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Abstract

This research paper explores the synthesis,
characterization, and applications of zinc oxide
(Ti02 — ZnO) nanomaterials, with a focus on
their antimicrobial properties and potential use
in textiles. The study details the successful
synthesis of 770y — ZnO nanoparticles using the
traditional Ayurvedic method of Bhasmikaran, a
process involving purification and incineration
to transform zinc into a bioavailable form. The
resulting nanomaterials were characterized using a
range of modern analytical techniques, including
DRS-UV-visible spectroscopy, X-ray diffraction
(XRD), scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX), Fourier
transform infrared spectroscopy (FI-IR), Raman
spectroscopy, photoluminescence spectroscopy,
and transmission electron microscopy (TEM). The
antimicrobial activity of the synthesized 70Oy — ZnO
nanoparticles was evaluated, demonstrating their
effectiveness against various microorganisms, which
is crucial for textile applications. Furthermore, the
study investigated the application of 7702 — ZnO
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nanomaterials in textiles by assessing their impact
on crease recovery, stiffness, and tearing strength,
highlighting the potential of 7702 — ZnO to enhance
fabric performance and impart antimicrobial
properties.
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1 Introduction

The synergetic effectiveness of nanomaterials,
particularly titanium dioxide-zinc oxide (TiO2-ZnO)
nanocomposites, in antimicrobial activity presents a
promising avenue for advanced textile applications.
The combination of TiO; and ZnO leverages the
unique properties of each component, resulting in
enhanced antimicrobial performance compared to
individual nanomaterials. TiOy, upon UV irradiation,
generates reactive oxygen species (ROS) that damage
bacterial cell membranes, while ZnO exhibits
antimicrobial activity through the release of zinc
ions and ROS generation, even in the absence of
UV light. The synergetic effect arises from the
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complementary mechanisms of these nanomaterials.
TiO; enhances the photocatalytic activity, facilitating
efficient ROS generation, while ZnO’s broader
activity spectrum ensures antimicrobial efficacy
under various conditions. This combination offers a
dual-action approach, addressing a wider range of
microorganisms and mitigating potential resistance
development [1-9].

In textile applications, TiO2-ZnO nanocomposites
can be incorporated via padding, coating, or fiber
modification, imparting durable antimicrobial
properties. These treated textiles find applications in
healthcare, sportswear, and protective clothing, where
microbial control is crucial. The nanocomposites’
ability to inhibit bacterial growth and odor generation
enhances the hygiene and longevity of textiles,
contributing to improved user comfort and safety.

Furthermore, the synergetic effect of TiO2-ZnO
nanocomposites extends to self-cleaning and
UV-protective properties, adding multifunctional
benefits to textiles. The photocatalytic activity of TiO
aids in the degradation of organic pollutants, while
both materials offer UV absorption, safeguarding the
fabric and the user from harmful UV radiation. The
development of TiO-ZnO nanocomposite-treated
textiles offers a sustainable and efficient approach to
antimicrobial applications, addressing the growing
demand for hygienic and functional textiles. The
synergetic effectiveness of these nanomaterials
provides a versatile platform for innovation in textile
technology [10-17].

2 Experimental section

2.1 Synthesis of TiO; nanoparticles

Sudhir Arbuj et al. propose a synthesis of TiO,
nanoparticles by the simple precipitation method
using titanium chloride as a precursor. Initially, one
mole of titanium chloride was added to 35 mL ice-cold
DI water in a 500 mL round-bottom flask. 10 mL
ammonia solution was added dropwise to the above
solution with constant stirring. The resultant product
was thoroughly washed with ample distilled water
to remove chloride ions. Finally, titanium hydroxide
was dried at 110°C for 2 hours. The resultant powder
was converted to TiO2 nanoparticles by calcination in
a muffle furnace at 400°C for 4 hours [18-21].

2.2 Synthesis of Jasad Bhasma ZnO nanoparticles

Jasad Bhasma, a zinc-based Ayurvedic formulation, is
synthesized through the Bhasmikaran process, which
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transforms zinc into bioavailable ZnO nanoparticles.
The process begins with Shodhan (purification),
where raw zinc is repeatedly heated and quenched
21 times in liquids such as cow’s milk, buttermilk, or
Triphala decoction to eliminate impurities and enhance
therapeutic properties. Following purification, the
Marana (incineration) process is carried out. The
purified zinc is triturated with herbal extracts like
Aloe vera juice to form a fine paste. This paste
is then dried and subjected to repeated controlled
heating in earthen crucibles (Sharava Samputa)
using a traditional furnace (Puta system). Through
multiple heating and cooling cycles, metallic zinc
undergoes oxidation, leading to the formation of ZnO
nanoparticles. Modern analytical techniques such as
X-ray diffraction (XRD) and electron microscopy (SEM,
TEM) confirm the nanoscale structure and purity of
the final product. This Ayurvedic synthesis method
ensures high bioavailability and stability, making
Jasad Bhasma a potent natural nanomedicine with
antimicrobial, wound-healing, and immune-boosting
properties [22-26].

