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Abstract: Due to the growing amount of dye-
laden industrial effluents being released into
water bodies, there is a need for developing
efficient and sustainable remediation methods.
Herein, titanium oxide (TiO:) nanoparticles
was synthesis via green route using the leaf
extract from Murraya paniculata as reduction
and capping/stabilizing agent. The
biosynthesized titanium oxide nanoparticles
were characterized using advance analytical
tools such as X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR),
Brunauer-Emmett-Teller (BET) and UV-visible
(UV-Vis) spectrophotometry. XRD analysis
confirmed the formation of highly crystalline
anatase phase TiO: having crystallite size 18.4
nm while FTIR confirm the presence of Ti—O—
Ti stretching mode. BET analysis revealed the
presence of mesoporosity and a large specific
surface area of 235.505 m?g suitable for
photocatalytic application. UV—visible
revealed strong absorption of 256 nm in the UV
region consistent with the optical properties of
TiO: and suitable for photocatalytic processes.
Nanoparticles showed 73.0% degradation
efficiency of Congo red dye after 120 minute of
irradiation with UV light.
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1.0 Introduction

Today, water contamination is one of the most
urgent global environmental issues arising
from rapid growth of industries and global
populations (Turcu et al., 2023). Diverse
sectors, including but not limited to textiles,
tanneries, pharmaceuticals, mining and
cosmetics, produce enormous volumes of
wastewater containing hazardous materials like
heavy metals, organic toxins, industrial
chemicals and synthetic dyes (Sangamnere et
al., 2023; Gupta and Mukhopadhyay, 2025).
When these pollutants are released into
waterways due to inadequate treatment of
wastewater before discharge, they build up in
aquatic environments and cause severe threats
to both aquatic ecosystems and human life
(Maheshwari et al., 2021). Given that water is
essential for all living organisms, deterioration
in water quality poses serious risks to
ecosystems and public health worldwide
(Abdurahman ef al., 2021). An example of one
type of pollutant that is of concern in industrial
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wastewater comes from the synthetic dyes used
by many sectors, such as textile, leather, paper
and printing and plastic industries. Dye
pollutants in water bodies significantly hinder
penetration of sunlight into deeper regions of
the aquatic environment, thereby decreasing
light availability for photosynthetic activity
(Al-Tohamy et al., 2022)

There are currently over 100,000 varieties of
synthetic dyes globally, with nearly 700,000
tons being produced annually across the
various industries (Wu et al., 2025). Due to
inefficiencies during manufacturing and
application of dyes, about 15 % of this amount
enters into available freshwater systems which
has an adverse impact on ecosystems (Yang et
al., 2022). However, manufacturers formulate
synthetic dye products so they are extremely
stable, thereby making them very persistent
within the environments where they exist
(Zeng et al., 2021). Furthermore, dye pollutants
reduce light penetration in aquatic systems,
thereby  inhibiting  photosynthesis  and
disrupting the ecological balance of aquatic
environments (Liu ef al., 2024).

Also, the presence of these pollutants in
flowing waters reduces the ability of light to
penetrate and adequately support the growth of
algae that provide essential energy through the
process of photosynthesis for the aquatic
organism and also introduce toxic, mutagenic
or even carcinogenic effects to all organism in
the aquatic environment (Palma Soto et al.,
2024).

Congo red is a diazo dye characterized by a
complex aromatic structure, which makes it
highly stable and resistant to biodegradation.
Due to its toxicity, it has been reported to
exhibit carcinogenic, mutagenic, and adverse
effects on the skin, eyes, respiratory, and
reproductive systems.

Various techniques have been developed for
the removal of dyes from wastewater which
include adsorption (Liu et al, 2022),
flocculation/coagulation (Zhang et al., 2020),
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precipitation (Kumar & Lee, 2021) and reverse
osmosis (Hassan et al., 2022).

Despite their widespread application, these
methods often suffer from limitations such as
high operational costs, incomplete degradation,
and the generation of secondary pollutants,
highlighting the need for more efficient and
sustainable treatment approaches.

In addition, several of these methods remove
dyes primarily through adsorption, meaning the
pollutants remain in the environment in
potentially toxic forms, consequently, attention
has shifted toward the use of low-cost
adsorbents and procedures for wastewater
treatment.

