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Antibiotics are of great interest due to antibiotic-resistant problems around the globe due to bacterial
resistance to conventional antibiotics. In this study, a novel green biosynthesis of silver—ruthenium
bimetallic zinc oxide nanocomposite using Callistemon viminalis leaf extract as a reducing agent using
zinc nitrate hexahydrate, silver nitrate, and ruthenium() chloride as capping agents was reported. The
results demonstrated that the surface morphology of the prepared bimetallic nanocomposite by
scanning electron microscopy was hexagonal in shape for zinc nanoparticle, rectangular in shape for
silver nanoparticle, and tetragonal in shape for ruthenium nanoparticle, having an average surface size
25, 35, and 55 nm, respectively. Fourier transform infrared analysis confirmed the presence of
compounds containing alkene, halo-, sulfoxide, phenol, nitro-, phenyl-ester, carboxylic acid, amines, and
alcohols which act as functional groups attached to the surface of nanocomposites. Results from X-ray
diffraction analysis found 81.12% crystallinity and hexagonal structure of zinc nanoparticles, rectangular
structure of silver nanoparticles, and tetragonal structure of ruthenium nanoparticles, which are also
similar to the results from transmission electron microscopy analysis. The average size distribution by
dynamic light scattering of silver—ruthenium bimetallic zinc oxide nanocomposite was 255 nm, which
confirms the biosynthesis of non-uniform size. Photo-disinfection activity of a silver—ruthenium
bimetallic zinc oxide nanocomposite against Escherichia coli bacteria isolated from hospital wastewater

under dark and ultraviolet-A irradiation conditions was observed. The antibacterial activity was calculated
Received 22nd February 2024

Accepted 29th March 2024 at 2.42704239, ensuring the silver—ruthenium bimetallic zinc oxide nanomaterials have photo-

disinfection properties. The results from this study revealed that the developed novel antibacterial
DOI-10.1039/d4ra01355g nanocomposite of silver—ruthenium bimetallic zinc oxide is useful in nanocoating photocatalytic

rsc.li/rsc-advances Escherichia coli disinfection and can be applied to disinfect surfaces.

1. Introduction leading to a microbial threat to human health.> There are
various sources of contamination, such as drainage waste,
The antibiotic-resistant problem is the biggest threat in the household wastewater, and industrial waste, that can cause
healthcare sector.* The problem arises due to overuse, misuse of ~microbial resistance. However, the main source of microbial
antibiotics, and microbial gene mutation. New species of contamination in hospital surroundings is wastewater, which is
antibiotic-resistant bacteria could be due to microbial evolution  highly microbially contaminated due to more infected patients'
by external influences like-the environment and chemicals, activities.” Hospital wastewater is normally treated by waste-
water treatment plants to disinfect contaminated water using
“Department of Pharmaceutical Chemistry, Faculty of Pharmaceutical Sciences, Prince commercially available antibiotics, but the antibiotic-resistant
of Songkla University, Hat Yai, Songkhla 90110, Thailand. E-mail: nanosciencejha. ~ Problem becomes a major cause of difficulty in the wastewater
pankaj@gmail.com disinfection process.* Escherichia coli is one of the most
"Faculty of Environmental Management, Prince of Songkla University, Hat Yai, common microbial contaminants found in hospital wastewater.
‘j;mgkzl“ 9 ‘ZIIO;JrTh?:“:d' t‘E-m‘;ﬂ: tll‘"ya'EIZVirffctr O@ngail';‘"f? N Contact with E. coli may lead to infectious diseases such as skin
‘Department o, 'ostnoaontics, racu [0) entisiry, Zarqa University, Zarqa ) . . .
]organ. E—mai{ dineshrokaya115@ho?m:£l.com ” ! Y ! infection, dlarrhea, etc. 5_ . .
“Drug Delivery System Excellence Center, Prince of Songkla University, Hat Yai, In developing countries, the health hygiene of people is very
Songkhla 90110, Thailand. E-mail: nanoscience.jha.pankaj@gmail.com poor due to poverty and a lack of health facilities such as
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hospital hygiene management, wastewater treatment and
management, and vaccination. This may result in several
healthcare threats, like infections, wounds, and various
diseases. In developed countries, although there is proper
healthcare management, microbial resistance and its associ-
ated problems are major threats to healthcare management.® In
search of new formulations and techniques to overcome
microbial resistance problems, newly developed formulations
and materials are used in healthcare applications such as
nanocoating for surface disinfection and wastewater manage-
ment. Nanotechnology is an emerging field with its various sub-
branches like nano-biomedicine, nano-chemistry, nanobiology,
nano-systems, etc., where various biological applications are
done by synthesizing nanoscale particles.” In this nanoscale
particles synthesis process, there are different techniques, such
as physical and chemical methods. Physical methods are
physical vapor deposition (PVD), ball milling, pulse laser abla-
tion (PLA), and chemical methods are chemical vapor deposi-
tion (CVD), chemicals co-precipitation, which are hazardous to
the environment and costly on an economic level. However,
green synthesis or biosynthesis method for nanoparticles is
a keen interest in material processing and formulations due to
its ecofriendly and being commonly available in our
surroundings.®®

