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Abstract

Nano-Silica is a versatile material which is obtained from agricultural sources and can be synthesized by
chemical method in the laboratory. It is a low cost, environmentally friendly material. Zinc oxide is a type
of metal oxide nanomaterial which can also be synthesized from plant sources and microorganisms, also
by chemical methods. It is a highly useful material in biomedical applications. This research article
highlights the potential of Silica with Zinc oxide Nanocomposite for inhibiting pathogenic bacteria, thus
proving it has an effective antibacterial potential. Tetraethyl Orthosilicate (TEOS) was used as the
precursor for synthesizing Nano-Silica. Zinc Acetate Dihydrate was used as the precursor to synthesize
Zinc oxide. Nanocomposite of Silica with Zinc oxide was synthesized using one of the chemical methods
of Nanotechnology called the “Hydrothermal” method. The prepared material was analyzed for its
structural and morphological features by X-Ray Diffraction (XRD), Field Emission Scanning Electron
Microscopy (FESEM), High-Resolution Transmission Electron Microscopy (HRTEM) and Selected Area
Electron Diffraction (SAED). The elemental composition of the nanocomposite was analyzed by Energy
Dispersive X-ray Analysis (EDAX). The functional groups present in the material was identified by
Fourier Transform Infra-Red (FTIR) Spectroscopy and Fourier Transform Raman (FT Raman)
Spectroscopy. The optical properties were analyzed from Ultraviolet-Visible (UV-Vis) Spectroscopy and
Photoluminescence (PL) Spectroscopy. The surface charge of the material was determined from Zeta
Potential measurement. The nanocomposite was tested against three gram-positive bacteria and seven
gram-negative bacteria. The zone of inhibition of the bacteria by the nanocomposite was found.
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1. Introduction

Metal oxide nanoparticles have gained significant attention due to its properties such as tunable size and
porosity for suitable applications. Different metal oxides like zinc oxide, titanium dioxide, iron oxide,
nickel oxide, copper oxide are synthesized in different shapes and structures and used in “biomedical
applications” [1]. Metal oxides are prepared by chemical or biological method. The chemical method of
synthesis is convenient to control the size and shape of nanomaterials, whereas the biological method is
the production of metal oxides from plant extract, bacterial or fungal species. Both the methods are suitable
for producing metal oxide nanoparticles for biomedical applications [2]. These metals and their oxides are
suitable for targeting and inhibiting pathogenic microorganisms. These materials are also used in other
medical and dental applications [3].
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Silica nanoparticles are produced from chemical methods of nanotechnology such as sol-gel method,
hydrothermal method, precipitation method or from agricultural sources such as corn cob, rice husk, wheat
husk, bamboo leaves, paddy husk, sugarcane bagasse, etc. It is a non-carcinogenic material that occurs in
amorphous and crystalline phases [4]. It is widely available in the crust of the Earth, which has applications
in different fields including electronics, construction sector, medical field, etc. It acts as a “drug carrier”
which can deliver drugs to the target site in the human body and used to diagnose and treat diseases
including cancer [5]. The size and porosity of silica nanoparticles are controlled thus making it biologically
compatible and useful for inhibiting harmful bacteria. Its large surface area makes it efficient to load and
release drugs and aid to overcome the limitations of antibiotics which are less effective on bacteria [6].
Silica nanoparticles are functionalized by metal oxide nanomaterials for inhibition of different gram-
positive and gram-negative bacteria. These nanocomposites are prepared in different shapes and sizes from
plant-based materials and microorganisms to make it efficient for biomedical applications [7]. Silica
nanoparticles are used in “targeted drug delivery” and “controlled release” of anti-cancer drugs.
Nanomaterials can overcome the limitations of chemotherapy and radiotherapy such as damaging the
normal tissues and side effects of radiation [8].

