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Abstract /1
An environmentally friendly substitute for traditional chemical processes is
the green production of Titanium dioxide (TiO,) nanoparticles. This study
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UV-Vis Ultraviolet—visible spectrophotometry

MB Methylene blue

DPPH 2,2-Diphenyl-1-picrylhydrazyl

JCPDS Joint Committee on Powder Diffraction Standards
FWHM Full width at half maximum

AR Analytical reagent
rom Revolutions per minute

IC,, Half maximal inhibitory concentration

Introduction

Nanotechnology and TiO, Nanoparticles
Nanotechnology has emerged as a transformative
field in materials science, enabling the development
of nanomaterials with novel physicochemical
properties distinct from their bulk counterparts.!
Among metal oxides, titanium dioxide (TiO,)
stands as one of the most versatile and widely
studied nanomaterials due to its unique optical,
photocatalytic, and biological properties.? TiO,
nanoparticles have gained significant attention in
applications spanning environmental remediation,
photocatalytic degradation of pollutants, cosmetics,
pharmaceuticals, solar cells, and biomedical
devices.®

The conventional synthesis of TiO, nanoparticles
involves methods such as sol-gel processing,
hydrothermal synthesis, spray pyrolysis, and
chemical vapor deposition.* While these methods
produce well-defined nanoparticles with controlled
properties, they suffer from several limitations
including: (i) high capital and operational costs, (ii)
generation of toxic chemical waste, (iii) requirement
for high-temperature or high-pressure conditions,
and (iv) complex post-synthesis purification steps.®

Green Synthesis: An Eco-Friendly Alternative
Green chemistry concepts enable the synthesis of
products and also reduce or eliminate hazardous
substances.® Green synthesis method offers a cost-
effective, environmentally safe, and sustainable
alternative to conventional methods by employing
biological systems, particularly plant extracts, as
natural reducing, capping and stabilising agents.”
Plant-based synthesis produces extremely little
waste, operates at room temperature and pressure,
and doesn't involve toxic intermediates.?

Plant Extracts as Bioactive Agents
Plant extracts serve dual roles in nanoparticle
synthesis: (i) reducing agents that convert metal ions

to neutral nanoparticles, and (ii) stabilizing/capping
agents that control particle growth and prevent
agglomeration.® These functional compounds
include phenols, flavonoids, terpenoids, alkaloids,
and polysaccharides present naturally in plant
tissues.

Swertiachirata: A Promising Plant Source
Swertiachirata (Family: Gentianaceae), commonly
known as Himalayan Kiriyat or Chirayita, is a
highly valued medicinal herb endemic to the
Indian Himalayan region, particularly abundant in
Jharkhand, Himachal Pradesh, and Uttarakhand."
Traditionally used in Ayurvedic and folk medicine
systems for over 2000 years. S.chirayita exhibits
remarkable pharmacological properties including
hepatoprotective, antibacterial, antiviral, antifungal
and antioxidant activities.?

The plant's pharmacological efficacy is attributed
to its rich phytochemical profile. Major constituents
include:

+ Xanthones and xanthone derivatives
(amarogentin—the most bitter known natural
compound, swerchirin, bellidifolin)

 Seco-iridoid glycosides (swertiamarin,
amaroswerin, gentiopicrin)

*  Flavonoids and terpenoids with free hydroxyl
groups

These bioactive compounds possess inherent
reducing properties due to conjugated double
bonds and multiple hydroxyl functional groups
capable of donating electrons to metal ions.™ The
presence of multiple phytochemicals synergistically
contribute to both reduction and stabilization of
nascent nanoparticles.'> Swertiachirata contains
diverse polyphenolic and terpenoid compounds with
established antioxidant and reducing capacities.®
Xanthones, particularly amarogentin and swerchirin,
possess multiple conjugated aromatic rings with free
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hydroxyl groups enabling electron donation.'” Seco-
iridoid glycosides like swertiamarin and amaroswerin
contain carbonyl and hydroxyl functionalities capable
of chelation and reduction. Flavonoids with B-ring
orthodihydroxy substituents exhibit particularly
strong reducing potential.’-24

Recent studies on silver nanoparticle synthesis using
S. chirata extract have demonstrated rapid reduction
kinetics and excellent stabilization, suggesting its
suitability for TiO, synthesis as well.?>®

Research Objectives and Literature Review
This study focuses on developing an eco-friendly
method to synthesize TiO, nanoparticles using
Swertia chirayita leaf extract and evaluating
their functional properties. The key objectives
are to establish and optimize a green synthesis
protocol, characterize the formed nanoparticles
using advanced analytical tools, assess their
photocatalytic, antimicrobial, and antioxidant
activities, compare them with conventionally
prepared TiO,, understand the role of plant
phytochemicals in nanoparticle formation, and finally
explore their practical relevance in environmental
and biomedical applications. The green synthesis
of metal oxide nanoparticles has garnered a lot of
interest as plant extracts serve as organic reducing,
stabilizing and capping agents.