2.3 Synthesis of TiO2-ZnO nanocomposite

The process commenced with the synthesis of TiOy
NPs using simple hydrolysis of titanium chloride. The
ZnO powder Jasad Bhasma was homogeneously mixed
with TiO; at concentrations 10% using a mortar and
pestle to ensure an even distribution of TiO; ions
throughout ZnO. The mixture was then thoroughly
ground for 3 h to achieve uniformity. Subsequent to
this, the composite powder was annealed at 450°C
for 4 h, promote the incorporation of TiO; into the
ZnQO. This resulted in the formation of TiOy- ZnO
nanocomposites. The synthesized nanocomposites
were stored for further characterization and for further
potential applications [27-41].

2.4 Characterization study

Characterizing nanomaterials is essential to assess
their size, shape, surface charge, and morphology,
as they are invisible to the naked eye and require
advanced techniques. Various spectroscopic and
microscopic methods help confirm their structure
and origin. The choice of characterization techniques
depends on the intended applications of the
nanomaterials. In this study, black-colored particles
and fine white powder were obtained. X-ray diffraction
(XRD) is used to analyze the crystal structures of TiO;
nanomaterials, while scanning electron microscopy
(SEM) examines their surface morphology. Energy
dispersive X-ray spectroscopy (EDAX) identifies the
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elemental composition of composites. Additionally,
UV-Vis-NIR spectroscopy investigates the optical
absorbance of TiOy within the 200-800 nm wavelength
range [42-51].

3 Results and Discussion

3.1 DRS-UV-visible analysis

The diffuse reflectance spectroscopy (DRS) UV-Visible
analysis of TiO»-ZnO nanomaterials was performed
at Jaysingpur College, Jaysingpur, India. using a
Jasco Spectrophotometer Model V-770. This analysis
was conducted to investigate the optical properties of
the synthesized TiO2-ZnO nanomaterials, specifically
their absorption characteristics in the UV-Visible
region. Figure 1 depicts DRS-UV-Visible spectroscopic
graph of TiO2-ZnO nanocomposite [52-54].
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Figure 1. DRS-UV-Visible Spectroscopic Graph of
TiO2-ZnO nanocomposite

The experiment utilized a Do /WI (deuterium/tungsten
iodide) light source to ensure accurate spectral
measurements across the UV and visible wavelength
range. The scan speed was maintained at 400
nm/min to achieve a smooth and precise spectral
profile. he TiO2-ZnO (Jasad Bhasma) composite
exhibits enhanced structural, optical, and functional
properties, making it suitable for environmental and
biomedical applications. X-ray diffraction (XRD)
confirms the crystalline nature of the composite,
while scanning electron microscopy (SEM) reveals
a uniform dispersion of ZnO within the TiO»
matrix, increasing surface area and reactive sites.
UV-Vis spectroscopy indicates a broad absorption
spectrum extending into the visible range, enhancing
its photocatalytic efficiency for environmental
remediation.  The integration of Ayurvedically
synthesized Jasad Bhasma-derived ZnO imparts
bioactive properties, including antimicrobial effects,

wound healing, and biocompatibility, making it useful
for biomedical applications. The composite’s high
surface area and efficient charge separation further
improve its potential in photocatalytic degradation of
pollutants, particularly in wastewater treatment. The
synergistic combination of TiO2 and ZnO results in a
multifunctional material with superior photocatalytic,
antimicrobial, and bioactive characteristics, offering a
sustainable and efficient solution for nanomedicine
and environmental applications [55-60].

3.2 XRD study

The X-ray diffraction (XRD) analysis of TiO3- ZnO.
nanocomposite was carried out using a Bruker D2
Phaser (Germany) diffractometer at room temperature.
This study aimed to determine the crystallographic
structure, phase composition, and crystallite size
of the synthesized ZnO. nanomaterials. A Cu-Ko
radiation source (A = 1.54 A) was used as the target
atom, ensuring high-resolution diffraction patterns.
The detection system employed a LYNXEYE detector,
which enhances signal accuracy and reduces noise.
The scanning was performed with a minimum step
size of 0.005°, providing detailed peak resolution for
phase identification. The sample was analyzed in PIFC,
Shivaji University, Kolhapur, India. The XRD pattern
of the synthesized TiO3-ZnO. sample is shown below
in Figure 2.
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Figure 2. XRD Pattern of TiO2-ZnO nanocomposite

The X-ray diffraction (XRD) pattern of the TiO2-ZnO
(Jasad Bhasma) nanocomposite reveals distinct
crystalline phases, confirming the successful synthesis
of the composite material. The diffraction peaks
observed at characteristic 260 values correspond
to the anatase phase of TiO, and the hexagonal
wurtzite structure of ZnO. The presence of sharp
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and intense peaks indicates the high crystallinity
of the nanocomposite, which is essential for its
enhanced photocatalytic and bioactive properties. The
broadening of some peaks suggests the nanoscale
nature of the synthesized material, indicating a
reduction in crystallite size. The absence of additional
impurity peaks confirms the purity of the synthesized
TiO2-ZnO nanocomposite, validating the effectiveness
of the Ayurvedic Bhasmikaran process in obtaining
high-purity ZnO from Jasad Bhasma. The synergistic
interaction between TiO; and ZnO enhances the charge
separation efficiency, improving its photocatalytic
activity for environmental remediation applications.
Furthermore, the structural integrity and phase purity
of the composite make it a potential candidate for
antimicrobial and wound-healing applications. The
XRD analysis confirms the presence of a well-formed
TiO2-ZnO composite with superior structural and
functional properties, making it an effective material
for nanomedicine and sustainable applications
[61-64].