Zinc oxide nanoparticles are economical, non-toxic, highly stable, biologically compatible metal oxides
efficient for medical field applications, sensor devices, electronics and communication systems and
cytotoxicity against cancer cells. It is also known to efficiently inhibit bacterial growth [9]. Zinc oxide is
synthesized by artificial physical or chemical methods in the laboratory, but it is considered “eco-friendly”
when prepared from natural plant extracts of medicinal plants and microbial species. Zinc oxide
nanoparticles are also useful in manufacturing of sensors, optoelectronic devices and solar cells [10]. Plant
extracts can include any part of plants like roots, stem, leaves, flowers and fruits and microorganisms may
include several bacteria, viruses and fungi. Some of the medical field applications of zinc oxide includes
drug delivery to the targeted site of infection, cancer diagnosis and therapy, healing of wounds, and
imaging techniques in biosensors [11]. Zinc oxide nanoparticles have antibacterial and anti-cancer
properties. Common chemical precursors used in synthesizing zinc oxide include zinc acetate, zinc
chloride, zinc sulphate and zinc chloride [12]. Zinc oxide nanomaterials at particular concentrations are
proven to inhibit gram-positive bacteria. These are “inorganic” class of nanomaterials used in
manufacturing cosmetics, drugs in pharmaceutical industries, packaging and additives in food industry
[13]. They are effective in targeting microbial organisms, and proven useful to be used in manufacturing
antibiotics for bacterial infections. Zinc oxide prepared with different morphologies and porosities has an
effect on the inhibitory potential of microorganisms [14]. Zinc oxide nanoparticles are reliable and low-
cost nanomaterials which has potential benefits in concrete manufacturing and also has “photocatalytic”
applications. They are synthesized chemically by different top-down or bottom-up approaches of
nanotechnology [15]. Nanostructures prepared from different methods produce materials in various
shapes. Some of the citrus fruits are also sources for zinc oxide nanoparticles [16].

2. Materials and Methods

2.1 Materials

All the materials were purchased from Sigma Aldrich. Zinc acetate dihydrate — chemical precursor for
zinc oxide, Tetraethyl orthosilicate (TEOS) — silica precursor, Cetyl Trimethyl Ammonium Bromide
(CTAB) — a cationic surfactant and sodium hydroxide and Whatman Filter paper No.1 was used without
further purification. Distilled water was obtained from the laboratory.
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2.2 Preparation of Silica with Zinc oxide Nanocomposite

About 3-5 pellets of sodium hydroxide were stirred for 2 mins at 40 rpm with 20 ml H>O and a clear
aqueous solution with pH 14 was obtained. 1.5g CTAB was dissolved in 100 ml H>O by stirring for 10
minutes at 40 rpm. 10 ml of TEOS [17] was added and stirred for 10 minutes. A clear solution of 0.5M
Zinc acetate was prepared by dissolving 2.2g of zinc oxide precursor (Zinc acetate dihydrate) in 20 ml
distilled water. It was stirred for 10 minutes and the pH was found to be 7.5. Few drops of sodium
hydroxide were added and stirred for 15 minutes and the pH value was made to 10. The entire solution
was simultaneously stirred and heated at 40°C for 2 hours. The solution was transferred to stainless steel
Teflon lined autoclave and heated in a muffled furnace at 100°C for 8 hours. The liquid was then filtered
using Whatman filter paper and taken in a petri dish. It was sealed with perforated parafilm, closed and
kept in deep freezer at -20°C for 21 hours. The solid compound was lyophilized at -80°C for 7 hours by
covering the petri dish with perforated aluminum foil. Finally, 4g sample was obtained [18]. Figure 1
shows the schematic diagram of the synthesis procedure of Silica with Zinc oxide Nanocomposite.

CTAB solution Dilution of TEQS Zinc acctate solution Added NaOH and dissolved

Lyophilized at -80°C, 7h Fumnace at 100°C, 8h I'ransferred to autoclave Heated at 40°C for 2h

3. Results and Discussion

Silica nanoparticles were synthesized from its precursor Tetraethyl orthosilicate (TEOS), zinc oxide
nanoparticles were synthesized from its precursor Zinc Acetate Dihydrate. Nanocomposite of silica with
zinc oxide was prepared by following hydrothermal method of nanotechnology. Silica with Zinc oxide
nanocomposite was studied for its structural features by X-Ray Diftfraction (XRD), Field Emission
Scanning Electron Microscopy (FESEM) and High-Resolution Transmission Electron Microscopy
(HRTEM) and Selected Area Electron Diffraction (SAED). The elemental composition of the
nanocomposite was analyzed by Energy Dispersive X-ray Analysis (EDAX). The functional groups
present in the nanocomposite were identified by Fourier Transform Infra-Red (FTIR) spectroscopy and
Fourier Transform Raman (FT Raman) spectroscopy. The optical properties were identified by Ultraviolet-
Visible spectroscopy and Photoluminescence spectroscopy. Zeta potential measurements were done to
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determine the surface charge of the sample. The antibacterial activity was identified for three gram-
positive bacteria and seven gram-negative bacteria.

