock solution, constituting 10
ppm of MB dye, was added to a 100-mL standard
measuring flask, wherein it was reconstituted with
distilled water. This solution, having the desired
concentration, was utilized for the ensuing
experiments. The  photocatalytic ~ degradation
reactions were executed by introducing 100 mg of the
photocatalysts into a 100 mL solution of 10 ppm MB
dye within a glass beaker. To ensure a well-dispersed
mixture and attain an adsorption/desorption
equilibrium, the amalgam was stirred in the dark for
duration of 30 min. Following this, the suspension
was subjected to natural sunlight irradiation. At
specific intervals of time, 10 mL of the solution was
extracted and subjected to filtration using a 0.45-uM
syringe filter to eliminate the presence of
photocatalysts.
The collected solution underwent assessment for MB
dye concentration using a UV-Vis
spectrophotometer. Specifically, the absorbance at
664 nm was examined during the degradation
process. This procedure allowed for the continuous
monitoring and evaluation of the degradation process
over different time intervals of 20 min. The
percentage of MB degradation efficiency % was
calculated using the following equation 1 [58, 59]:
Degradation efficiency N%= C0 — Ct X 100 + CO
where CO and Ct represent the absorbance of MB
solution before and after the photocatalytic
degradation activity. The said procedure was also used
for the dosages, concentrations of MB, pHs, stability,
and scavenger studies. The pHs were adjusted by using
0.1 M HCl or 0.1 M NaOH. Degradation kinetic rate
constants of MB with ZnONPs and ZnO/BC
nanocomposite were evaluated by using the first-order
rate equation as given below [60]:

Luct-co, = —kt
where CO is the initial concentration and Ct is the
final concentration before and after irradiation time
t. k is the degradation rate constant min~" [30].
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3.6 kinetics and mechanism

The provided kinetic plots analyze the degradation
mechanism of organic pollutants using metal-oxide
nanostructures through pseudo-first-order PFO and
pseudo-second-order PSO kinetic models. The left
plot, depicting In ge - q¢ versus time, suggests a PFO
mechanism if linear, indicating that the degradation
rate depends primarily on the concentration of the
pollutant. The slope of this linear fit provides the rate
constant ki, min™!, which quantifies the reaction
speed. The right plot, showing t/q, versus time, tests
for PSO kinetics, where a linear trend implies that the
process is controlled by chemisorption or surface
reactions, with the slope and intercept yielding the

9

v o N

In(ge-qt)
&~
||

0.6

0.5

0.4

0.3

t/qt

0.2

0.1

0 50

100
t (min)

100

t (min)

rate constant k2, grmg ''min"! and equilibrium
adsorption capacity g, respectively. The multiple
curves for different pollutant concentrations 5-20
ppm reveal how degradation kinetics vary with initial
pollutant load, offering insights into the catalyst's
efficiency under varying conditions. A stronger fit to
the PSO model would suggest that the degradation is
dominated by strong interactions between the
pollutant molecules and the catalyst surface, a key
factor in designing effective photocatalytic systems.
This kinetic analysis is crucial for optimizing reaction
and improving the
in  environmental

parameters nanostructures'
performance

applications.

remediation
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Figure 3.5: Kinetic analysis of photocatalytic degradation: Pseudo-first-order left and pseudo-second-order right
model fits for different pollutant concentrations 5-20 ppm.

4 Conclusion and future perspective

TiOz, ZnO, and FeOs are environmentally friendly
metal-oxide nanostructures that have been
successfully synthesized and applied in this study for
the efficient photocatalytic degradation of organic
pollutants like methyl orange, rhodamine B, and
methylene blue. The structural integrity, surface

functionality, and optical activity of the nanomaterials
were validated by characterization methods such as
SEM, XRD, FTIR, and UV-Vis spectroscopy. Kinetic
studies demonstrated a surface-controlled pseudo-
second-order reaction mechanism, and the
photocatalytic performance, evaluated under a range
of operational parameters, demonstrated high
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degradation efficiency and good reusability. These
findings indicate the potential of these nanostructures
for environmentally friendly wastewater treatment. To
increase their photocatalytic activity in actual
wastewater conditions and under visible light, more
developments are required. To improve charge
separation and light absorption, future studies should
investigate the utilization of dopants, heterojunction
formation, and green synthesis techniques. To enable
industrial applications in water purification
technologies, it is also essential to conduct a thorough
investigation into long-term stability, environmental
impact, and scale-up feasibility.
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