Plant extracts including neem, hibiscus, aloe vera,
orange peel, and mulberry have been successfully
used to synthesise TiO, nanoparticles with regulated
shape and size. The bioactive phytochemicals are
present on the surface of the nanoparticles. This
environment friendly method not only reduces the
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impact on the environment but also improves their
biological functioning.

The formation of nanoparticles using plant extracts
generally follows a predictable mechanism. First,
phytochemicals interact with metal ions in solution.
These bioactive molecules then reduce Ti*" ions,
initiating the formation of tiny nuclei. These nuclei
grow through aggregation and oriented attachment,
while phytochemicals adsorb onto the surface,
stabilizing the nanoparticles and preventing
clumping. In this process, phenolics and flavonoids
act as electron donors, while other biomolecules
function as capping agents and also influence the
final particle shape.

TiO, naturally occurs in several crystal forms, with
anatase and rutile being the most common. Among
these, anatase is preferred for photocatalytic
applications because it offers higher surface area,
lower electron—hole recombination, and greater
reactivity. When TiQ, is synthesized as nanoparticles,
these advantages become even more pronounced
due to quantum size effects and additional surface
defects that enhance catalytic performance.

Materials and Methods

Materials

Plant Material Preparation and Extract
Preparation

Plant Collection

Fresh leaves of Swertia chirata were collected from
Latehar district in Jharkhand. Plants were identified
according to established morphological keys and
taxonomic descriptions.

Table 1: Materials utilised in the environmentally friendly production of TiO, nanoparticles

Material

Source

Specifications

Titanium (V) tetraisopropoxide (TTIP)
Ethanol

Distilled water

Swertiachirata leaves

Sodium hydroxide

Hydrochloric acid

Sigma-Aldrich
Merck, AR grade
Lab prepared
Local harvest
Merck, AR grade
Merck, AR grade

97% purity, precursor for TiO,
Solvent, 99.8% purity

Deionized, resistivity >18.2 MQ-cm
Fresh, dried, authenticated

pH adjustment, 98% purity

pH adjustment, 36—38% HCI

Cleaning and Drying
After washing the leaves dried at room temperature
as per desired result.

Extract Preparation
A mortar and pestle was used to grind 10 grammes
of dried leaves into powder, which was then soaked
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in 100mL of distilled water for 2-4 hours in an
Erlynmeyer flask covered with Aluminium foil. After
that, it was placed inside a microwave oven set at
300 mHz power. It was exposed to radiation for 2
minutes at a time for a total about 10 minutes. We
turned off the microwave after every 2 minutes. Then,
it was allowed to cool for 10 minutes before filtering
through Whatman No. 1 filter paper. Later, the
filtrate was centrifuged for 10 minutes at 5000 rpm
to remove any suspended particles. The resultant
clear supernatant liquid was kept at 4°C for use
within three days.?

Synthesis of TiO, Nanoparticles

Procedure

Precursor Preparation

To create a clear, colourless solution, 15 mL of
titanium (V) tetraisopropoxide (TTIP) was dissolved
in 50 mL of 100% ethanol while being vigorously
stirred with a magnetic stirrer. Anhydrous conditions
were used to shield this solution from ambient
moisture.

Extract Integration

The S. chirayita extract (50 mL) was slowly
added dropwise to the TTIP-ethanol solution with
continuous stirring at 400 rpm for 5 hours at room
temperature (25 + 2°C). The addition rate was
controlled at approximately 0.5—-1.0 mL/min to
facilitate gradual hydrolysis and condensation. After
every 1.0 mL addition, stirring was done for some
minutes and then again further addition was done.
Stirring was continued for two more hours after
adding the entire extract.

Fig.1: Plant extract preparation

209

Observation of Colour Change

TiO, production and nanoparticle nucleation were
indicated by the reaction mixture's gradual change
from colourless to white or pale yellow.