3.1 X-Ray Diffraction

Figure 2 shows the X-Ray diffraction spectra of Nano Silicon dioxide (SiO2) combined with Zinc oxide
(ZnO) prepared by hydrothermal method. (Avg. Crystallite size = 5.18 nm). CuKa radiation was used with
wavelength 1.5406 A [19]. Peaks obtained were in good agreement with JCPDS card no. 00-024-1468
known as Zinc silicate. The crystal system is orthorhombic [20] with Pcab space group. Sharp peaks
obtained shows the crystalline nature of zinc oxide with nano silica. The peak at around 21° is a
characteristic peak of nano-silica, and the remaining peaks indicate the presence of “zinc silicate”.
Diffraction peaks at 21°, 24°, 32° and 58° corresponds with miller indices (100), (220), (040) and (522)

respectively [21].
The crystallite size was found from Debye-Scherrer’s equation:
kA
b= p cos
Where,

k — constant (0.94)

A —wavelength of X-ray (1.5406 A)

B — full width half maxima (FWHM)

6 — angle of diffraction [22]

The crystallite size for different peak positions 21°, 24°, 32° and 58° are 34.2 nm, 32.8 nm, 31.4 nm, 33.6
nm respectively. The average crystallite size was found to be 33 nm.

Figure 2: XRD Pattern Of Silica With Zinc Oxide
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Figure 3 shows the stress strain plot of zinc oxide with nano silica. The micro-strain was calculated from
the slope of Williamson-Hall plot shown above by using the formula:
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Where,

& —micro-strain in radians/ ratio of peak width to peak position
B — line broadening at FWHM in radians
0 — Bragg’s angle in degrees, half of 26
The dislocation density was calculated using the formula [23]:
1

'=n
Where,
t — crystallite size in nm
The value of micro-strain and dislocation density were found to be 0.0128 x 1073 and 0.0091 x 1073

respectively.
Figure 3: Micro-Strain Plot Of Silica With Zinc Oxide
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3.2 Field Emission Scanning Electron Microscopy (FESEM) with Energy Dispersive X-ray Analysis
(EDAX):

Figures 4a and 4b show the Field Emission Scanning Electron Microscopy (FESEM) images of Zinc oxide
with Nano Silica at 1 p-m and 5 p-m magnifications respectively. The surface morphology of the sample
prepared by hydrothermal method was studied under Scanning Electron Microscope [24]. Powder sample
was dispersed in ethanol and ultra-sonicated, then coated on an aluminum foil of dimension 1x1 ¢m and
dried before analysis Images show the irregular agglomerated spherical morphology [25] of the coated
samples [26]. The quantity of silica precursor has an effect on the morphology of the material [27]. The
average diameter of particles calculated using ImageJ Software and Origin Software was found to be 7.38
nm. The histogram plot [28] obtained for finding the diameter of Zinc oxide with Nano Silica
nanocomposite is shown in figure 5.
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Figure 4a: FESEM Image Of Silica With Zinc Oxide At 1 M
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Figure 5: Histogram Plot To Find Diameter Of Silica With Zinc Oxide
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3.2a Energy Dispersive X-Ray Analysis (EDAX):
Figure 6 shows the Energy Dispersive X-ray Spectrum of Zinc oxide with Nano-Silica with Energy in kilo
electron volt (keV) on the horizontal axis and Count per second in electron volt (eV) on the vertical axis.
To confirm the formation of silica and zinc oxide, EDAX analysis was performed. Spectra clearly show
the peaks of silicon (Si), zinc (Zn) and oxygen (O) [26]. In addition to it, carbon (C) is present as impurity
[28]. The atomic concentration of Si, Zn and O were 14.91%, 4.69% and 45.14% respectively and the
mass concentration of Si, Zn and O were 23.77%, 17.4% and 40.99% respectively . Details of Silica with
Zinc oxide nanocomposite EDAX spectra values are listed in the table 1.

l Diameter (nm )‘

e
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Table 1: Elemental Analysis Of Silica With Zinc Oxide From EDAX Spectra