Green synthesis is also very important on the surface of the
nanomaterial functionalization process.'™' Various types of
functional groups from natural products, such as phenolic,
ketones, carboxylic, alkanes, alkenes, etc., can be utilized in
attachment to the surface of nanomaterials."»* Many
compounds from natural products have high stability and bio-
logical functions such as antimicrobial, anti-inflammatory, etc.,
which may assist the biological properties of the nanomaterial
when they are incorporated into the preparation process. The
chemical functional groups of bio-material play a vital role in
reducing bulk materials into nanoscale materials and encap-
sulating them to make them stable, which is very interesting in
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nanomaterials during biosynthesis process.™ In contrast to the
chemical and physical methods, which are not reliable for
synthesizing nanomaterials due to chemical hazards and risks
in operation.” In biological or green synthesis methods, plant
parts such as leaves, roots, stems, and biological wastes are
commonly used to synthesize the nanomaterials.’® In this
research, leaves from the Callistemon viminalis plant were taken
to perform biosynthesis process. C. viminalis is a tropical plant
commonly found in Asian countries and has been reported to
have various medicinal applications such as antibacterial,
antifungal, antioxidant, and other pharmaceutical and insecti-
cidal properties.”” Its leaves were reported to contain 1,8-
cineole, a-pinene, o-terpineol, terpinen-4-ol, 3-O-o-L-arabino-
pyranoside hederagenin, hederagenin 3-O-B-glucopyranosyl-
(1 —2)-B-o-xylopyranoside, betulinic acid, etc.,'® which acts as
a reducing agent and capping agent during nanoparticles
biosynthesis process,'® the extract has antibacterial properties.*
Thus, this research aims to synthesize silver-ruthenium bime-
tallic zinc oxide nanocomposite using leaf extract of Callistemon
viminalis and determine its application on nanocoating photo-
catalytic E. coli disinfection.

2. Results

2.1 Biosynthesis of silver-ruthenium bimetallic zinc oxide
nanocomposites (Ag-Ru/ZnO bimetallic nanocomposite)

The synthesis process of Ag-Ru/ZnO bimetallic nanocomposite
(Fig. 1) was performed similarly to that previously reported by
Jha et al. (2021).>* Fresh leaves of C. viminalis were collected,
washed, and extracted from 30 g by mixing with 250 mL hot
water and filtered through a Whatman No. 1 filter paper
resulting in a light-yellow solution. The 10 mL solution of leaf
extract was further utilized in the nanocomposite synthesis in
aqueous alkali (pH 8) condition. Inorganic precursors used in
the synthesis process comprise solutions of zinc nitrate hexa-
hydrate, silver nitrate, and ruthenium(i) chloride in water. The

Mix with 100 ml each of

—_— Aqueous extract of _ Aq. solutions of

Extract with C. viminalis leaves ] 70 mM Zn(NO;),. 6H,0,

h" Fact wi Adjust 1 mM AgNO,

ok water pHto 80 and 1 mM RuCl,
Fresh leaves of
C. viminalis 60°C
& e |«

60°C,
Overnight

Fig. 1 Biosynthesis of silver—ruthenium bimetallic zinc oxide hanocomposites.
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Fig. 2

synthesis process was performed at 60 °C in the dark after
mixing the solution of leaf extract with all metal precursor
solutions. The vigorous stirring continued until the solution's
colour changed from dark black to light brown, confirming the
nanocomposites were successfully achieved. The final dried
powder of Ag-Ru/ZnO bimetallic nanocomposite was finally
obtained by annealing at 300 °C for 3 hours to obtain a pure
ultrafine form of nanomaterials attached with functional
groups as a dark grey powder, where nanomaterial crystallinity,
phase transition, and photocatalytic properties increase.

2.2 Ultraviolet visible and band gap energy analysis

The ultraviolet visible (UV-vis) absorbance (Fig. 2) of Ag-Ru/ZnO
nanocomposite was observed at 375 nm, confirming decreasing
frequency, which is redshift as shown in Fig. 2A, and from the
eqn (2), band gap energy was at calculated 2.85 eV as shown in
Fig. 2B, which is similar and better than the report of Gurgur
et al. (2020).>

2.3 Field emission scanning electron microscopy-energy
dispersive X-ray analysis

Field emission scanning electron microscopy (FESEM, Fig. 3)
analysis showed the average surface size of small zinc (Zn)
nanoparticles of 25 nm to be hexagonal in shape. The surface
size of small silver (Ag) nanoparticles had an average size of
35 nm with rectangular in shape. Similarly, surface size of small
size ruthenium (Ru) nanoparticle displayed tetragonal shape
with an average size of 55 nm as shown in Fig. 3A. However,
non-uniform surface and size characteristics of zinc oxide,
silver, and ruthenium were observed, confirming that each
nanoparticle has different sizes, such as large, medium, and
small. Energy dispersive X-ray (EDX) analysis has shown
a weight percentage of 77.4% of Zn nanoparticles, 0.4% of Ag
nanoparticles, and 1.3% of Ru nanoparticles, and 20.9% of
oxygen (O), with all elements well distributed as shown in
Fig. 3B and C, in contrast, nanomaterials arrangements are
different in comparison to the report of Pragati et al. (2014).%

2.4 Dynamic light scattering analysis

Dynamic light scattering (DLS) is photon correlation spectros-
copy and one of the most popular methods used to determine

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) Ultraviolet visible absorbance peak of Ag—Ru/ZnO bimetallic nanocomposite at 375 nm and (B) band gap energy of 2.85 eV.

the size of nanomaterials.* DLS analysis of the obtained Ag-Ru/
ZnO bimetallic nanocomposite (Fig. 4) showed an average size
distribution of 255 nm in the obtained Ag-Ru/ZnO bimetallic
nanocomposite with a polydispersity index of 0.54, confirming
non-uniform size. The non-uniform size may be due to some
aggregation of the composite during the annealing process.
Moreover, the sizes of the nanomaterials by determined DLS
analysis are results of the random motion due to their kinetic
energy. The variation in sizes could also be due to the different
shapes of the nanomaterials.