Photocatalysis has emerged as an effective and
environmentally  friendly technique for
wastewater treatment, as it enables the
complete mineralization of organic pollutants
into harmless end products such as CO: and
water. Semiconductor photocatalysts such as
TiO2 generate reactive oxygen species (ROS)
under UV irradiation, which play a crucial role
in the degradation of organic contaminants.
Conventional methods for nanoparticle
synthesis, such as sol-gel, chemical vapor
deposition, hydrothermal treatment, and
precipitation techniques, generally require high
energy input and the use of toxic chemicals as
stabilizing and capping agents (Al Ja’farawy et
al., 2022). Green synthesis approaches, which
utilize biological systems such as plant
extracts, offer a sustainable and eco-friendly
alternative for nanoparticle production. Many
of the phytochemicals, such as flavonoids and
phenols, found in plants extract can reduce and
stabilize nanoparticles, resulting in non-toxic,
biocompatible nanoparticles
(Malkari-Katika & Boddu, 2025). “However,
despite the growing interest in green synthesis
of TiO2 nanoparticles, there is limited research
on the use of Murraya paniculata leaf extract
as a reducing and stabilizing agent.
Furthermore, its effectiveness in enhancing
photocatalytic degradation of Congo red dye



Communication in Physical Sciences, 2026, 13(4): 645-656

has not been extensively explored. Despite the
extensive application of TiO: nanoparticles in
photocatalysis, most synthesis methods rely on
chemical routes that are costly and
environmentally hazardous. Although green
synthesis using plant extracts has gained
attention, there is limited information on the
use of Murraya paniculata for the synthesis of
TiO2 nanoparticles and its effectiveness in
degrading Congo red dye. Therefore, this study
aims to synthesize TiO: nanoparticles using
Murraya paniculata leaf extract as a reducing
and stabilizing agent, characterize the
synthesized nanoparticles, and evaluate their
photocatalytic efficiency for Congo red
degradation. This study provides a cost-
effective, environmentally friendly, and
sustainable approach for wastewater treatment,
contributing to the development of green
nanotechnology for environmental
remediation.

2.0 Materials and Methods
2.1  Reagents and Chemicals

Titanium tetra-isopropoxide, Ti(OCH(CHzs)2)4
(98%), was purchased from Merck, USA.
Absolute ethanol (98%) was obtained from
BDH Chemicals, England, while Congo red
dye was procured from Loba Chemie, India.
Distilled water was obtained from the
university laboratory. All reagents were of
analytical grade and used without further
purification.

2.2  Plant Material
Preparation of Extract

Collection and

Fresh leaves of Murraya paniculata were
collected from the premises of the Federal
University of Technology, Minna, Nigeria. The
leaves were thoroughly washed with tap water
followed by distilled water to get rid of dust and
other surface contaminants prior to being
chopped into small pieces. To extract bioactive
compounds, 50 g of the chopped leaves were
added to a 1 L beaker containing 250 cm® of
distilled water and then heated to 80 °C for 20
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minutes. After cooling, the extract was filtered
using Whatman filter paper No. 1 and the clear
filtrate was wused immediately as a
stabilizing/capping and reducing agent for the
synthesis of TiO; nanoparticles. This method
helps preserve active phytochemicals, which
enhances nanoparticle stability, improves
nucleation efficiency, and ensures better
reproducibility during synthesis.

2.3 Green Synthesis of
Nanoparticles

TiO;

A volume of 60 cm?® of Murraya paniculata leaf
extract was added dropwise to 20 cm? of 0.5
mol/dm? titanium tetra-isopropoxide solution,
followed by the addition of 60 cm?® of ethanol
under continuous stirring at a temperature of 50
°C for 3 hours to ensure effective interaction
between plant phytochemicals and titanium
oxide precursor. Stirring was continued until a
visible colour change was noticed indicating
the formation of nanoparticles. The product
was left to settle and the supernatant was
decanted while the precipitate was washed with
ethanol followed by distilled water until a
neutral pH was obtained. The precipitate was
dried in an oven at 100 °C and subsequently
calcined at 450 °C for 3 hours in a muftle
furnace to enhance crystallinity, remove
residual organic matter, and obtain phase-pure
TiO: nanoparticles (Kaushal ef al., 2025).