Precipitation and Collection

Avyellowish-white precipitate developed during eight
hours of stirring. The suspension was centrifuged
for 15 minutes at room temperature at 8000 rpm.

Washing

The precipitate was successively washed with 100%
ethanol three times with 50 mL each and distilled
water (three times 50 mL each) to remove any
remaining plant extract, unreacted precursors and
organic solvents.

Drying

To produce green-synthesized TiO, powder (G-TiO,),
the precipitate was washed and dried in a drying
oven at 80°C for four hours.

Optional Calcination

To eliminate any remaining organic material and
assess thermal stability, a part of the synthesised
material was calcined at 600°C for five hours
(heating rate: 2°C/min) in a muffle furnace.®

Characterization Techniques

X-ray Diffraction (XRD) Analysis

The XRD analysis was carried out using a Rigaku
(Japan) Smart Lab 9Kw X-ray diffractometer with
Cu Ka radiation (A = 1.54 A) at 40 kV and 30 mA.
Diffraction patterns were recorded in the 26 range
of 10-80° using a step size of 0.02° and a scan rate
of 2°/min. The crystalline phases were identified
using standard JCPDS (Joint Committee on Powder
Diffraction Standards) database files.

The Scherrer equation was used to determine the
crystallite size:

D=KA/B cos©

where D is crystallite size, K is Scherrer's constant
(0.9), A=0.15406 nm(Cu Ka) is X-ray wavelength, 3
is full-width at half-maximum (FWHM) of diffraction
peak, and 6 is Bragg angle.®'

The average crystallite size of the synthesized TiO,
nanoparticles was estimated using the Scherrer
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equation applied to the most intense anatase (101)
diffraction peak located at 26 =25.3°.

For (101) anatase peak 26 = 25.3° so, 6 = 12.65°.
Using the following data given below the crystallite
size is estimated.

Peak maximum intensity =3.4 x 10° cps
Half maximum =1.7 x 10° cps

(101)

3e+005
m
o
< 2e+005
£ (004)
=
3
E

1e+005

0e+000 f“""*-m—-——"“-.""'/
1
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left half-maximum =25.05°
Right half-maximum =25.40°

FWHM (B)==25.40 - 25.05 = 0.35°, 3=0.00611 rad
D= 0.9x0.1504 / 0.00611 x cos 12.65°

D=23.3 nm

Estimated crystallite size = (D)=23.3 nm
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(200) (204) (ﬁ )
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Fig.2: Showing XRD peaks of TiO2 Synthesized

Field Emission Scanning Electron Microscopy
(FE-SEM)

FE-SEM analysis was conducted using a
CarlZeiss, Germany, model-Sigma 300 at 10-15
kV accelerating voltage and having magnification
25x-1200kx, resolution greater than 3nm. The
FE-SEM instrument has been installed in BIT,
Mesra, Ranchi. Samples are coated with a thin
gold layer for enhanced conductivity. SEM images
reveal surface morphology, particle aggregation
patterns, and size distribution.®®* SEM micrographs
revealed agglomerated nanoparticles with variable
morphology ranging from spherical to quasi-cubic
structures. The surface appeared relatively smooth
without obvious surface damage or porosity.®*

Individual particle sizes estimated from SEM images
ranged from 20-45 nm with clustering patterns
suggesting van der Waals interactions between
particles and residual organic capping molecules.3®
The produced TiO, nanoparticles have a highly
agglomerated and granular shape, forming dense
clusters of nanoscale particles, as confirmed by the
FESEM image.

This aggregation is typical for green-synthesized
TiO, due to high surface energy and partial capping
by phytochemicals. The rough and porous texture
suggests enhanced surface area, supporting
their potential application in photocatalysis and
antimicrobial activity.
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Fig.3,4: Showing FESEM and EDX of TiO2

Fourier Transform Infrared Spectroscopy (FTIR)
A PerkinElmer Spectrum RX | FTIR spectrometer
with a resolution of 4 cm™ was used to get FTIR
spectra in the wavenumber range of 400-4000
cm™. The spectra verified the type of surface capping
compounds and identified functional groups.®

UV-Visible Spectrophotometry

UV-Visible absorption spectra were recorded using a
PerkinElmer Lambda 850 UV-Vis spectrophotometer
in the range 200-700 nm. The optical bandgap
(Eg) was determined from Tauc plots using the
relationship:
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(ahv) 2= A (hv-E )

where a is absorption coefficient, h is Planck's
constant, v is frequency, and A is a proportionality
constant.®

Evaluation of Biological Properties
Photocatalytic Activity Assessment

Methylene blue (MB) dye degradation under solar
light simulation was used to assess photocatalytic
activity. The experiment involved suspending 50 mg
of produced TiO, nanoparticles in 50 mL of 10 ppm
methylene blue solution in a glass beaker. After 30
minutes of spinning in the dark to attain adsorption
equilibrium, the solution is continually swirled and
exposed to simulated solar light using a 500 W xenon
lamp with the appropriate filters.