2.5 Transmission electron microscopy analysis

The study on the structure of the Ag-Ru/ZnO bimetallic nano-
composite was performed using transmission electron micros-
copy (TEM). The obtained transmission electron micrographs
(Fig. 5) demonstrated the hexagonal structure of Zn nano-
particles, rectangle structure of Ag nanoparticles, and the
tetragonal structure of Ru nanoparticles. The average diameter
of a nanoparticle is ~20-50 nm in crystalline form, in the same
manner as reported by Bhunia et al. (2015).>

2.6 X-ray diffraction analysis

The X-ray diffraction (XRD) pattern (Fig. 6) of the Ag-Ru/ZnO
bimetallic nanocomposite shows peaks and muller indices (%,
k, 1) value at positions (26) 31.65° (1 0 0), 34.32° (0 0 2), and 36°
(1 0 1), indicating hexagonal crystal structure of zinc nano-
particles. XRD peaks and #, k, [ values of Ag nanoparticles were
observed at 38° (11 1), 44.6° (2 0 0), and 64.1° (2 2 0), indicating
a rectangular crystal structure. Similarly, Ru nanoparticles were
observed at 28° (1 1 0) and 54.2° (2 1 1), indicating a tetragonal
crystal structure. The metallic crystal size calculated by eqn (2)
was found to be 28 nm for ZnO nanoparticles, 59 nm for Ag
nanoparticles, and 72 nm for Ru nanoparticles. The percentage
of crystallinity was found to be 81.12%, similar to the published
data of Bushell et al. (2020).>°

2.7 Fourier transform infrared analysis

Fourier transform infrared can be used to identify functional
groups that attach on the surface of the obtained nano-
materials.” The FTIR transmission spectrum of Ag-Ru/ZnO
bimetallic nanocomposite (Fig. 7) displays peaks at

RSC Adv, 2024, 14, N1017-11026 | 11019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01355g

Open Access Article. Published on 05 April 2024. Downloaded on 1/20/2026 6:56:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

& HV spot curr  mode det WD HFW mag B
10.00kV_5.0 13pA A+B T2 2.9363 mm_1.04 um 200 000 x

AT g

Fig. 3

View Article Online

Paper

Ag-Ru-Zn0

(A) Field emission scanning electron microscopic analysis showing non-uniform size of Ag—Ru/ZnO bimetallic nanocomposite,

hexagonal shape of ZnO nanoparticles, rectangular shape of Ag nanoparticles, and tetragonal shape of Ru nanoparticles (B) energy dispersive X-
ray (EDX) analysis showing elemental weight percentage present in the Ag—Ru/ZnO bimetallic nanocomposite. (C) Picture from the EDX
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Fig. 4 Dynamic light scattering analysis of Ag—Ru/ZnO bimetallic
nanocomposite showing an average size distribution of 255 nm (PDI =
0.54).

wavenumbers (cm ™) 670, 839, 880, 1035, 1384, 1527, 1638, 1776,
2344, 2426, 3435, 3679, and 3806 indicating the presence of
alkene, halo compound, sulfoxide, phenol, nitro compound,
phenyl-ester, carboxylic acid, amines, primary alcohols, and
alcohols, respectively. Moreover, C=C bending, C-Cl stretching,
S=0 stretching, O-H bending, and N-O stretching were noticed
in the spectrum, confirming the functional groups contained in
the extract of C. viminalis that may be attached on the surface of
the nanomaterials. In previous studies, C. viminalis showed the
presence of phenols, alcohol, carboxylic acid, ketones, and
amines which was earlier reported in Jha et al. (2023).>®

1020 | RSC Adv, 2024, 14, 11017-11026

2.8 Photocatalytic nanocoating disinfection in antibacterial
application

A liter of wastewater was filtered through a nitrocellulose filter
(pore size 0.22 pm). The filtrate was taken into 500 mL of nutrient
broth media and incubated for 24 hours. After incubation, the
nutrient broth media with culture bacteria was streaked on
MacConkey agar and incubated for 24 hours. The pink colonies
were collected from the MacConkey agar and re-streaked on
eosin methylene blue (EMB) agar. E. coli bacteria in the metallic
green sheen colonies were observed. A single colony of E. coli was
picked, and it was subcultured in nutrient agar media. In the
meantime, 25 g of Luria Bertani (LB) broth media was suspended
in 1000 mL of deionized water and autoclaved at 121 °C for 15
minutes to sterilize. After autoclaving, LB broth was cooled and
poured into the different round-bottom flasks inside the laminar
airflow, and E. coli bacteria were suspended in it similar to
Behesti Maal et al. (2015).*°

Two percent (2%), ie., 20 mg mL ' of nanomaterials
suspension was prepared. Whatmann No. 1 filter papers were
cut into 5 cm x 5 cm sizes and 1 mL of the obtained silver—
ruthenium bimetallic zinc oxide (Ag-Ru/ZnO) nanocomposite
was poured on the paper and further annealed at 100 °C for 30
minutes to make it sterile. One milliliter of hospital wastewater
containing E. coli (4.04 x 10* CFU mL ') was poured on the
nanocoated paper and covered by a glass coverslip to perform

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Transmission electron microscopy analysis structure confirmation of silver having a rectangular structure, ruthenium having tetragonal

structure, and zinc oxide having hexagonal structure.

nanocoating experiment. One paper was free of nanomaterials
as a control sample. Here, for the bacteria respiration oxygen
inlet and outlet pipe were connected to the light-box to main-
tain the internal environment of light box chamber. In the first
step, both control and nanocoated samples were incubated
under dark conditions for 8 hours and then irradiated with 18
W/UV-A for another 8 hours under light condition, maintaining
the distance between samples and lamp at 19 cm. Bacterial
samples were recovered from the edge of the cover slip by using
a micro-pipette. Spiral plating was performed to count E. coli

© 2024 The Author(s). Published by the Royal Society of Chemistry

bacterial colonies before and after irradiation to understand
bacterial depletion under different conditions by culturing 100
uL of bacterial samples on nutrient agar media using L shape
inoculating loop, similar to the method of Gkana et al. (2017).*°

As shown in Fig. 8, colony formation unit (CFU mL ') under
dark and light conditions in control have higher in numbers in
comparison with Ag-Ru/ZnO bimetallic nanocomposite coat-
ings. The antibacterial activity was determined using eqn (1)
similar to Xie et al. (2011)** and the results are summarized in
Table 1.