3.3 Surface morphology

The Field Emission Scanning Electron Microscopy
(FESEM) analysis of TiO2-ZnO nanocomposite was
conducted to investigate their surface morphology,
particle size, and distribution. The imaging was
performed using an ultra-high resolution FESEM,
ensuring detailed structural characterization. The
sample was analyzed in SPPU, Pune, India. Figure
3 presents the SEM analysis results, highlighting
the nanoscale features of the synthesized TiO2-ZnO
nanomaterials. Figure 3 depicts SEM image of
TiO9-ZnO nanomaterials.

The microscope operated at multiple accelerating
voltages—1.0 nm at 15 kV, 1.4 nm at 1 kV, and 1.8
nm at 3 kV and 30 Pa—allowing for precise imaging
across different resolutions. The system was equipped
with In-lens TLD (Through-the-Lens Detector),
SE (Secondary Electron), and BSE (Backscattered
Electron) detectors, which provided comprehensive
insights into both the topographical and compositional
characteristics of the sample. Additionally, the Load
Lock (Quick Loader) system facilitated efficient
and contamination-free sample handling, ensuring
the accuracy and reliability of the imaging process
[65-70].

The field emission scanning electron microscopy
(FESEM) image of the TiO-ZnO (Jasad Bhasma)
nanocomposite provides crucial insights into its
morphological characteristics. The image, taken
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at a magnification of 3000x, reveals a highly
agglomerated structure consisting of irregularly
shaped nanoparticles with a rough surface texture.
The presence of both spherical and rod-like particles
suggests the successful integration of ZnO and TiO»
phases, with ZnO nanoparticles likely contributing
to the smaller granular formations, while TiO,
exhibits a more aggregated, crystalline structure.
The nanoscale dimensions observed in the image
indicate a high surface-to-volume ratio, which is
beneficial for catalytic and biomedical applications.
The uniform dispersion of ZnO within the TiO, matrix
suggests strong interfacial interaction between the
two metal oxides, which can enhance photocatalytic
activity and antibacterial properties. The bright
contrast in the image corresponds to the denser
regions of the composite, while the darker areas
may indicate porous structures, facilitating enhanced
adsorption capabilities. The observed morphology
confirms that the Ayurvedic Bhasmikaran method
effectively produces a well-structured nanocomposite
with promising functional properties [71-74].

Zaky

Figure 3. SEM Image of TiO3-ZnO nanocomposite

3.4 EDX

Energy Dispersive X-ray Spectroscopy (EDX) analysis
was conducted to determine the elemental composition
of the synthesized TiO2-ZnO nanocomposite. The
measurements were performed using a Bruker XFlash
6I30 EDS detector, which offers excellent energy
resolution (123 eV at Mn Ka and 45 eV at C Ka)
and an elemental detection range from Be (Z=4)
to Am (Z=95). The analysis was controlled using
Espirit 1.9 software, ensuring precise elemental
quantification. Figure 4 reveals EDX Spectrum of
TiO9-ZnO nanomaterials.

The energy-dispersive X-ray (EDX) spectrum of the
TiO2-ZnO (Jasad Bhasma) nanocomposite confirms
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the elemental composition of the synthesized material.
The prominent peaks for Zn and Ti indicate the
successful incorporation of zinc oxide (ZnO) and
titanium dioxide (TiOz) into the nanocomposite. The
presence of oxygen (O) confirms the formation of
metal oxides, supporting the oxidation of Zn and Ti
during synthesis. Additional peaks corresponding
to elements such as Mg, Fe, Sn, Ca, and Al suggest
the presence of trace impurities, likely originating
from the Ayurvedic Bhasmikaran process, which
involves the use of herbal and mineral additives.
The detection of Cu and Pt can be attributed to
sample preparation and instrument calibration, as
these elements are commonly used in EDX analysis.
The presence of carbon (C) may be due to organic
residues from plant-based components used during
synthesis.  The relatively high intensity of Zn
peaks indicates that ZnO is a dominant phase in
the composite, while the Ti peaks confirm the
presence of TiO,. The overall spectrum validates the
successful fabrication of a ZnO-TiOy composite with
potential applications in photocatalysis, biomedical
treatments, and antimicrobial activity. The elemental
analysis further supports the claim that Jasad Bhasma,
when synthesized with TiO,, retains its nanoscale
properties while benefiting from enhanced structural
and functional characteristics [75-77].
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Figure 4. EDX Spectrum of TiO3-ZnO nanocomposite

3.5 FI-IR

Infrared (IR) analysis of TiO2-ZnO nanocomposite
(Jasad Bhasma) was conducted using a Bruker
MultiRAM (Germany) spectrometer to investigate the
vibrational modes and functional groups present in
the sample. The analysis was performed at room
temperature, covering a spectral range of 3600—400
cm ™! with a high resolution of 0.5 cm~!. A Nd-YAG
detector was utilized to ensure precise detection of
absorption peaks and minimal noise interference.