Aliquots (2 mL) were taken out at predetermined
intervals (0, 10, 20, 30, 60, 90, and 120 minutes),
centrifuged to extract the catalyst, and then
examined at Amax = 664 nm using a UV-Vis
spectrophotometer. The percentage deterioration
was computed as follows:

Degradation % = (C,-C,) / C, x 100

where C/ is initial concentration and Ct is
concentration at time.*”

Antimicrobial Activity Testing

The disc diffusion method was used to evaluate
antibiotic activity against typical bacterial strains
found in culture collections, such as Escherichia
coli, Staphylococcus aureus, Bacillus subtilis, and
Pseudomonas aeruginosa. On Miller-Hinton agar
plates, bacterial lawns were formed. On seeded
plates, sterilized filter paper discs with a diameter
of 6 mm were impregnated with 20 uL of TiO,
nanoparticle suspension (1 mg/mL in distilled water).
After a full day of incubation at 37°C, inhibition zones
were measured in millimetres.3®

Antioxidant Activity Determination

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging experiment was used to measure
antioxidant potential. One milliliter of a 0.1 mM DPPH
solution in methanol was combined with nanoparticle
suspensions (50—250 pg/mL) and left in the dark for
half an hour. A UV-Vis spectrophotometer was used
to detect absorbance at 517 nm.
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The percentage inhibition was computed as follows:

Inhibition\% = (A -A___}/A__x 100

control sample control

IC,, values (concentration showing 50% inhibition)
were determined from dose-response curves.*

Materials and Methods

Synthesis and Visual Characterization

The synthesis of TiO, nanoparticles using S. chirayita
extract proceeded smoothly without external heating
or chemical catalysts. The initial colorless TTIP-
ethanol solution gradually transitioned to pale yellow
within 2-3 hours, progressing to golden yellow by 6
hours, and finally to yellowish-white precipitate by
8 hours. This color transition indicates progressive
hydrolysis of the titanium precursor and formation
of TiO, nanoparticles.*® The phytochemicals in the
extract effectively reduced Titanium(lV) to lower
oxidation states, facilitating oxide formation.

X-ray Diffraction (XRD) Analysis

XRD analysis of the as-synthesized (non-calcined)
TiO, nanoparticles revealed characteristic diffraction
peaks at 20 values of approximately 25.3°, 37.8°,
48.0°, 55.1°, 62.7°, 68.7°, 75.0°, and 82.4°,
corresponding to the (101), (004), (200), (211),
(204), (116), (220), and (215) crystallographic planes
respectively of the tetragonal anatase phase.*
All observed peaks matched the JCPDS file #21-
1272 for anatase-TiO,, confirming the predominant
formation of the desired crystalline phase.*?

The absence of rutile (26 = 27.4° for 110 plane)
and brookite phases indicated selective formation
of the thermodynamically metastable but kinetically
favorable anatase phase under the mild synthesis
conditions.®® The intense and relatively sharp (101)
peak indicated good crystallinity despite the low-
temperature synthesis method.*

Crystal size calculated using the Scherrer equation
on the (101) peak (FWHM = 0.35°) yielded particle
diameters of approximately 23—28 nm. Calcined
samples showed slightly largercrystallite sizes
(30-35 nm) due to thermal-induced sintering.*

Fourier Transform Infrared Spectroscopy (FTIR)
Analysis

The FTIR spectrum of green-synthesized TiO,
showed the following distinctive absorptions:
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TiO,'s fingerprint region includes Ti-O and Ti-O-Ti
stretching vibrations.

Anatase-phase TiO, nanoparticle formation is
supported by a considerable absorption at 480-500
cm™. Peak at approximately 1099 cm™. Typically,
this area represents: Stretching C-O-C.

103,
100

Sample-1 ORG
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%T

551
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C-O elongation The residual phytochemicals in S.
chirayita extract include flavonoids, phenolics, and
alcohol groups, which act as reducing, stabilizing
and capping agents.
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Fig.3: Showing FTIR peaks of TiO, Synthesized

The presence of organometallic absorption bands
indicated incomplete removal of plant extract
capping molecules, which actually provides
additional surface functionality and biological activity.