RSC Adv, 2024, 14, 1017-11026 | 11021
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Fig. 6 X-ray diffraction analysis confirmed the synthesis of Ag—Ru/
ZnO bimetallic nanocomposite.
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Fig. 7 Fourier transform infrared spectrum of Ag—Ru/ZnO bimetallic
nanocomposite (KBr).
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Fig.8 CFU mL™ of control, and Ag—Ru/ZnO nanocomposite under 8
hours of dark conditions, and 8 hours of UV-A light irradiation.

. . . BL BD
Antibacterial activity = loga — logﬁ (1)

where L is light condition and D is dark condition, B is several
bacteria in the non-photocatalyst sample, and C is several bacteria
in the nanocoated Ag-Ru/ZnO bimetallic nanocomposite.

Table 1 demonstrated the antibacterial activities of the Ag—
Ru/ZnO bimetallic nanocomposite against wastewater contam-
inated bacteria. The initial bacterial counts before testing were
4.04 x 10* CFU mL™*. The control experiments found that when

1022 | RSC Adv, 2024, 14, I017-11026
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there was no treatment with Ag-Ru/ZnO bimetallic nano-
composite in the dark condition, the amount of bacterial count
remained at the same value showing a stationary phase.
However, in another control group (no nanocomposite), but in
the presence of UV-A light, the amount of bacterial count was
reduced to 0.6 x 10* CFU mL ™", indicating that UV-A itself has
antibacterial activity. In contrast to the test groups by treated
with the Ag-Ru/ZnO bimetallic nanocomposite both without
UV-A irradiation and with UV-A irradiation, the number of
bacterial counts was significantly reduced when compared to
the initial count. Interestingly, when the treatment was per-
formed by the addition of the nanocomposites together with
UV-A irradiation, a significant reduction in comparison to the
same treatment but no UV-A irradiation was observed. The
amount of bacterial count was reduced from the initial amount
about 1800 times in the treatment group in the dark. Bacterial
counts in the treatment group with light irradiation were in
4040 times in the non-treatment group compared to the treat-
ment group with light irradiation. The antibacterial activity of
the developed nanocomposite was calculated using eqn (1) and
resulting in a value of 2.42704239. The significance observed at
95% confident of dark condition was calculated to be signifi-
cance value (P) = 0.0000, which is statistically significant with
55.45%
comparison with 0% of control antibacterial rate. Similarly, the
significance observed at 95% confident of light condition was
calculated to be significance value (P) = 0.0000, which is
statistically significant with 99.94% of Ag-Ru/ZnO nano-
composite antibacterial rate comparison with 85.15% of control
antibacterial rate.

of Ag-Ru/ZnO nanocomposite antibacterial rate

3. Discussion

Silver-ruthenium bimetallic zinc oxide nanocomposite was
obtained by biosynthesis using a green method. None of the
organic solvents were utilized in the synthesis process. The
obtained Ag-Ru/ZnO bimetallic nanocomposite displayed
maximum UV-vis absorbance at 375 nm, indicating the success
of the nanomaterial's products from this process. The narrow
energy band gap of the obtained nanocomposite was 2.85 eV
which is beneficial for electrostatic interaction between divalent
Zn”" ions in Ag-Ru/ZnO nanocomposite. This interaction would
effectively increase the vacancy defects in Ag-Ru/ZnO nano-
composite crystals, therefore enhancing the electron transition
from the valence band to the conduction band as well as
decreasing the charge carrier separation, which is helpful for
photoactivity ~disinfection properties.** Scanning electron
microscopy analysis revealed the surface morphology of ZnO
nanoparticles to be hexagonal shape, silver nanoparticles to be
in rectangular shape, and ruthenium nanoparticles to be in
tetragonal shape. Similarly, dynamic light scattering analysis
gave an average size distribution of 255 nm with a high poly-
dispersity index, which may be due to the aggregation of the
nanomaterial during the annealing process. X-ray diffraction
has confirmed the crystallinity of the obtained nanocomposites,
which having an 81.12% crystallinity containing metals from
the highest to the lowest: Zn, Ag, and Ru, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Number of recovered bacteria in CFU mL™! before and after
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irradiation

Initial bacteria before testing 4.04 x 10* (CFU mL ")

Recovered bacteria

Recovered bacteria

Samples after 8 hours in dark condition (CFU mL ) after 8 hours of irradiation (CFU mL ")
Control 4.04 x 10* 0.6 x 10*
Ag-Ru/ZnO 1.80 x 10° 0.001 x 10*