The formation of TiO: nanoparticles via the
green synthesis route can be represented by the
following reactions (equations 1 and 2)

Ti(OCH(CHj3)2)4 + 4H20

— Ti(OH)4 + 4(CH3)CHOH (1)
Ti(OH)s — TiO2 +2H20 (2)

2.4 Characterization of TiO:
Nanoparticles

The synthesized TiO: nanoparticles were
characterized using  various analytical
techniques to determine their optical
properties, functional groups, crystallinity,
phase composition, and surface area, all of
which influence photocatalytic performance.
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Fourier = Transform Infrared (FTIR)
spectroscopy was used to determine the surface
functional groups present and to confirm that
phytochemicals from Murraya paniculata
extract contributed to the formation of the
nanoparticles. The FTIR spectra were recorded
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in the range of 500-4000 cm™ using an Alpha
I spectrometer (Bruker). X-ray diffraction
(XRD) analysis was carried out using an
XPERT-3 PXRD instrument with CuKa

radiation (A = 1.54 A) over a 20 range of 10°—
80°.

Plate I: Murraya paniculata Leaves

The double-beam UV-Vis spectrophotometer
(Shimadzu UV-2600, Shimadzu Corporation,
Kyoto, Japan) was used for this work using a
1.0 cm quartz cuvette at room temperature in
ambient lab conditions. To ensure the samples
were not saturated and therefore result in
inaccurate spectral readings, deionized water
was used to prepare sample dilutions. The UV-
Vis absorption data were collected over
spectral range of 200 - 800 nm at a scan rate of
400 nm/min and a bandwidth of 1.0 nm (Kumar
et al, 2023). Surface area analysis was
performed using the Brunauer—Emmett—Teller
(BET) method on a Quantachrome Autosorb-
1Q surface area analyzer.

2.5  Preparation of Congo Red Dye Stock
Solution

A stock solution of Congo red (1000 ppm) was
prepared by dissolving 0.5 g of the dye in 500
cm?® of distilled water in a 1000 mL beaker
under continuous stirring until complete
dissolution. Serial dilution was then performed
to obtain the required working concentrations.

2.6 Photocatalytic Degradation of Congo Red
Dye

Congo red dye was used as a model organic
pollutant to evaluate the photocatalytic activity
of the green-synthesized Ti0O2 nanoparticles. A
known weight (0.2 g) of TiO: nanoparticles
were added to 500 cm?® of a stock solution of
Congo Red (10 mg/L) that had been made in
distilled water. The suspension was stirred in
the dark for 30 minutes to establish adsorption—
desorption equilibrium between the dye
molecules and the catalyst surface. The mixture
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was stirred for approximately half an hour in
the dark using a magnetic stirrer. After
equilibration, the suspension was irradiated
using a 250 W mercury lamp.

At 30-minute intervals, 5 cm® aliquots were
withdrawn, centrifuged, and the supernatant
was analyzed using a UV-Vis
spectrophotometer at 497 nm, corresponding to
the maximum absorption wavelength (Amax) of
Congo red (Narayanaswamy & Ward, 2021;
Landge et al., 2022). The extent of dye
degradation was calculated using equation 3

Degradation (%) = % x 100 3)
absorbance after adsorption

where Ao =
equilibrium and A= absorbance at time t.

3.0
3.1

The XRD analysis carried out on TiO:
nanoparticles is represented by the spectra

Results and Discussion
XRD analysis of TiOz nanoparticles
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shown in Fig. 1. The X-ray diffraction (XRD)
pattern of the green-synthesized titanium
dioxide (TiO:) nanoparticles provides clear
insight into their crystalline structure, phase
composition, and overall quality. The
diffraction profile displays a series of sharp and
well-defined peaks across the 20 range of 10°

to 80° indicating that the synthesized
nanomaterial possesses a high degree of
crystallinity.

The prominent diffraction peaks observed at
approximately 25.3°, 37.8°,48.0°, 54.0°, 56.0°,
and 62.7° are indexed to the crystallographic
planes (101), (004), (200), (105), (211), and
(204), respectively. These reflections are
characteristic of the anatase phase of TiO2 and
are in excellent agreement with the standard
reference pattern (JCPDS Card No. 21-1272).
The strong intensity of the (101) peak at around
25.3° further confirms that anatase is the
dominant crystalline phase in the sample.

TiO, Nps|

(200)

2Theta (degree)
Fig. 1: XRD Pattern of TiO2 Nanoparticles

Importantly, no additional diffraction peaks
corresponding to other polymorphs such as
rutile or brookite are detected in the pattern.
This absence of secondary phase peaks
indicates that the synthesized nanoparticles are
phase-pure and that the green synthesis route

employed is effective in selectively producing
the anatase structure. The narrow peak widths
and high intensities also suggest that the
nanoparticles are well crystallized, with
minimal structural defects.
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The consistency of these findings with
previously reported studies on plant-mediated
synthesis of TiO: nanoparticles further
validates the reliability of the method used.
Similar diffraction patterns have been
documented in the literature, confirming that
green synthesis approaches typically favor the
formation of pure anatase TiO..