Atomic Net Mass Norm. mass Norm. atomic 30
Element number counts Concentration concentration concentration uncertainty
/% /% /% /mass%
(o] 8 25122 40.99 38.60 45.14 1.93
C 6 6971 24.04 22.64 35.27 1.66
Si 14 36265 23.77 22.38 14.91 3.19
Zn 30 17467 17.40 16.38 4.69 3.56
Sum 106.20 100.00 100.00
Figure 6: Elemental Composition Of Silica With Zinc Oxide
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3.3 High-Resolution Transmission Electron Microscopy (HRTEM) with Selected Area Electron
Diffraction (SAED) analysis

Highly magnified internal microstructures of Zinc oxide with Nano-Silica at magnification 200 nm and
500 nm, prepared by hydrothermal method using TEOS precursor and CTAB as surfactant are shown in
figures 7a and 7b. Ethanol was used to suspend the particles and the solution was dropped in coated grids,
dried and viewed under microscope with accelerating voltage 80 kV. Transmission Electron Microscopy
images at high resolution indicate the formation of irregular spherical nanoparticles [29] of Zinc oxide
with Silica. The average particle size was found using ImageJ Software as 61.5 nm. Higher particle size
is due to the agglomeration of spherical nanostructures [30], from the images, cluster-like morphology of
particles is clearly seen.

Figure 7a: HRTEM Image Of Silica With Zinc Oxide At 200 Nm Magnification

3.3a Selected Area Electron Diffraction (SAED)
To display the accurate local crystal structure of Zinc oxide with Nano-Silica, SAED analysis was done at
5 nm’! magnification [31]. Pattern shows diffuse halo concentric rings with few spot-like structures which
indicate that the internal structure of nanocomposite is crystalline embedded in an amorphous material
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[32]. The d-spacing values in A were found to be 6.74, 3.20, 1.88 and 0.95 which corresponds to miller
indices (020), (220), (123) and (321) respectively. These are indexed as shown in figure 8. By comparing
the d-spacing values obtained from XRD and SAED, rings that exist at (020) and (220) strongly indicate
the presence of Zinc oxide with Silica nanocomposite.

Figure 8: SAED Pattern Of Silica With Zinc Oxide

3.4 Ultraviolet-Visible (UV-Vis) Spectroscopy
Figure 9 shows the UV spectrum and Tauc’s plot of Zinc oxide with Nano-silica. Optical absorbance
spectra [33] of Zinc oxide with Nano-silica were recorded in the wavelength region from 200 to 800 nm.
From the absorbance spectra, optical band gap energy of Zinc oxide with Nano-silica were calculated by
Tauc’s relation:

ahy = A(hy — Eg)"
Where hy — incident photon energy
a — absorption coefficient
A — constant
E, — band gap of the material
n — depends on the type of the transition for direct band gap material [34]
Optical band gap was calculated by extrapolating a line on the linear part of the curve intercepting the
X-axis (hy in eV) [35]. Energy band gap of materials is calculated using the Tauc plot method [36]. The
observed band gap energy from the Tauc’s plot [37] is found to be 5.6 eV.

IJFMR260484002 Volume 8, Issue 4, July-August 2026 9
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Figure 9: UV Spectrum And Tauc’s Plot Of Silica With Zinc Oxide
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3.5 Photoluminescence (PL) Spectroscopy

Figure 10 shows the Photoluminescence emission spectrum of Zinc oxide with Nano-Silica. The intensity
was measured at room temperature between the wavelength range 250 nm and 700 nm. To validate the
transfer of charges which leads to emission, photoluminescence was performed at a particular wavelength
range [38]. The PL emission spectrum [39] was recorded with 330 nm as the excitation wavelength for
Zinc oxide nanostructures using Photoluminescence spectrophotometer. The broad peak in the UV region
is related to the recombination of excited electron in the conduction band and a hole from the valence band
in band-gap region. The emission peaks in the visible region are due to the oxygen and interstitial defects
in Zinc oxide nanostructures. Zinc oxide is potential material for higher photoluminescence efficiency
[40]. Emission intensity increases with a rise in zinc oxide content in the nanocomposite [41].