Transmission electron microscopy analysis has confirmed the
structure of nanomaterials, similar to SEM and XRD analysis.
The information from the FT-IR spectrum confirmed the pres-
ence of several functional groups such as alkene, halo
compound, alkane, sulfoxide, phenol, nitro compound, phenyl-
ester, carboxylic acid, amines, and alcohols attached on the
surface of silver-ruthenium bimetallic zinc oxide nano-
composite. Those functional groups were derived from the
extract of C. viminalis leaf. The antibacterial activity value of Ag—
Ru/ZnO bimetallic nanocomposite with light illumination was
2.42704239 times higher than in the dark condition, which may
be due to the UV-A light absorption properties of the attached
functional groups on the surface of Ag-Ru/ZnO nanocomposite.
In contrast, UV-A light irradiation on Ag-Ru/ZnO nano-
composite activates electron transfers from the valence band to
the conduction band, inhibiting redox oxygen species (ROS)
binding with E. coli and leading to bacterial depletion. UV-A
light strikes the surface of the nanocomposite to generate
excited band gap energy, which promotes the formation of
reactive oxygen species (ROS) as an antibacterial agent and
shows antibacterial properties at the nano level which is already
explained the nanomaterials' ROS mechanism by Ghobani et al.
(2018), Li et al. (2012), Joe et al. (2018),>*** meanwhile, for Ag-
Ru/ZnO nanocomposites’ an experimental study on ROS
mechanism is required in future. The control sample (Ag-Ru/
ZnO bimetallic nanocomposite without UV-A) did not have
any disinfection properties against E. coli compared to that of
the bimetallic nanocomposite sample under UV-A irradiation.
Even though the control sample was found to have an inacti-
vation tendency under UV-A irradiation, but in comparison with
the Ag-Ru/ZnO bimetallic nanocomposite, it has no capability
to reach the activation level in the ROS (superoxide radical,
hydroxyl radical, and singlet oxygen) production process. Ag-
Ru/ZnO bimetallic nanocomposite has a higher inactivation

Fig. A. UVA irradiation inside a black box

Fig. 9 Photo-disinfection studies method by UVA light irradiation.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Spiral plating on

tendency under UV-A irradiation, leading to a higher amount of
ROS production. Irradiated Ag-Ru/ZnO bimetallic nano-
composite can induce common oxidative damage in bacteria,
leading to the production of reactive oxROS and DNA, protein,
and lipid damage which results in cell death.***” In this study,
photo-disinfection showed potential applications of bimetallic
nanocomposite for disinfection purposes such as surface
cleaning and photocatalytic disinfection at wastewater treat-
ment plants to cope with antibiotic-resistant problems but
further cytotoxicity studies are required. Also, it could be
applicable in household antimicrobial cleaning and coating on
the surface for instrumental disinfection.

4. Materials and methods
4.1 Materials

Callistemon viminalis leaf was brought from Agricultural Park,
Hat Yai, Songkhla-90110, Thailand. Zinc nitrate hexahydrate
and Ruthenium(u) chloride hydrate were purchased from
Sigma Aldrich, Singapore. Silver nitrate and sodium hydroxide
were purchased from Loba Chem Pvt. Ltd., Thailand. Nutrient
broth media, Nutrient Agar Media, Muller Hilton Agar Media,
Eosin Methylene Blue (EMB) Media, and Luria Bertani (LB)
Media were brought from HiMedia Laboratories Pvt. Ltd.,
Mumbai, India. MacConkey Agar was purchased from Becton,
Dickinson, and Company, Sparks, MD 21152, USA.

4.2 Methods

4.2.1 Preparation of C. viminalis leaf extract. Thirty grams
of leaves were washed with de-ionized water and cut into small
pieces. After cutting into small pieces, it was boiled with 250 mL
of de-ionized water for 20 minutes at 60 °C, cooled, and filtered
with Whatman No. 1 filter paper, similar to Jain and Jain
(2017).%

nutrient agar
media

Fig. B. CFU/mL of control and Ag-Ru/ZnO
nanocomposite after UVA irraditaion

RSC Adv, 2024, 14, 11017-11026 | 11023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01355g

Open Access Article. Published on 05 April 2024. Downloaded on 1/20/2026 6:56:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

4.2.2 Biosynthesis of silver-ruthenium bimetallic zinc
oxide nanocomposites. A hundred milliliter solution of 70 mM
zinc nitrate hexahydrate, 1 mM silver nitrate solution (100 mL),
and 1 mM ruthenium(u) chlorite solution (100 mL) were
prepared. A mixture of zinc precursor solution, silver nitrate
solution, and ruthenium solution was prepared with 10 mL of
the leaf extract solution. Drops of 1 M sodium hydroxide
(NaOH) were added to make pH 8, and it was also heated at 60 °©
C under vigorous stirring until color changed from dark black to
light brown, followed by annealing at 300 °C for 3 hours to
collect powder similar to Jha et al. (2023).%°

4.2.3 Photocatalytic nanocoating disinfection studies.
Wastewater was collected from the wastewater treatment plant
of Songklanagarind Hospital, Kho Hong, Hat Yai, Songkhla,
Thailand. The adhesion method is the process of attaching
surfactant to the surface. The glass adhesion method for
nanocoating photo-disinfection activity was performed using
2% of nanomaterials concentration (i.e., 20 mg mL™ ') and
hospital wastewater E. coli bacteria concentration of 4.04 x 10*
CFU mL™" (Fig. 9) similar to Chatterjee et al. (2023).*°

4.3 Characterizations

Ultraviolet visible analysis was conducted at wavelengths from
200 to 800 nm using UV-visible spectroscopy model number DR
6000 (Environmental Science Company Limited). Band gap
energy was calculated using the following TAUC formula (eqn
(2)), similar to Makula et al. (2018):*!

ahy = Alhy — Egpl” (2)

where o is the linear absorption coefficient, # is Planck's
constant, vy is the frequency of light, A is a proportionality
constant, Eg,, is the band gap energy, and n is a numerical value
depending upon the transition. A graph was plotted between
ahy vs. by and the band gap energy was estimated.

