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KEYWORDS Abstract Nowadays, the industrial wastewater pollutants including toxic dyes and pathogenic
Green synthesis; microbes have caused serious environmental contaminations and human health problems. In the
Photocatalytic degradation; present study, eco-friendly and facile green synthesis of Ag modified ZnO nanoparticles (ZnO-Ag
Antibacterial; NPs) using Crataegus monogyna (C. monogyna) extract (ZnO-Ag@CME NPs) is reported. The
ZnO nanoparticles morphology and structure of the as-biosynthesized product were characterized by field emission

scanning electron microscopy (FESEM), X-Ray diffraction (XRD), differential reflectance spec-
troscopy (DRS), dynamic light scattering (DLS), transmission electron microscopy (TEM),
Fourier-transform infrared spectroscopy (FT-IR), and energy-dispersive X-ray spectroscopy
(EDS) techniques. TEM and FESEM images confirmed the oval and spherical-like structure of
the products with a size of 55-70 nm. The EDS analysis confirmed the presence of Zn, Ag, and
O elements in the biosynthesized product. The photocatalytic results showed ZnO-Ag@CME
NPs were degraded (89.8% and 75.3%) and (94.2% and 84.7%) of methyl orange (MO) and basic
violet 10 (BV10), under UV and sunlight irradiations, respectively. The Ag modified ZnO nanopar-
ticles exhibited enhanced catalytic activity towards organic pollutants, and showed better perfor-
mance than the pure ZnO nanoparticles under UV and sunlight irradiations. This performance
was probably due to the presence of silver nanoparticles as a plasmonic material. Antibacterial
activity was performed against different bacteria. ZnO-Ag@CME NPs showed high antibacterial
activity against K. pneumoniae, S. typhimurium, P. vulgaris, S. mitis, and S. faecalis with MIC values
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of 50, 12.5, 12.5, 12.5, and 12.45 pg/mL, respectively. All in all, the present investigation suggests a
promising method to achieve high-efficiency antibacterial and catalytic performance.

© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nanotechnology is developing fields that seek to manipulate and
design material ranges under 100 nm at least in one dimension. This
field reveals unique properties of matter at the nanoscale and emerges
in all fields of science in order to develop new capabilities and proper-
ties. The improvement of nanotechnology has led the develop
approaches in the synthesis of nanoparticles that are useful in numer-
ous fields such as medicine (Mohammadi-Aghdam et al., 2019;
Ghoreishi et al., 2017; Mortazavi-Derazkola et al., 2016; Ardestani
et al., 2020), engineering (Nga et al., 2018; Zulkifli et al., 2017; Kiani
et al., 2019), environmental (Heinemann et al., 2021; Ebrahimzadeh
et al., 2019; Naghizadeh et al., 2021; Eslami et al., 2019; Salehi
et al., 2020), pharmaceutical (Alomar et al., 2020), and biotechnology
(Mehta, 2017; Ghanbari et al., 2016; Joulaei et al., 2019). Modern med-
icine has been impressed by the nanoscale materials that are involved
in diagnosis and therapy. Unique features of nanomaterials such as
high surface to volume ratio, multimodality, quantum properties and
their ability to adsorb and carry other compounds, distinguished them
from bulk materials.

Zinc oxide (ZnO) is an n-type semiconductor inorganic compound
with interesting electronic, chemical, and optical properties. Due to the
unique properties of these nanoparticles, such as non-toxic inorganic
compound, zinc oxide nanoparticles is a promising candidate for use in
cosmetics and pharmaceutical products (Shaikshavali et al., 2020;
Sridar et al., 2018). In addition, more studies showed that ZnO nanopar-
ticles have a lot of potential in biomedical fields due to the anti- bacterial,
anti-fungal, anti-cancer, drug delivery, and gene delivery (Suba et al.,
2021; Perveen et al., 2020; Kumar et al., 2013). Tiwari and co-workers
investigated the anti-bacterial effect of ZnO nanoparticles against
carbapenem-resistant Acinetobacter baumannii. They claim that the mech-
anism might be due to the creation of reactive oxygen species (ROS).
ROS causes lipid peroxidation, followed by DNA and protein leakage,
and ultimately reduced cell viability (Tiwari et al., 2018). Akbari et al.
published the new pH-sensitive nanocomposite based on carboxymethyl
cellulose (CMC) and ZnO nanoparticles as a drug delivery system. They
state that this nano-carrier has an effective potential on sustained and
control release of drug (Zare-Akbari et al., 2016).