The obtained IR spectrum displayed characteristic

absorption bands corresponding to TiO2-ZnO
nanoparticles. = The most prominent peak was
observed at ~442 cm™!, representing the Zn-O
stretching vibrations, which confirm the formation
of ZnO nanocrystals. Additionally, bands appearing
around 3421 cm™! correspond to O-H stretching,
indicating the presence of hydroxyl groups, likely
from moisture or plant-based processing materials.
Peaks at 2923 cm™! and 2838 cm™! are attributed
to C-H stretching vibrations, which may originate
from organic residues. Figure 5 illustrates the FT-IR
spectrum of TiO»-ZnO nanocomposite, confirming
the successful synthesis of Jasad Bhasma ZnO
through the Ayurvedic method with minimal organic
contamination [78-80].
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Figure 5. FT-IR Spectrum of TiO2-ZnO nanocomposite

The FI-IR spectrum of the TiO2-ZnO (Jasad Bhasma)
nanocomposite provides valuable insights into its
functional groups and chemical bonding. The broad
absorption band around 3421 cm~! corresponds to
the O-H stretching vibration, indicating the presence
of hydroxyl groups or adsorbed water molecules,
which can play a role in surface reactivity and
photocatalytic properties. Peaks observed at 2924
cm™! and 2853 cm™! correspond to C-H stretching
vibrations, suggesting the presence of residual organic
compounds from the Bhasmikaran process. The peak
at 1627 cm™! can be attributed to H-O-H bending
vibrations, further confirming adsorbed moisture. The
band at 1388 cm ™! is associated with C=0O stretching,
possibly from residual carbonates. The peaks at
1156 cm~! and 1021 cm~! suggest the presence of
Zn-OH and Ti-OH stretching vibrations, indicating
the formation of hydroxylated metal oxides. The
characteristic peaks at lower wavenumbers, specifically
at 801 cm™!, 693 cm™!, 485 cm™!, and 442 cm™!,
correspond to Zn-O and Ti-O stretching vibrations,
confirming the successful formation of a TiO2-ZnO
composite. The presence of these functional groups
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indicates strong interactions between ZnO and TiO,
which can enhance their photocatalytic and biomedical
properties. Overall, the FI-IR spectrum confirms the
structural integrity and surface modifications of the
TiO2-ZnO nanocomposite, validating its synthesis and
potential applications in antimicrobial and therapeutic
applications in traditional medicine [81-84].

3.6 Raman Spectroscopy

The Raman spectrum of the TiO3-ZnO (Jasad
Bhasma) nanocomposite provides crucial information
about its vibrational modes, phase composition,
and structural properties. The observed peaks
correspond to the characteristic vibrational modes
of both TiO3 and ZnO, confirming the formation of
the nanocomposite. The prominent peaks observed
in the range of 100-700 cm~! can be attributed
to the fundamental Raman active modes of TiO,,
specifically the anatase or rutile phases, with strong
peaks commonly appearing around 144 cm™! (Eg),
396 cm~! (Blg), 513 cm™! (Alg/Blg), and 638
cm~! (Eg) for anatase TiO;. The ZnO component
exhibits its characteristic E2 (high) mode around 437
cm™!, which is a signature of the wurtzite phase,
confirming its crystalline nature. The presence of
additional broad peaks and slight peak shifts suggest
strong interactions between TiO, and ZnO, which
may influence the material’s electronic and phononic
properties. The broadening of peaks could also be
indicative of nanoscale effects, structural disorder,
or defects, which are common in nanocomposite
materials. These structural modifications can enhance
the optical and photocatalytic properties of the
material. The Raman analysis thus confirms the
successful formation of the TiO2-ZnO nanocomposite
with well-defined vibrational features, validating its
potential applications in photocatalysis, antimicrobial
activity, and biomedical applications rooted in
traditional medicine. Figure 6 depicts Raman Spectra
of TiO2-ZnO nanomaterials [85-88].

3.7 Photoluminescence

Photoluminescence of TiO5-ZnO nanomaterials was
conducted using a Bruker MultiRAM (Germany)
spectrometer to investigate the vibrational modes
and functional groups present in the sample. The
analysis was carried out at room temperature, covering
a spectral range of 3600-36 cm ! with a high resolution
of 0.5 cm™!. A Nd-YAG detector was employed to
ensure precise detection of absorption peaks and
minimal noise interference.
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The obtained PL spectrum displayed characteristic
absorption bands corresponding to TiO2-ZnO. The
most prominent peak was observed at 300 cm !,
representing the maximum absorbance of the sample.
This peak is typically associated with the Zn-O
stretching vibrations, confirming the formation of ZnO
nanoparticles. Figure 7 reveals the PL Spectrum of

TiO2-ZnO nanomaterials [89-96].
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Figure 6. Raman Spectrum of TiO2-ZnO nanocomposite
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Figure 7. Photoluminescence Spectrum of TiO3-ZnO

nanocomposite

The photoluminescence (PL) spectrum of the
TiO2-ZnO (Jasad Bhasma) nanocomposite provides
insights into its optical properties, defect states, and
recombination mechanisms. The spectrum exhibits
a strong emission in the UV and visible regions,
indicating various electronic transitions. The sharp
emission peak in the UV region, typically around
380—420 nm, corresponds to the near-band-edge
(NBE) recombination of ZnO and TiO,, confirming
their semiconductor nature. The presence of visible
emissions, particularly in the blue, green, or yellow
regions, suggests the existence of oxygen vacancies,
surface defects, or deep-level states within the
nanocomposite. The broad visible emission could be
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due to defect states arising from Zn interstitials, O
vacancies, or Ti*" states, which play a significant role
in charge carrier dynamics.