The surface morphology and elemental compositions were
examined using FE-SEM Apreo-EDX. TEM analysis was per-
formed using an electron probe X-ray microanalyzer JXA 8900R.
The functional group attached to the nanoparticle surface was
analyzed by the KBr pallet technique using a Fourier Transform
Infrared Spectrometer (VERTEX 70, Bruker, Bremen, Germany).
XRD Empyrean was used to identify crystallinity and phase
identification. The average crystal size was calculated using
Scherer's equation, similar to Ali et al. (2013):*

D= { K }A
G cos 6§
where D is the average crystallite diameter in Angstrom, K is the
Scherrer constant, A is the wavelength of X-ray, i.e., 1.5406 A
CuKa radiation, 6 is the Braggs' angle, and § is the full width at
half maximum intensity of diffraction peak. Nanomaterials
particle size distribution were analyzed using dynamic light
scattering (DLS), Malvern Panalytical, Zetasizer version 7.13.

(3)

Sample availability

Samples of the compounds are available from the authors.

1024 | RSC Adv, 2024, 14, N0O17-1M1026

View Article Online

Paper

Data availability

Furnish upon request.

Author contributions

Conceptualization, experimental, methodology design, and
writing - original draft preparation, supervision, P.-K. J.; tech-
nical support, T. J.; data checking, proofreading, D. R.; partial
supervision, final proofreading and correction, C. O. All authors
have read and agreed to the published version of the
manuscript.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

This research was supported by the PSU Reinventing University
Project Grant Number 175623. P. K. J. was supported under
a Postdoctoral fellowship of the PSU Reinventing University
Project Grant Number 175623. The authors would like to thank
the Department of Pharmaceutical Chemistry, Faculty of Phar-
maceutical Sciences, Prince of Songkla University, Hat Yai,
Songkhla-90110, Thailand, for providing the laboratory equip-
ment and all chemicals used in this project.

References

1S. S. Kadri, Key takeaways from the U.S. CDC's 2019
antibiotic resistance threats report for frontline providers,
Crit. Care Med., 2020, 48(7), 939-945, DOIL 10.1097/
CCM.0000000000004371.

2 C. L. Ventola, The antibiotic resistance crisis: part 1: causes
and threats, Pharm. Therap., 2015, 40(4), 277-283.

3 B. Wu, C. Qi, L. Wang, W. Yang, D. Zhou, M. Wang, Y. Dong,
H. Weng, C. Li, X. Hou, X. Long, H. Wang and T. Chai,
Detection of microbial aerosols in hospital wards and
molecular identification and dissemination of drug
resistance of Escherichia coli, Environ. Int., 2020, 137,
105479, DOI: 10.1016/j.envint.2020.105479.

4 A. Majumder, A. K. Gupta, P. S. Ghosal and M. Varma, A

review on hospital wastewater treatment: a special

emphasis on occurrence and removal of pharmaceutically
active compounds, resistant microorganisms, and SARS-

CoV-2, J. Environ. Chem. Eng., 2021, 9(2), 104812, DOIL:

10.1016/j.jece.2020.104812.

T. Mackulak, K. Cverenkarova, A. Vojs Stanova, M. Fehér,

M. Tamé$, A. B. Skulcovd, M. Gal, M. Naumowicz,

V. Spalkova and L. Birosova, Hospital wastewater-source of

specific micropollutants, antibiotic-resistant

microorganisms, viruses, and their elimination, Antibiotics,

2021, 10(9), 1070, DOI: 10.3390/antibiotics10091070.

J. A. Ayukekbong, M. Ntemgwa and A. N. Atabe, The threat of

antimicrobial resistance in developing countries: causes and

[9)]

o)}

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1097/CCM.0000000000004371
https://doi.org/10.1097/CCM.0000000000004371
https://doi.org/10.1016/j.envint.2020.105479
https://doi.org/10.1016/j.jece.2020.104812
https://doi.org/10.3390/antibiotics10091070
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01355g

Open Access Article. Published on 05 April 2024. Downloaded on 1/20/2026 6:56:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

control strategies, Antimicrob. Resist. Infect. Control, 2017,
6(1), 47, DOL: 10.1186/s13756-017-0208-X.

7 P. K. Sharma, S. Dorlikar, P. Rawat, V. Malik, N. Vats,
M. Sharma, J. S. Rhyee and A. K. Kaushik, 1 -
Nanotechnology and its application: a review, in
Nanotechnology in Cancer Management, ed. K. R. Khondakar
and A. K. Kaushik, Elsevier, 2021, pp. 1-33, DOIL: 10.1016/
B978-0-12-818154-6.00010-X.

8 N.-Y. Lee, W.-C. Ko and P.-R. Hsueh, Nanoparticles in the
treatment of infections caused by multidrug-resistant
organisms, Front. Pharmacol., 2019, 10, 452171.

9 Nayantara and P. Kaur, Biosynthesis of nanoparticles using
eco-friendly factories and their role in plant pathogenicity:
a review, Biotechnol. Res. Innov., 2018, 2(1), 63-73, DOL:
10.1016/j.biori.2018.09.003.

10 M. Huston, M. DeBella, M. DiBella and A. Gupta, Green
synthesis of nanomaterials, Nanomaterials, 2021, 11(8),
2130.

11 N. M. Noah and P. M. Ndangili, Green synthesis of
nanomaterials from sustainable materials for biosensors
and drug delivery, Sens. Int., 2022, 3, 100166.

12 J. Wang and W. Vermerris, Antimicrobial nanomaterials
derived from natural products—a review, Materials, 2016,
9(4), 255.

13 C. H. Barros and E. Casey, A review of nanomaterials and
technologies for enhancing the antibiofilm activity of
natural products and phytochemicals, ACS Appl. Nano
Mater., 2020, 3(9), 8537-8556.

14 S. Arsalani, E. J. Guidelli, J. F. D. F. Araujo, A. C. Bruno and
O. Baffa, Green synthesis and surface modification of iron
oxide nanoparticles with enhanced magnetization using
natural rubber latex, ACS Sustainable Chem. Eng., 2018,
6(11), 13756-13765, DOI: 10.1021/acssuschemeng.8b01689.