Besides Zing, silver (Ag) has been noticed due to their high activity
against bacteria, viruses, fungal, microorganisms, and cancer
(Shirzadi-Ahodashti et al., 2021; Shirzadi-Ahodashti et al., 2020;
Yilmaz et al., 2020; Ebrahimzadeh et al., 2021). Therefore, studies
on silver nanoparticles, and beneficial Ag nanoparticles properties on
medicine and human health have been considered. Different properties
of Ag nanoparticles have been discovered in the medical field, includ-
ing medical devices, biosensors, and drug delivery systems. Also, these
nanoparticles are high expectations for suppressing multidrug-resistant
on wide range of anti-bacterial and viral spectrum. Yin & co-worker
reported that silver nanoparticles have broad spectrum ability of
anti- bacterial, fungal, and virial properties. They claimed that this
ability may attribute to bacterial cell walls penetration, changing the
cell membrane, production of ROS, and also interrupt replication of
deoxyribonucleic acid by releasing silver ions (Yin et al., 2020).

It can be concluded that the merge of two inorganic compounds is
interesting due to the broad applications of Ag and ZnO nanoparticles.
Wang et al. reported that the ZnO-Ag composite photocatalysts were
synthesized via the deposition of Ag on the surface of the grassy ZnO.
Results showed that ZnO/Ag composites had tremendous photocat-
alytic efficiency in decolorization of rhodamine b contaminant under
UV irradiation (Wang et al., 2021). Pandiyan & co-workers synthe-

sized the Ag-Au/ZnO nanostructure, and anti-bacterial and cancer
effects were investigated. They stated that bi-metal nanoparticles
improved the biomedical properties (Pandiyan et al., 2019).

While nanotechnology is developing in all aspects of science, safety
approaches that harmful effect on the environment, have been consid-
ered. Various chemical and physical methods are used to synthesize
and produce nanoparticles. However, the high costs, environmental pol-
lution, and production of hazardous products to living organisms have
changed the point of view of synthesizing process. Therefore, researchers
have been fascinated by new methods including plant extract, bacteria,
fungi, and yeast to synthesize the nanoparticles so-called “green synthe-
size” (Alabdallah and Hasan, 2021; Moraes et al., 2021; Gonca et al.,
2021; Kaplan et al., 2021). This is the cost-effective method that gives
us the chance to produce nanoparticles with less negative effect on envi-
ronment and human health. Khatami et al. published the application of
green synthesized Ag, ZnO, and Ag/ZnO nanoparticles as a clinical
antimicrobial agent in wound-healing bandages. The results showed that
these nanoparticles have a promising antimicrobial effects, and they can
be used for treating diabetic or burn wounds (Khatami et al., 2018). Man-
jari & co-workers reported the facile green synthesis of Ag-Cu decorated
ZnO nanocomposite for detection of nitrite ions, and removal of other
toxic organic compounds. The catalytic result of this nanocomposite
exhibited good performance for the elimination of toxic organic com-
pounds (Manjari et al., 2020).