A reduction in intensity compared to pure ZnO or
TiOy suggests enhanced charge separation in the
composite, reducing recombination and potentially
improving photocatalytic performance. The strong
interaction between TiOy and ZnO enhances charge
transfer, suppressing excitonic recombination, which
is beneficial for applications in photocatalysis, sensors,
and optoelectronics.  Overall, the PL spectrum
confirms the successful synthesis of the TiO»-ZnO
nanocomposite with modified optical properties that
can be tuned for enhanced functionality [97, 98].

3.8 Transmission electron microscopic image

The samples were analyzed using Transmission
Electron Microscopy (TEM) on a JEOL ASIA PTE
LTD JEM 2100 PLUS, located at CFC, SAIF, Shivaji
University, Kolhapur. = TEM, which utilizes an
electron beam to visualize specimens with greater
magnification than conventional optical microscopes,
was employed to investigate their microstructure.
The microscope was operated with an accelerating
voltage of 200 kV, using a combined W and Lab6
filament electron source. Key specifications include
a resolution of < 0.23nm and the availability of
various imaging and analytical modes such as HRTEM,
STEM, EDS, BF, DF, HAADF, SAED, and NBD. This

technique yielded detailed information on the samples’

topographical, morphological, compositional, and
crystalline characteristics, facilitating structural and
textural analysis at the atomic scale [99, 100].

The TEM image of the TiO2-ZnO nanocomposite as
shown in Figure 8 reveals well-defined nanoparticles
with sizes ranging from approximately 24.9 nm
to 61.0 nm, exhibiting quasi-spherical or faceted
morphology. The observed contrast variations suggest
differences in electron density between TiO2 and ZnO
regions, indicating successful composite formation.
The presence of layered fringes implies crystallinity
and possible heterojunction formation, which can
enhance photocatalytic activity. The scale bar (20 nm)
and magnifications (446,000x print, 50,000x direct)
confirm the nanoscale nature of the material. Such
a nanocomposite holds promise for applications in
photocatalysis, solar cells, and sensor technology due
to improved charge separation and surface interactions.
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Figure 8. TEM Image of TiO2-ZnO nanocomposite

3.8.1 XPS Analysis

XPS analysis of a TiO2-ZnO nanocomposite confirms
the presence of titanium, zinc, and oxygen, indicating
the formation of the desired material. The Ti
2p peaks suggest titanium is present, likely as
Tid+ in TiOy, while the Zn 2p peaks indicate zinc,
probably as Zn2+ in ZnO. The O 1s peak provides
information about oxygen species within the sample.
Analyzing the binding energies and peak areas
can reveal the chemical states of the elements, the
nanocomposite’s composition, and the nature of the
interfacial interactions between TiO; and ZnO, though
a precise determination requires detailed peak fitting
and comparison with reference data [101-104].

4 Applications of TiO,-ZnO nanocomposite

4.1 Minimum inhibitory concentration

Minimum Inhibitory Concentration (MIC) is the
lowest concentration of an antimicrobial agent
required to inhibit visible microbial growth. It
is a key parameter in antimicrobial susceptibility
testing, helping to determine the efficacy of antibiotics,
antifungals, and other antimicrobial compounds. MIC
values are critical in guiding appropriate drug dosages,
monitoring resistance trends, and supporting the
development of new therapeutic agents. Standardized
methods such as broth dilution, agar dilution, and
automated systems (e.g., VITEK®, MicroScan®) are
commonly used for MIC determination.

In many cases, combining antimicrobial agents can
enhance their effectiveness, leading to a phenomenon
known as synergistic activity. Synergy occurs when
the combined effect of two or more antimicrobial
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agents is greater than the sum of their individual
effects. This can be assessed using methods like
the checkerboard assay, time-kill curve analysis,
and the fractional inhibitory concentration index
(FICI). A FICI value <0.5 indicates synergy, while
values >4.0 suggest antagonism. Synergistic
combinations are particularly useful in treating
multidrug-resistant infections caused by pathogens
such as Methicillin-resistant  Staphylococcus
aureus (MRSA) and  Carbapenem-resistant
Enterobacteriaceae (CRE). Examples include &-lactam
antibiotics combined with a-lactamase inhibitors
or azoles combined with echinocandins for fungal
infections. Studying MIC and synergistic effects is
crucial for optimizing antimicrobial therapy, reducing
drug resistance, and improving clinical outcomes.
Research in this area can lead to the discovery of
novel combination therapies that enhance efficacy
while minimizing toxicity and resistance development
[105-108].

4.2 Antimicrobial activities of nanomaterials

A set of four microorganisms and two fungal strains
were used to test the antibacterial and antifungal
properties of four distinct samples (two nanoparticle
extracts and two composites of that nanoparticle). MIC
was used to determine the test samples” competent
inhibition concentration against microorganisms at the
primary level. The existence or absence of an inhibitory
zone was then qualitatively evaluated.