15 F. A. Khan, Synthesis of nanomaterials: methods &
technology, Appl. Nanomater. Hum. Health, 2020, 15-21.

16 E. M. Modan and A. G. Plaiasu, Advantages and
disadvantages of chemical methods in the elaboration of
nanomaterials, The Annals of “Dunarea de Jos” University of
Galati. Fascicle IX, Metallurgy and Materials Science, 2020,
43(1), 53-60, DOI: 10.35219/mms.2020.1.08.

17 M. Z. M. Salem, M. EL-Hefny, R. A. Nasser, H. M. Ali, N. A. El-
Shanhorey and H. O. Elansary, Medicinal and biological
values of Callistemon viminalis extracts: history, current
situation and prospects, Asian Pac. J. Trop. Med., 2017,
10(3), 229-237, DOIL: 10.1016/j.apjtm.2017.03.015.

18 S. Mahgoub, N. Hashad, S. Ali, R. Ibrahim, A. M. Said,
F. A. Moharram and M. Mady, Polyphenolic profile of
Callistemon viminalis aerial parts: antioxidant, anticancer
and in silico 5-LOX inhibitory evaluations, Molecules, 2021,
26(9), 2481, DOI: 10.3390/molecules26092481.

19 S. U. R. Qamar and J. N. Ahmad, Nanoparticles: mechanism
of biosynthesis using plant extracts, bacteria, fungi, and
their applications, J. Mol Lig., 2021, 334, 116040, DOI:
10.1016/j.molliq.2021.116040.

20 S. Hasan Radhi, S. A. Kamal, N. Mohammed Sahi and
H. J. Hussein, Assessment of antibacterial efficacy of
Callistemon viminalis (Sol. Ex Gaertn.) G. don against some

© 2024 The Author(s). Published by the Royal Society of Chemistry

21

22

23

View Article Online

RSC Advances

isolates obtained from urinary tract infections, Arch. Razi
Inst., 2022, 77, 891-897, DOI: 10.22092/ARI1.2022.357125.1981.
P. K. Jha, W. Khongnakorn, C. Chawenjkigwanich,
M. S. Chowdhury and K. Techato, Eco-friendly reduced
graphene oxide nanofilter preparation and application for
iron removal, Separations, 2021, 8(5), 68, DOL 10.3390/
separations8050068.

E. Gurgur, S. Oluyamo, A. Adetuyi, O. Omotunde and
A. Okoronkwo, Green synthesis of zinc oxide nanoparticles
and zinc oxide-silver, zinc oxide-copper nanocomposites
using Bridelia Ferruginea as biotemplate, SN Appl. Sci.,
2020, 2(5), 911, DOI: 10.1007/542452-020-2269-3.

F. Pragati, S. Gangopadhyay and S. Pande, Synthesis of ZnO/
Au and ZnO/Ag nano-particles and their photocatalytic
application using UV and visible light, RSC Adv., 2014, 4,
294962, DOI: 10.1039/c4ra03158j.

24 ]J. Lim, S. P. Yeap, H. X. Che and S. C. Low, Characterization

25

26

27

28

29

30

31

32

of magnetic nanoparticle by dynamic light scattering,
Nanoscale Res. Lett., 2013, 8(1), 381, DOIL: 10.1186/1556-
276X-8-381.

A. Bhunia, Chemical growth of spherical zinc oxide
nanoparticles and their structural, optical properties, J.
Physic. Sci., 2015, 20, 205-212.

M. Bushell, S. Beauchemin, F. Kunc, D. Gardner, J. Ovens,
F. Toll, D. Kennedy, K. Nguyen, D. Vladisavljevic,
P. E. Rasmussen and L. J. Johnston, Characterization of
commercial metal oxide nanomaterials: crystalline phase,
particle size and specific surface area, Nanomaterials, 2020,
10(9), 1812, DOI: 10.3390/nan010091812.

S. Ahmed and S. Ikram, Silver Nanoparticles: one pot green
synthesis using Terminalia arjuna extract for biological
application, J. Nanomed. Nanotechnol., 2015, 6(4), 1-6, DOI:
10.4172/2157-7439.1000309.

P. K. Jha, C. Pokhum, P. Soison, K. Techato and
C. Chawengkijwanich, Comparative study of zinc oxide
nanocomposites with different noble metals synthesized by
biological method for photocatalytic disinfection of
Escherichia coli present in hospital wastewater, Water Sci.
Technol., 2023, 88, 1564-1577, DOIL: 10.2166/wst.2023.272.
K. Beheshti Maal, A. Soleimani Delfan and S. Salmanizadeh,
Isolation and identification of two novel Escherichia coli
bacteriophages and their application in wastewater
treatment and coliform's phage therapy, jundishapur J.
Microbiol., 2015, 8(3), €14945, DOIL: 10.5812/jjm.14945.

E. N. Gkana, A. I. Doulgeraki, N. G. Chorianopoulos and G.-J.
E. Nychas, Anti-adhesion and anti-biofilm potential of
organosilane nanoparticles against foodborne pathogens,
Front. Microbiol., 2017, 8, 1295, DOI: 10.3389/
fmicb.2017.01295.

Y. Xie, Y. He, P. L. Irwin, T. Jin and X. Shi, Antibacterial activity
and mechanism of action of zinc oxide nanoparticles against
Campylobacter jejuni, Appl. Environ. Microbiol., 2011, 77(7),
2325-2331, DOI: 10.1128/AEM.02149-10.