From an application standpoint, the
predominance of the anatase phase is highly
advantageous, particularly for catalytic and
photocatalytic processes. Anatase TiO: is
known for its relatively high surface area,
which provides more active sites for reactions,
as well as its superior charge separation
efficiency, which reduces electron—hole
recombination. These properties collectively
enhance its effectiveness in applications such

Transmittance

440
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as pollutant degradation and environmental
remediation.

The crystallite size, which provides
information about the nanoscale structural
characteristics was calculated using the Debye-
Scherrer equation and was found to be 18.4 nm
(Yang et al., 2022).

A

~ Bcose )
where D is the average crystallite size (in nm),
K is the Scherrer constant (typically 0.9), A is
the X-ray wavelength (1.5406 A), B is the full
width at half maximum of the most intense
diffraction peak (in radians) and 6 is the
Bragg’s angle (in degrees).

3.2 FTIR Analysis of TiO: Nanoparticles

Fig. 2 represents the FTIR spectra of the green
synthesized titanium oxide nanoparticles

T T T
4060 2500 S0 2560

T T T T
26040 15043 10430 S0

Wavenumber {cm™ '}

Fig. 2: FTIR Spectra of TiO2 Nanoparticles

The FTIR spectrum of the green-synthesised
Ti0:2 nanoparticles shown in Fig. 2 displays the
FTIR spectrum of the TiO- nanoparticles. The
broad absorption band observed at 3200-3500
cm™! is attributed to O—H stretching vibrations,
indicating the presence of surface hydroxyl
groups, which play a significant role in

photocatalytic reactions. This observation is
consistent with reports by Koppala et al.
(2021), which highlight the role of hydroxyl
groups in enhancing surface reactivity of plant-
mediated nanoparticles. The absorption band
at 2885 cm™ is attributed to C—H stretching
vibrations associated with organic compounds
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such as phenolics, flavonoids, and other
biomolecules present in the plant extract. These
biomolecules act as reducing and stabilizing
agents  during nanoparticle  synthesis.
Functional groups such as —OH and —-NH
present in these biomolecules contribute to the
reduction of Ti** ions and stabilization of the
synthesized nanoparticles, thereby preventing
agglomeration.

The band observed at 1600-1650 cm™ is
assigned to C=0 stretching vibrations. Similar
observations have been reported for plant-
mediated TiO: nanoparticles synthesized using
Azadirachta indica and Camellia sinensis,
where  phytochemicals  contribute  to
nanoparticle stabilization (Quintanilla-
Villanueva et al., 2025). These residual
organic  species may also  enhance
photocatalytic  activity by acting as
photosensitizers. ~ The  absorption  band
observed around 1125 cm™ is associated with
Ti—O-Ti stretching vibrations, indicating the
formation of TiO2 nanoparticles. All observed
peaks are consistent with previous reports on
green-synthesized TiO2 nanoparticles.

Table 1 summarizes the BET analysis of the
synthesized TiO: nanoparticles. The specific
surface area was determined using the BET
method, while the pore size and pore volume
were obtained from Barrett—Joyner—Halenda
(BJH) plots. The specific surface area was
found to be 235.505 m?*/g, indicating a large
number of active sites available for
photocatalytic activity. The average pore
diameter was 2.128 nm, suggesting a
mesoporous structure in accordance with
ITUPAC classification (2—50 nm) (Deliza et al.,
2025). Furthermore, the pore volume of 0.132
cm’/g confirms the presence of a well-
developed porous network, which enhances the
textural properties of the nanoparticles, likely
due to the influence of plant-derived
phytochemicals during synthesis.