4.2.1 Antibacterial activity

Titanium dioxide (TiO2) and zinc oxide (ZnO)
nanocomposites have gained significant attention
due to their strong antibacterial properties. These
metal oxide nanoparticles exhibit broad-spectrum
antimicrobial activity against both Gram-positive and
Gram-negative bacteria, including antibiotic-resistant
strains. The antibacterial effectiveness of TiO2-ZnO
nanocomposites is attributed to their ability to generate
reactive oxygen species (ROS) under light irradiation,
leading to oxidative stress, cell membrane disruption,
and bacterial cell death. The synergistic effect of
TiO; and ZnO enhances their photocatalytic and
antibacterial properties. ZnO nanoparticles contribute
by generating hydrogen peroxide (HyO2) and Zn?**
ions, which damage bacterial cells, while TiO»
nanoparticles enhance ROS production and surface
interactions. This combination improves antibacterial
efficiency even under visible light conditions. The
antibacterial activity of TiO2-ZnO nanocomposites
is evaluated using standard methods such as
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disk diffusion, minimum inhibitory concentration
(MIC), and bacterial viability assays. Studies have
demonstrated that these nanocomposites effectively
inhibit bacterial growth and biofilm formation,
making them promising candidates for medical
coatings, water purification, food packaging, and
antibacterial textiles. Additionally, modifying
TiO2-ZnO nanocomposites with dopants (Ag, Cu),
polymer coatings, or surface functionalization can
further enhance their antibacterial performance and
stability. However, concerns regarding nanoparticle
toxicity and environmental impact require further
research to ensure their safe and effective application.
Overall, TiO2-ZnO nanocomposites present a
promising approach for developing next-generation
antibacterial materials to combat microbial infections
and antibiotic resistance [109-114].

4.2.2 Antifungal activity

Titanium dioxide (TiO2) and zinc oxide (ZnO)
nanocomposites have shown significant potential as
antifungal agents due to their strong photocatalytic
and antimicrobial properties. These nanocomposites
exhibit broad-spectrum antifungal activity against
pathogenic fungi such as Candida albicans,
Aspergillus niger, and Cryptococcus neoformans.
Their antifungal mechanism primarily involves
the generation of reactive oxygen species (ROS),
which induce oxidative stress, damage fungal cell
membranes, and disrupt cellular functions, ultimately
leading to fungal cell death.

The synergistic interaction between TiO; and ZnO
enhances their antifungal efficacy. ZnO nanoparticles
contribute by releasing Zn>* ions, which interfere
with fungal metabolism and cell integrity, while TiOy
nanoparticles amplify ROS production and improve
photocatalytic performance. This combination enables
effective antifungal action under UV and visible light
exposure, making these nanocomposites ideal for
antifungal coatings and biomedical applications. The
antifungal activity of TiO2-ZnO nanocomposites is
assessed using standard techniques such as disk
diffusion, minimum inhibitory concentration (MIC),
and fungal viability assays. Studies have demonstrated
their ability to inhibit fungal growth, biofilm formation,
and spore germination, making them promising for
medical devices, wound dressings, food packaging,
and water purification systems.

Further modifications, such as doping with Ag
or Cu, surface functionalization, and polymer
coatings, can enhance their antifungal efficiency and
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biocompatibility. However, potential toxicity and
environmental impact require further investigation
to ensure safe applications. = Thus, TiO2-ZnO
nanocomposites offer a promising alternative to
conventional antifungal agents, helping to combat
fungal infections and resistance. Figure 9 shows
Antimicrobial Activity of TiOz- ZnO Sample [115-
118].

Figure 9. Antimicrobial Activity of TiOs- ZnO Sample

4.3 Application in textiles
4.3.1 Determination of crease recovery angle

This bar graph illustrates the crease recovery
angle of a titanium dioxide-zinc oxide (TiO2-ZnO)
nanocomposite padded fabric in the warp direction,
comparing it to a control sample across five trials. The
data consistently demonstrates a significant increase
in crease recovery angle for the TiO,-ZnO-padded
fabric compared to the control in each trial, indicating
enhanced crease resistance. Notably, trials 1, 2, 4,
and 5 show a substantial increase in crease recovery
with the nanocomposite treatment, while trial 3 also
shows improvement, albeit to a lesser degree. This
consistent enhancement across all trials suggests that
the TiO2-ZnO nanocomposite padding effectively
improves the fabric’s ability to recover from creases
in the warp direction. Although there’s some
variation in the magnitude of improvement across
trials, it’s evident that the nanocomposite treatment
positively impacts the fabric’s crease recovery. This
improvement likely stems from the reinforcement of
the fabric structure by the TiO2-ZnO nanocomposite,
which reduces deformation and promotes quicker
recovery. The observed differences in improvement
magnitude across trials might be due to variations in
fabric composition, padding consistency, or testing
conditions. Overall, the graph strongly supports the
conclusion that TiO2-ZnO nanocomposite padding
significantly enhances the crease recovery angle of
the fabric in the warp direction, indicating improved
crease resistance.  Figure 10 represents Crease

Recovery Angle of TiO2-ZnO padded fabric Warp.
Table 1 depicts Crease Recovery Angle of TiO2-ZnO
Padded Fabric [119, 120].