Figure 10: Photoluminescence Of Silica With Zinc Oxide
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3.6 Fourier Transform Infrared Spectroscopy (FTIR)
Figure 11 shows the Fourier Transform Infrared (FTIR) Spectrum of zinc oxide with nano-silica. The

functional groups were identified within the wavenumber range from 4000 cm™ to 400 cm™ using
Shimadzu IR Tracer-100 FTIR spectrometer. The graph is plotted with wavenumber (cm™) in the X-axis
and transmittance or absorbance (%) in the Y-axis [42]. The main peak at 449 cm™ corresponds to
inorganic metal-oxygen M-O stretching group. The different peaks at 2924 cm™!, 1569 cm™ and 1053 cm”
! corresponds to O-H stretching, C=C stretching and C-O stretching vibrations respectively. The peaks at
1423 cm! and 794 cm! corresponds to O-H bending and C=C bending vibrations respectively. The two
peaks at around 1569 cm™ and 1423 cm™! confirms the presence of zinc oxide ions [43]. The peak at around
1053 cm™! indicates the presence of silica (Si-O-Si) bond and the peak at around 449 cm™ confirms the

bond formed by zinc oxide [44].

Figure 11: FTIR Spectrum Of Silica With Zinc Oxide
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3.7 Fourier Transform Raman Spectroscopy (FT Raman)

Figure 12 shows the Fourier Transform Raman Spectroscopy (FT Raman) graph of Zinc oxide with Nano-
Silica. Raman spectrum of silica with zinc oxide nanocomposite plotted against Raman shift and Intensity
is shown [45]. To evaluate the structural properties and phase composition of the material, Raman
spectroscopy analysis was done [46]. The peaks at 458 cm™! and 467 cm™ correspond to metal-oxygen
inorganic class of compounds with M-O stretching group. The peak at 507 cm™! corresponds to halo
compounds class with C-I stretching group. The peak at 529 cm™! corresponds to low diamond band with
sp’ carbon. The peaks at 557 cm™, 566 cm™ and 594 cm™! corresponds to a class of halo compounds with
C-Br stretching group. The band at around 467 cm™! indicates the presence of silica [47].
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Figure 12: FT Raman Spectrum Of Silica With Zinc Oxide
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3.8 Zeta potential

Figure 13 shows the zeta potential graph of Zinc oxide with Nano-silica. Zeta potential measurements
were taken from Horiba Scientific SF-100 to determine the surface charge of the sample. The temperature,
pH and concentration of the material have an effect on the zeta potential values [48]. The surface charge
was analyzed using a Temperature of the Holder 25°C, Dispersion Medium Viscosity 0.894 mPa-s,
Conductivity 0.104 mS/cm and Electrode Voltage 3.4V. Analysis was taken after powder sample was
dispersed in distilled water and filtered using syringe filter. Zeta potential analysis was done using a Zeta-
sizer, Malvern Panalytical Ltd [49]. The charge of the sample’s surface was found to be negative with a
Mean Zeta Potential value -1.6 mV and Mean Electrophoretic Mobility -0.12 x 10™* ¢m? /V's
Figure 13: Zeta Potential Graph Of Silica With Zinc Oxide
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4. Antibacterial Properties

Bacteria show resistance to conventional antibiotics. As a result, it is crucial to find alternative drugs to
inhibit bacterial growth. Metal and metal oxides play a vital role in destroying bacterial growth of several
gram-positive and gram-negative bacteria. Zinc oxide is a promising material which has high antibacterial
efficacy [50]. It has high stability, biocompatibility and used in pharmaceutical industry owing to its
significant bacterial inhibitory potential [51].

4.1 Test culture

The bacterial cultures used for testing were obtained from the Department of Microbiology at Ethiraj
College, Chennai, India. The Escherichia coli (ATCC 25922) and Salmonella typhimurium strains (ATCC
14028) were procured from Hi-Media Laboratories.

4.2 Tested organisms

Three Gram-positive bacteria such as Staphylococcus aureus, Enterococcus species, and Streptococcus
pyogenes, were used. Seven Gram-negative bacteria such as Escherichia coli, Escherichia coli (ATCC
25922) strain, Klebsiella pneumoniae, Salmonella species, Pseudomonas aeruginosa, Proteus species, and
Salmonella typhimurium (ATCC 14028) strain, were used in the present study.