The anionic and cationic contaminants (organic pollutants) are
some of the most important environmental contaminants that are
applied in various industries such as paper printing, rubber, textile,
etc. (Sahin et al., 2013; , 2014). The photocatalytic degradation tech-
nique is one of the beneficial methods that have been done for dye
removal from wastewater. Photocatalytic process indicates the poten-
tial impact on the widespread spectrum of pollutant mineralization.
Therefore, green nanomaterials are recently achieved a great attention
in order to degradation of environmental pollutants such as SnO,
(Najjar et al., 2021), ZnO (Vasantharaj et al., 2021), palladium
(Olajire and Mohammed, 2019), Ag@Fe (Al-Asfar et al., 2018),
TiO, (Goutam et al., 2018), etc. In recent years, various plants were
applied for the fabrication of nanoparticles which showed promising
biological and catalytic activities (Table. 1).

In the present research, we report a facile and green synthesis of
ZnO-Ag nanoparticles using C. monogyna extract and obtained prod-
ucts were characterized using various techniques. The photocatalytic
performance of the biosynthesized nanoparticles (pure ZnO and
Zn0O-Ag) were calculated by using methyl orange (MO) as an anionic
pollutant and basic violet 10 (BV10) as a cationic pollutant under UV
and sunlight irradiations. Furthermore, the antibacterial activity of
synthesized nanoparticles was investigated against Gram-positive and
Gram-negative microorganisms. In doing so, we provided a green
and cost-effective process for the synthesis of ZnO-Ag nanoparticles.
Enhanced efficiency of spherical-like ZnO-Ag@CME NPs as nanocat-
alyst for degradation contaminants under UV and sunlight irradiations
and high antibacterial activity against various microorganisms are
some of the novelty of this research.

2. Experimental

2.1. Chemicals

Zn(NO3)»,-6H,O (Zinc nitrate hexahydrate), silver nitrate
(AgNO3), sodium hydroxide (NaOH), methanol, and ethanol
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Table 1 The nanomaterials prepared from various plants by different researchers.

Sample Plant Part  Product Application References

no.

1 Opuntia humifusa Fruit ZnO Antibacterial activity (Chennimalai et al.,
2021)

2 Syzygium cumini Leaf ZnO Antioxidants, cytotoxic activities (Arumugam et al., 2021)

3 Hibiscus rosa-sinensis Leaf Fe-ZnO Catalytic and antibacterial activities (Lam et al., 2021)

4 Salvia officinalis Leaf Ag-Fe Catalytic activity (Malik et al., 2021)

5 Justicia adhatoda Leaf Ag-Au/ Antibacterial and anticancer activities (Pandiyan et al., 2021)

Y203

6 Ramaria botrytis Fruit Ag@Au Catalytic, antioxidant and antibacterial activities (Bhanja et al., 2020)

7 Acacia nilotica Leaf Ag/TiO, Antimicrobial and anticancer activity (Rao et al., 2019)

8 Morus alba L. Leaf CuFe,04 Catalytic activity (Cahyana et al., 2021)

9 Trigonella foenum- Leaf Ag-ZnO Antibacterial, antifungal, antioxidant and catalytic (Noohpisheh et al.,

graecum activities 2020)

10 Vitis vinifera Leaf ZnO-Ag Catalytic and antibacterial activities (Saravanadevi et al.,

2020)

were purchased from Sigma-Aldrich Company and applied
without further purification. Antibacterial properties were
investigated against different bacteria such as Salmonella
typhimurium (S. typhimurium; ATCC 14028), Klebsiella pneu-
moniae (K. pneumoniae; ATCC 9997), Proteus vulgaris (P. vul-
garis; ATCC 6380), Pseudomonas aeruginosa (P. aeruginosa,
ATCC 27853), Streptococcus mitis (S. mitis; ATCC 6249),
Streptococcus salivarius (S. salivarius; ATCC 1448), Strepto-
coccus faecalis (S. faecalis; ATCC 15753) and Streptococcus
aureus (S. aureus; ATCC 16538).