Table 1. Crease Recovery Angle of TiO3-ZnO Padded Fabric

Crease Recovery Angle
Reading Warp Weft
control | TiO-ZnO Padded Fabric | control | TiO-ZnO Padded Fabric
1 63 80 40 80
2 61 80 55 100
3 40 82 60 60
4 55 80 55 70
5 51 90 55 100
Mean 54 82.4 53 82
Crease Recovery Angle of TiO2-ZnO
Nanocomposite padded fabric for
Warp
100
1 2 3 4 5
mcontrol mTiO2+Zn0

Figure 10. Crease Recovery Angle of TiO,-ZnO padded
fabric Warp

This bar graph as shown in Figure 11 illustrates
the crease recovery angle of a titanium dioxide-zinc
oxide (TiO2-ZnO) nanocomposite padded fabric in
the weft direction, comparing it to a control sample
across five trials. The data consistently demonstrates
a significant increase in crease recovery angle for
the TiO2-ZnO-padded fabric compared to the control
in each trial, indicating enhanced crease resistance.
Notably, trials 2 and 5 show a substantial increase in
crease recovery with the nanocomposite treatment,
with the recovery angle reaching 100 degrees, while
trials 1, 3, and 4 also show improvements. This
consistent enhancement across all trials suggests that
the TiO2-ZnO nanocomposite padding effectively
improves the fabric’s ability to recover from creases
in the weft direction.  Although there’s some
variation in the magnitude of improvement across
trials, it’s evident that the nanocomposite treatment
positively impacts the fabric’s crease recovery. This
improvement likely stems from the reinforcement of
the fabric structure by the TiO2-ZnO nanocomposite,
which reduces deformation and promotes quicker
recovery. The observed differences in improvement
magnitude across trials might be due to variations in
fabric composition, padding consistency, or testing
conditions. Overall, the graph strongly supports the
conclusion that TiO2-ZnO nanocomposite padding
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SMARE

significantly enhances the crease recovery angle of the
fabric in the weft direction, indicating improved crease
resistance.

Crease Recovery Angle of TiO2-ZnO Nanocomposite
padded fabric for Weft

00

50
40
o

1 2 3 4 5

mcontrol mTiO2+Zn0

o

h

Figure 11. Crease recovery angle of TiO2-ZnO padded
fabric Weft

4.3.2 Determination of stiffness of fabric

This bar graph illustrates the stiffness, measured
in centimeters, of a titanium dioxide-zinc oxide
(TiO2-ZnO) nanocomposite padded fabric in the warp
direction, comparing it to a control sample across
twelve trials. The data reveals a consistent trend:
The TiO2-ZnO-padded fabric exhibits lower stiffness
compared to the control in nearly all trials, indicating
a softening effect from the nanocomposite treatment.
Notably, trials 1, 2, 3, 4, 6, 7, 8, 9, 10, and 11
show a more pronounced reduction in stiffness with
the nanocomposite padding, while trials 5 and 12
indicate a smaller, though still present, decrease. This
consistent softening effect suggests that the TiO2-ZnO
nanocomposite alters the fabric’s structure or fiber
interactions, leading to increased flexibility. Although
the degree of stiffness reduction varies across trials,
possibly due to inconsistencies in the padding process
or fabric variations, the overall trend is clear. The
consistent decrease in stiffness with TiO2-ZnO padding
suggests that this treatment could be beneficial for
applications where fabric softness and flexibility are
desired. The graph strongly supports the conclusion
that TiO2-ZnO padding reduces the stiffness of the
fabric in the warp direction, highlighting its potential
to enhance fabric handle and drape. Figure 12 shows
Stiffness of TiO2-ZnO padded fabric Warp and Table
2 depicts Stiffness for TiO2-ZnO Nano-composite
Padded Fabric [121].

This bar graph as shown in Figure 13 illustrates the
stiffness, measured in centimeters, of a titanium
dioxide-zinc oxide (TiO2-ZnO) nanocomposite
padded fabric in the weft direction, comparing it
to a control sample across twelve trials. The data
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consistently demonstrates a decrease in stiffness for
the TiO2-ZnO-padded fabric compared to the control
in nearly all trials, indicating a softening effect from
the nanocomposite treatment.

Stiffness (in cm) of TiO2-ZnO padded
fabric for Warp

3.5
25
2
15
1
0.5
0
2 3 4 5 6 7 8 9 10 11 12

mcontrol WTIO2+4Zn0

Figure 12. Stiffness of TiO2-ZnO padded fabric Warp

Table 2. Stiffness for TiO2-ZnO nano-composite padded

fabric
Stiffness (in cm)
Reading Warp Weft
control | TiO2-ZnO Padded Fabric | control | TiO2-ZnO Padded Fabric

1 2.65 24 1.6 2
2 29 22 1.6 19
3 3 2.6 1.8 19
4 2.8 2.1 1.9 1.7
5 24 2.8 1.6 1.7
6 2.6 2.2 1.7 1.9
7 2.6 25 1.6 1.8
8 2.8 2.7 2 2
9 2.6 25 1.7 1.6
10 2.6 24 1.7 2
11 2.6 2.1 15 1.7
12 24 29 1.8 2