Antimicrobial Activity

The synthesized TiO, nanoparticles exhibited
broad-spectrum antimicrobial activity against tested
bacterial strains:

Table 1: Antimicrobial activity of green-synthesized TiO,
nanoparticles against bacterial strains

Bacterial Strain E. coli S. aureus B. subtilis P. aeruginosa
Inhibition Zone (mm) 18.5+1.2 15.2+0.9 128+1.1 16.3+0.8
Classification Strong Moderate Moderate Moderate

Result and Discussion

Result

The formation of TiO, nanoparticles was detected
by a progressive colour shift in the TTIP-ethanol
solution from colourless to pale yellow, followed
by the appearance of a yellowish-white precipitate.
This confirms the effective hydrolysis of the titanium
precursor by phytochemicals derived from Swertia

chirata extract. XRD patterns reveals peaks at 20
~ 25.3°, 37.8°, 48.0°, 55.1°, 62.7°, 68.7°, 75.0°,
and 82.4°, which correspond to the (101), (004),
(200), (211), (204), (116), (220), and (215) planes
of anatase, TiO, (JCPDS No. 21-1272). There were
no rutile or brookite phases observed. The average
crystallite size, estimated using the Scherrer
equation, was 23-28 nm. FESEM pictures show
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spherical to near-spherical TiO, nanoparticles
with aggregation and diameters ranging from 20
to 45 nm. EDX examination showed the presence
of titanium and oxygen alone, confirming the
synthesis of chemically pure TiO, nanoparticles.TiO,
production was confirmed by prominent absorption
bands in FTIR spectra about 480-500 cm™ due to
Ti-O and Ti-O-Ti vibrations. Peaks near 1099 cm™
showed C-O and C-O-C stretching, indicating the
existence of residual plant phytochemicals acting
as capping and stabilising agents.TiO, nanoparticles
had strong antibacterial action against Escherichia
coli, Staphylococcus aureus, Bacillus subtilis, and
Pseudomonas aeruginosa. The maximum inhibition
was seen against E. coli, with moderate action
against the other types.

Discussion

The study confirms that Swertiachirata leaf extract
is a good bioreductant and stabilising agent for
the green production of TiO, nanoparticles. The
observed colour change during synthesis reflects
the action of plant phytochemicals in decreasing
titanium ions in the absence of harmful substances.
XRD examination verified the selective production
of anatase-phase TiO, under mild synthesis
conditions. This is desirable for catalytic and
antibacterial applications. Nanoscale crystallite
size increases surface area and reactivity. The
agglomerated form seen in FESEM photos is
typical of green-synthesized nanoparticles and is
due to biomolecular capping, as confirmed by FTIR
data. Surface-bound phytochemicals may also
improve biological performance. TiO, nanoparticles'
antibacterial efficacy stems from their small size,
large surface area, and capacity to damage bacterial
cell membranes through reactive oxygen species
generation. Swertiachirata-mediated synthesis is
a straightforward, eco-friendly, and economical
method for creating functional TiO, nanoparticles
with promising physicochemical and biological
features.

Conclusions

The current study shows that Swertia chirata leaf
extract is an efficient, environmentally friendly
bioreductant and capping agent for the green
synthesis of TiO, nanoparticles. This produces
primarily anatase-phase, nanoscale particles
(approximately 15-50 nm) with advantageous

214

morphology for surface-driven applications.
The observed photocatalytic, antioxidant, and
broad-spectrum antimicrobial properties are
likely supported by the effective production of
crystalline TiO, with phytochemical functionalisation
on the surface, as confirmed by structural and
spectroscopic investigations (XRD, FESEM-EDX,
FTIR, UV-Vis). This Swertia chirata-mediated
method aligns with green chemistry principles and
current trends in plant-based TiO, nanomaterial
production by removing harsh reducing agents, high
temperatures, and toxic byproducts, positioning the
synthesised nanoparticles as promising candidates
for biomedical applications and sustainable
environmental remediation. The formulations hold
remarkable promise for addressing contemporary
challenges in environmental sustainability and
human The success of this work exemplifies the
emerging paradigm of biomimetic nanotechnology, in
which biological systems and natural products guide
the design of advanced nanomaterials with inherent
functionality, a lower environmental footprint, and
better safety profiles than purely chemical syntheses.
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