A. S. Darwish, F. E. Bayaumy and H. M. Ismail,
Photoactivated = water-disinfecting, and biological
properties of Ag-NPs@ Sm-Doped Zno nanorods/cuttlefish
bone composite: in vitro bactericidal, cercaricidal and

RSC Adv, 2024, 14, 11017-11026 | 11025


https://doi.org/10.1186/s13756-017-0208-x
https://doi.org/10.1016/B978-0-12-818154-6.00010-X
https://doi.org/10.1016/B978-0-12-818154-6.00010-X
https://doi.org/10.1016/j.biori.2018.09.003
https://doi.org/10.1021/acssuschemeng.8b01689
https://doi.org/10.35219/mms.2020.1.08
https://doi.org/10.1016/j.apjtm.2017.03.015
https://doi.org/10.3390/molecules26092481
https://doi.org/10.1016/j.molliq.2021.116040
https://doi.org/10.22092/ARI.2022.357125.1981
https://doi.org/10.3390/separations8050068
https://doi.org/10.3390/separations8050068
https://doi.org/10.1007/s42452-020-2269-3
https://doi.org/10.1039/c4ra03158j
https://doi.org/10.1186/1556-276X-8-381
https://doi.org/10.1186/1556-276X-8-381
https://doi.org/10.3390/nano10091812
https://doi.org/10.4172/2157-7439.1000309
https://doi.org/10.2166/wst.2023.272
https://doi.org/10.5812/jjm.14945
https://doi.org/10.3389/fmicb.2017.01295
https://doi.org/10.3389/fmicb.2017.01295
https://doi.org/10.1128/AEM.02149-10
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01355g

Open Access Article. Published on 05 April 2024. Downloaded on 1/20/2026 6:56:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

33

34

35

36

37

38

schistosomicidal studies, Mater. Sci. Eng., C, 2018, 93, 996-
1011.

J. Ghorbani, D. Rahban, S. Aghamiri, A. Teymouri and
A. Bahador, Photosensitizers in antibacterial
photodynamic therapy: an overview, Laser Ther., 2018,
27(4], 293-302, DOI: 10.5978/islsm.27_18-RA-01.

Y. Li, W. Zhang, J. Niu and Y. Chen, Mechanism of
photogenerated reactive oxygen species and correlation
with the antibacterial properties of engineered metal-oxide
nanoparticles, ACS Nano, 2012, 6(6), 5164-5173.

A. Joe, S.-H. Park, D.-]. Kim, Y.-J. Lee, K.-H. Jhee, Y. Sohn and
E.-S. Jang, Antimicrobial activity of zno nanoplates and it's
Ag nanocomposites: insight into an ROS-mediated
antibacterial mechanism under UV light, J. Solid State
Chem., 2018, 267, 124-133.

S.-E. Jin, J. E. Jin, W. Hwang and S. W. Hong, Photocatalytic
antibacterial application of zinc oxide nanoparticles and
self-assembled networks under dual UV irradiation for
enhanced disinfection, Int. J. Nanomed., 2019, 14, 1737-
1751, DOIL: 10.2147/IJN.S192277.

A. Guillouzo and C. Guguen-Guillouzo, Antibiotics-induced
oxidative stress, Curr. Opin. Toxicol., 2020, 20, 23-28.

S. Jain and M. S. Mehata, Medicinal plant leaf extract and

pure flavonoid mediated green synthesis of silver

1026 | RSC Adv, 2024, 14, 11017-11026

39

40

41

42

View Article Online

Paper

nanoparticles and their enhanced antibacterial property,
Sci. Rep., 2017, 7(1), 15867, DOIL: 10.1038/s41598-017-15724-
8.

P. K. Jha, C. Chawengkijwanich, C. Pokum, P. Soisan and
K. Techato, Antibacterial activities of biosynthesized zinc
oxide nanoparticles and silver-zinc oxide nanocomposites
using Camellia sinensis leaf extract, Trends Sci., 2023, 20(3),
5649.

M. Chatterjee, M. Mondal, T. Sukul, S. Mal, K. Ghosh, S. Das
and S. K. Pradhan, Superior photocatalytic performance and
photo disinfection of bacteria of solvothermally synthesized
mesoporous La-Doped CeO, under simulated visible light
irradiation for wastewater treatment, J. Alloys Compd.,
2023, 942, 169135, DOI: 10.1016/j.jallcom.2023.169135.

P. Makula, M. Pacia and W. Macyk, How to correctly
determine the band gap energy of modified semiconductor
photocatalysts based on UV-vis spectra, J. Phys. Chem.
Lett., 2018, 9(23), 6814-6817, DOL  10.1021/
acs.jpclett.8b02892.

A. Ali, M. AlSalhi, M. Atif, A. Ansari, M. 1. Qadir, J. Sadaf,
E. Ahmed, O. Nur and M. Willander, Potentiometric urea
biosensor utilizing nanobiocomposite of chitosan-iron
oxide magnetic nanoparticles, J. Phys.: Conf. Ser., 2013,
414, 2024, DOI: 10.1088/1742-6596/414/1/012024.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.5978/islsm.27_18-RA-01
https://doi.org/10.2147/IJN.S192277
https://doi.org/10.1038/s41598-017-15724-8
https://doi.org/10.1038/s41598-017-15724-8
https://doi.org/10.1016/j.jallcom.2023.169135
https://doi.org/10.1021/acs.jpclett.8b02892
https://doi.org/10.1021/acs.jpclett.8b02892
https://doi.org/10.1088/1742-6596/414/1/012024
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01355g

	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection

	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection

	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection
	Callistemon viminalis leaf extract phytochemicals modified silvertnqh_x2013ruthenium bimetallic zinc oxide nanocomposite biosynthesis: application on nanocoating photocatalytic Escherichia coli disinfection