4.3 Test sample

Zinc oxide with Nano-Silica (Sample code: CS6)

4.4 Inoculum preparation

The bacterial cultures were grown in Muller-Hinton Broth (MHB) at 37 °C for 24h incubation. After
incubation, the 24-hour-old culture is ready for an antibacterial susceptibility test. Before starting the test,
the inoculum tube was adjusted visually by either adding bacterial colonies if the concentration is too light
or by adding sterile normal saline solution if the concentration is too thick. This was done to match the
already prepared 0.5 McFarland standard, which is assumed to contain a bacterial concentration of
1x108 colony-forming unit (CFU)/mL [52]

4.5 Disc diffusion method

Antibacterial activity was carried out using the disc-diffusion method. Petri plates were prepared with 20
ml of sterile Mueller-Hinton Agar (MHA) and made to solidify. About 100ul of bacterial suspension
containing 10® CFU/ml bacteria were swabbed on the top of the solidified media and allowed to dry for
10 min. The test was conducted at 1 mg/disc concentration each and 25ul/disc for the test sample Zinc
oxide with Nano-Silica (CS6). The loaded discs were placed on the surface of the agar medium and left
for 30 min at room temperature for compounds to diffuse into the medium. Ciprofloxacin (5ug /disc) was
used as a positive control (PC) and DMSO - Dimethyl Sulfoxide (25ul/disc) was used as a negative control
(NC). The plates were incubated for 24 h at 37°C. After the incubation period, the zone of inhibition (the
area around the discs where the bacterial growth was inhibited) was recorded in millimetres [53].

4.6 Results

The results of antibacterial activity revealed that the samples at 1 mg/disc were tested against gram-
positive and gram-negative pathogenic microorganisms.

Zinc oxide with Nano-Silica showed antibacterial activity against gram-positive bacteria such as
Staphylococcus aureus (12mm) [54], Streptococcus pyogenes (10mm), Enterococcus species (12mm), and
gram-negative bacteria such as Escherichia coli (09mm), Pseudomonas aeruginosa (11mm) [55], Proteus
species (10mm), Salmonella species (11mm), Klebsiella pneumonia (11mm), Escherichia coli - 25922
(11mm) [56], and Salmonella typhimurium - 14028 (11mm) at 1 mg/disc.
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Ciprofloxacin 5Spg/disc was used as a standard control (PC), and Dimethyl Sulfoxide (DMSO) 25ul/disc

was used as the negative control (NC).
Figures 14a to 14j show the antibacterial activity, the zone of inhibition of ten bacterial species by Zinc

oxide with Silica nanocomposite.

Figures 14a — 14j: Antibacterial Activity Of Silica With Zinc Oxide Nanocomposite On Ten
Different Bacteria
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Salmonella species Klebsiella pneumoniae
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Salmonella typhimurium - 14028 Escherichia coli - 25922

5. Conclusion

Thus, Tetraethyl orthosilicate (TEOS) was used as precursor for Nano-Silica, Cetyl Trimethyl Ammonium
Bromide (CTAB) was used as surfactant for morphology control of the sample, Zinc acetate dihydrate was
used as precursor for Zinc oxide nanoparticles. Silica with Zinc oxide nanocomposite was synthesized by
following the “Hydrothermal” method of synthesis. The material was subjected to high temperature and
cooled rapidly by deep freezing followed by freeze-drying the sample. White powder of Silica with Zinc
oxide nanocomposite was obtained.

Then, the morphological and structural properties were identified by X-Ray Diffraction (XRD), Field
Emission Scanning Electron Microscopy (FESEM), High-Resolution Transmission Electron Microscopy
(HRTEM) and Selected Area Electron Diffraction (SAED). The elemental analysis and chemical
composition of the sample was identified by Energy Dispersive X-ray Analysis (EDAX). The functional
groups present in the sample were determined by Fourier Transform Infrared Spectroscopy (FTIR) and
Fourier Transform Raman (FT Raman) Spectroscopy. The optical band gap was identified from
Ultraviolet-Visible (UV-Vis) Spectroscopy. The surface charge of the nanocomposite was found using Zeta
potential.

Finally, the antibacterial properties of zinc oxide were found from “Disc-diffusion method”. The zone of
inhibition of three gram-positive bacteria and seven gram-negative bacteria were identified. Thus, silica
with zinc oxide nanocomposite was proved to be an efficient nanocomposite against pathogenic bacteria.
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