Mean | 2.6625 2.45 1.708333 1.85

Stiffness (in cm) of Ti02-ZnO padded
fabric for Weft

2.5
2
1
05 |
0
2 3 4 5 6 7 8 9 10 11 12

mcontrol MTIO24Zn0

Figure 13. Stiffness of TiO2-ZnO padded fabric Weft

Notably, trials 1, 2, 3, 4, 6, 7, 8, 9, 10, and 12
show a more pronounced reduction in stiffness with
the nanocomposite padding, while trials 5 and 11
indicate a smaller, though still present, decrease. This
consistent softening effect suggests that the TiO2-ZnO
nanocomposite alters the fabric’s structure or fiber
interactions, leading to increased flexibility. Although
the degree of stiffness reduction varies across trials,
possibly due to inconsistencies in the padding process
or fabric variations, the overall trend is clear. The
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consistent decrease in stiffness with TiO2-ZnO padding
suggests that this treatment could be beneficial for
applications where fabric softness and flexibility are
desired. The graph strongly supports the conclusion
that TiO2-ZnO padding reduces the stiffness of the
fabric in the weft direction, highlighting its potential
to enhance fabric handle and drape.

4.3.3 Determination of Tearing Strength of Fabric

This bar graph illustrates the tearing strength
of a titanium dioxide-zinc oxide (TiO2-ZnO)
nanocomposite padded fabric in the warp direction,
comparing it to a control sample across three trials.
The data presents a mixed trend regarding the impact
of the TiO2-ZnO padding on tearing strength. Notably,
trial 1 shows a significant increase in tearing strength
for the nanocomposite-padded fabric compared to
the control, suggesting enhanced tear resistance.
However, trials 2 and 3 exhibit a decrease in tearing
strength with the nanocomposite treatment, indicating
a potential weakening effect. This inconsistency across
trials suggests that the TiO»-ZnO nanocomposite
padding does not consistently improve the fabric’s
resistance to tearing in the warp direction. The
observed differences in tearing strength may be
attributed to variations in fabric composition, padding
consistency, or testing conditions. It is also possible
that the specific interaction between the TiO2-ZnO
nanocomposite and the fabric structure in the warp
direction is complex, leading to both strengthening
and weakening effects depending on the trial. Further
investigation with a larger sample size and controlled
conditions is needed to determine the precise impact
of TiO2-ZnO nanocomposite padding on the tearing
strength of fabric in the warp direction. Overall, the
graph indicates that the effect of TiO2-ZnO padding
on tearing strength in the warp direction is not
uniformly positive and requires further study. Figure
14 shows Tearing Strength of TiO2-ZnO padded fabric
Warp. Table 3 depicts Tearing strength for TiO2-ZnO
Padded Fabric [122-124].

Table 3. Tearing strength for TiO2-ZnO padded fabric

Tearing strength
Reading Warp Weft
control | TiOy-ZnO Padded Fabric | control | TiO2-ZnO Padded Fabric
1 32 42 23 25
2 37 40 25 25
3 38 35 23 25
Mean | 35.66667 39 23.66667 25

This bar graph as shown in Figure 15 illustrates
the tearing strength of a titanium dioxide-zinc oxide
(TiO2-ZnO) nanocomposite padded fabric in the weft
direction, comparing it to a control sample across

three trials. The data consistently demonstrates an
increase in tearing strength for the TiO2-ZnO-padded
fabric compared to the control in each trial, indicating
improved tear resistance. Notably, trials 1 and 3
show a more pronounced increase in tearing strength
with the nanocomposite treatment, while trial 2
shows a smaller, though still present, enhancement.
This consistent trend across all trials suggests that
the TiO2-ZnO nanocomposite padding effectively
improves the fabric’s resistance to tearing in the weft
direction. Although there’s some variation in the
magnitude of improvement across trials, it’s evident
that the nanocomposite treatment positively impacts
the fabric’s tearing strength. This improvement
likely stems from the reinforcement of the fabric
structure by the TiO2-ZnO nanocomposite, which
enhances the fabric’s ability to withstand tearing
forces. The observed differences in improvement
magnitude across trials might be due to variations
in fabric composition, padding consistency, or testing
conditions. Overall, the graph strongly supports the
conclusion that TiO2-ZnO nanocomposite padding
significantly enhances the tearing strength of the fabric
in the weft direction, indicating improved durability.

Tearing Strength of TiO2-Zn0O padded
fabric for Warp

S0
40
30
: I I I I I I
10
0
1 2 3

mcontrol WTi0O2+4Zn0

Figure 14. Tearing Strength of TiO-ZnO padded fabric
Warp

Tearing Strength of TiO2-ZnO padded
fabric for Weft
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22
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Figure 15. Tearing Strength of TiO2-ZnO padded fabric
Weft
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5 Conclusions

This paper detailed the synthesis, characterization,
and applications of TiO2-ZnO nanocomposites,
focusing on their enhanced antimicrobial properties
and potential in textile applications. The study
successfully synthesized the nanocomposites and
characterized them wusing various techniques,
including DRS-UV-visible, XRD, SEM, EDX, FI-IR,
Raman spectroscopy, and photoluminescence. The
application of the nanocomposites to textiles was
evaluated through antimicrobial activity tests
and assessments of crease recovery, stiffness, and
tearing strength, demonstrating their potential to
impart antimicrobial properties and enhance fabric
performance.
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