Table 1: Summary of BET Analysis

S/N  Parameter Value

1 Surface area 235.505 m?/g
2 Pore size 2. 128 nm

3 Pore volume 0.132 cm’/g

3.4 UV-Visible Spectroscopic Analysis of
Tio;

Fig. 3 shows the UV-vis spectra of the green
synthesized TiO2 nanoparticles

3.3  Brunauer-Emmett-Teller (BET)
Analysis  of the Synthesized TiO;
Nanoparticles
25
256
2.0
S 15|
8
o
3 1.0
<C
0.5 |

Amax = 256 nm
ABS = 0.561

240 260 280
Wavelength

300 320 300 320

Fig. 3: UV-Visible Spectrophotometer Absorption Graph

From Fig. 3, A distinct absorption peak is

observed at 256 nm with an absorbance of

0.561, located in the ultraviolet region of the
spectrum. This peak corresponds to the
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characteristic electronic transition in TiO2,
attributed to charge transfer from the valence
band (O 2p) to the conduction band (Ti 3d).
The observed absorption at 256 nm indicates a
blue shift relative to bulk TiO2, which is
commonly associated with reduced particle
size and quantum confinement effects. Similar
findings were reported by Saini & Kumar
(2023), who observed absorption maxima
between 250 and 280 nm for plant-mediated
TiO:2 nanoparticles and the optical stability of
TiO2 nanoparticles synthesized utilizing plant
extracts. This suggests that phytochemical
constituents of the plant extract effectively

0.5

0.4

Absorbance (A)

0.2
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facilitated the reduction and stabilization of Ti
species during synthesis, contributing to the
observed optical properties.

3.5  Photocatalytic Degradation of Congo
Red Dye

Figs 4 and 5 show a progressive decrease in
absorbance with increasing irradiation time,
indicating the degradation of Congo red dye in

the presence of the photocatalyst. This
reduction 1in absorbance confirms the
photocatalytic efficiency of the green-

synthesized TiO: nanoparticles.

Absorbance (A)

(0] 20 40

60 80 100 120

Time (min)

Fig. 4: Variation of Absorbance with Respect to Time for the Photocatalytic Degradation of
Congo Red Dye Under UV Irradiation Using Green-Synthesised TiO2 Nanoparticles
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50
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Fig. 5: Photocatalytic Degradation Efficiency of TiO2 Nanoparticles with Respect to Time

From. Fig 4 and 5, the absorbance values
decreased progressively with increase in
irradiation time, signifying the breakdown of

dye molecules
photocatalyst. The absorbance and degradation
efficiency is shown in Figs 4 and 5. The

in the presence of the



Communication in Physical Sciences, 2026, 13(4): 645-656

observed reduction in absorbance intensity
with increase in time indicate the progressive
degradation of Congo Red, confirming the
photocatalytic efficiency of the green-
synthesised TiO: nanoparticles attributable to
the synergy of the high surface area, nano-
crystalline structure and presence of surface
hydroxyl moieties as evident in the
characterization results. The absorbance
decreased from an initial value of 0.575 to
0.155 over 120 minutes of irradiation,
corresponding to a maximum degradation
efficiency of 73%. Under UV irradiation, TiO:
generates electron—hole pairs, which react with
water and dissolved oxygen to produce reactive
oxygen species (ROS) such as hydroxyl
radicals (*OH) and superoxide radicals (O2¢").
These reactive species attack the azo bonds (—
N=N-) and aromatic structures of Congo red,
leading to its degradation into less harmful
products.

A plateau in degradation efficiency at longer
irradiation times may be attributed to a reduced
reaction rate due to the decreased concentration
of the dye.

4.0  Conclusion

The present study successfully demonstrated
the green synthesis of titanium dioxide (TiO-)
nanoparticles using Murraya paniculata leaf
extract as a sustainable and environmentally
friendly approach. The plant extract effectively
served as both a reducing and stabilizing agent,
enabling nanoparticle formation without the
use of hazardous chemicals associated with
conventional synthesis methods.
Comprehensive characterization confirmed the
successful synthesis of TiO: nanoparticles.
FTIR analysis revealed the presence of Ti—O—
Ti functional groups, while XRD results
indicated a predominantly anatase phase with
good crystallinity and phase purity. BET
analysis showed a high specific surface area
(235.505 m?/g) and a mesoporous structure, as
supported by the pore size and pore volume
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results. Furthermore, UV—Vis spectroscopy
demonstrated strong absorption in the
ultraviolet region, consistent with the expected
optical properties of TiO: and its suitability for
photocatalytic applications.

The photocatalytic activity of the synthesized
nanoparticles was evaluated using Congo red
dye as a model pollutant. The TiO:
nanoparticles  achieved a  degradation
efficiency of 73.0% within 120 minutes under
UV irradiation. This performance can be
attributed to the high surface area, nanoscale
crystallinity, and the presence of surface
hydroxyl groups, which enhance the generation
of reactive species during photocatalysis.
Although the degradation efficiency is slightly
lower than that reported for doped or composite
TiO: systems, the present approach offers a
simple, cost-effective, and environmentally
benign alternative. Overall, the findings
indicate that Murraya paniculata-mediated
Ti0:2 nanoparticles possess significant potential
for application in sustainable wastewater
treatment and environmental remediation.
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