2.2. Preparation of C. monogyna extract

The procedure followed for the preparation of extract was
according to the earlier literature (Ebrahimzadeh et al.,
2020). The fruits of Crataegus monogyna were collected from
the forests of Mazandaran province of Iran and thoroughly
washed several times with distilled water. The methanolic
extract was prepared as follows: 150 g of fruit was extracted
through the maceration process using 400 mL of methanol
as extraction solvent at room temperature. After concentrating
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the extract with rotary vacuum, the extract was isolated from
solids through filtration using Whatman filter paper and stored
at 4 °C. The final extract was used as reducing, stabilizing, and
capping agents.

2.3. Synthesis of ZnO nanoparticles (ZnO NPs)

Zinc oxide nanoparticles were synthesized by a simple and fast
co-precipitation method. ZnO nanoparticles were obtained by
modification of the method described by Wang et al. (Wang
et al., 2021). In a typical procedure, 0.08 mol of zinc nitrate
(1.19 g) was dissolved in 30 mL deionized water under vigor-
ous stirring at room temperature, and then ammonium
hydroxide (25% w/w) was added until the solution becomes
pH12 and milky color. The final milky product was washed
with DI water and ethanol three times, and dried at 70 C
for 24 h. The final ZnO nanoparticles were obtained by calcin-
ing at 500 °C for 3 h. The mechanism of zinc oxide preparation
through the reaction of ammonium hydroxide with dissolved
Zn>" ions can be summarized as follow:

’ { ] ~ o .' .
! @ \ Tsale et
l’ 1 0 el he

-
| ZnO @] . f,". el e
1 1 S-ol e ¢ @
‘\ J - = e
-
LN ® /_—*"
oA
‘~__./

Schematic illustration for green synthesis of ZnO-Ag biosynthesized using C. monogyna.



Zl’l2++4NH3 g [ZH(NH3)4]2+—>ZHO + 4NH3 + 2H20
)

Zn[(NH;),J*" +40H™ —[(Zn(OH),J*” +4NH; (3)

Zn** +40H —[Zn(OH),> ~ZnO + H,0 + 20H  (4)

2.4. Biosynthesis of ZnO-Ag nanoparticles (ZnO-Ag@ CME
NPs)

The ZnO-Ag nanoparticles were prepared according to the
previous literature with a slight change (Manjari et al.,
2020). Biosynthesis of ZnO-Ag was done by the following pro-
cedure: 0.1 g of the synthesized spherical ZnO nanoparticles
was dispersed in 20 mL of deionized water and 10 mL of etha-
nol solution by ultrasound sonication for 30 min. After that,
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Fig. 1  The possible mechanism of the bio-synthesized of ZnO-Ag using C. monogyna extract.
NH; + H,O <~ NH,;"+OH" (1) 15 mL of 0.002 M of silver nitrate (AgNO3) was added to

the above-dispersed ZnO solution under vigorous stirring for
20 min. Next, 7 mL of extract (pH 12 with NaOH) as stabiliz-
ing, reducing, and capping agents was added to above solu-
tion. Finally, the precipitate was collected and washed three
times with ethanol and deionized water to drain out the excess
ions (like nitrate) from the solution. Finally, the obtained pro-
duct was dried (at room temperature) well for further charac-
terization and applications (Scheme 1). The suggested
mechanism for the preparation of ZnO-Ag nanoparticles in
presence of C. monogyna extract is presence of Fig. 1.

2.5. Anti-bacterial activity

In this research various microorganisms were used such as P.
aeruginosa, K. pneumoniae, S. typhimurium, P. vulgaris as
Gram-negative bacteria and S. mitis, S. salivarius, S. faecalis,
S. aureus as Gram-positive bacteria. Furthermore, ceftriaxone
was used as a positive control. Minimum Inhibitory Concen-
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Fig. 2 XRD patterns of (a) pure ZnO NPs and (b) ZnO-Ag@CME NPs.

(a — ZnO NPs
m— 7ZnO-Ag@CME NPs

Transmittance (%)

3428.9

1023.6

1412.1

4000 3000

2000 1000

Wavenumbers (1/cm)

Fig. 3 FT-IR spectra of (a) pure ZnO NPs compared with (b) ZnO-Ag(@CME NPs.

tration (MIC) of synthesized ZnO-Ag@CME NPs was deter-
mined by micro-dilution method and according to Shirzadi
et al. (Shirzadi-Ahodashti et al., 2020) with slight modifica-
tions. MIC experiment was done in the 96-micro plate in triple
set. Obtained nanoparticles at different concentrations (0.097
up to 200 pg/mL) were prepared in wells with 100 ul volume

in the presence of Tryptic Soy Broth (TBS) medium. From
each dilution, 100 pl was added to sterile microplate wells con-
taining 100 pl of bacterial suspension and culture medium
(equivalent to 0.5 McFarland concentrations diluted 1/150).
Finally, the microplate was placed in an incubator at 37 ‘C
and MIC was obtained after 24 h. Measuring the minimum



6

R. Fouladi-Fard et al.

bactericidal concentration (MBC), 25 pl was taken from the
wells without turbidity in completely sterile conditions and
inoculated for 24 h at 37 C.

2.6. Photocatalytic activity

Photocatalysis experiments were carried out by modification of
a previous study (Ebrahimzadeh et al., 2020). The photocat-
alytic activity of synthesized ZnO-Ag@CME NPs was investi-
gated by monitoring the photodegradation of methyl orange
(MO) as an anionic pollutant and basic violet 10 (BV10) as a
cationic pollutant in an aqueous solution. The catalytic exper-
iment was performed by using a contaminants aqueous solu-
tion (1.4 mg), including 40 mg of ZnO-Ag@CME NPs as
nanocatalyst in the glass reactor. This mixture was aerated
for reaching adsorption—desorption equilibrium for 30 min.
Then, each colloidal mixture was irradiated by Osram lamp

View field: 2.77 ym Det: InBeam
SEM MAG: 50.0 kx MUMS

Fig. 4 The FESEM micrographs of (a and b) pure ZnO NPs and (c and d) ZnO-Ag@CME NPs.

(150 W) and UV light (400 W). The Osram lamp was applied
as an irradiance origin including a wavelength between visible
lamp (400-700 nm) and UV lamp (250-400 nm) for the photo-
catalytic procedure. Maximum absorbance of contaminants
was gathered using UV/Vis analysis (554 for BV10 and 464
for MO). The MO and BV10 pollutants degradation efficiency
has been computed as follow:
Ay — A
A

where Ay and A, are absorbance amounts of dyes solutions
before and after degradation, respectively.

D.P.(1) = 100 (5)

2.7. Characterization

Functional groups present in the biosynthesized samples were
determined using Fourier transform infrared spectrometer

View el 2.7

-
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Fig. 5 EDS data of green synthesized pure ZnO NPs and ZnO-
Ag@CME NPs.

(FT-IR; PerkinElmer Spectrum Two™ IR spectrometer;
Model L160000U). The morphological structure and grain size
of the ZnO and ZnO-Ag were analyzed by field emission scan-
ning electron microscopy (FESEM; TESCAN BRNO-Mira3
LMU), and transmission electron microscopy (TEM; Zeiss-
EM10C-100 KV). The crystallinity and structural characteris-
tics of products were recorded using X-ray diffraction patterns
(XRD; 26 = 10°-80°, Philips PW 1800 using Cu Ka radia-
tion). The EDS analysis was studied by XL30, Philips micro-
scope. The hydrodynamic particle size analysis was
performed by dynamic light-scattering (DLS) using Nano-
Brook 90Plus-Brookhaven (model 18051; USA). Diffuse
reflectance spectroscopy (DRS; Shimadzu, UV- 2550) was used
to obtain reflectance spectra of the products for wavelengths
between 300 and 800 nm.

3. Results and discussion

3.1. XRD analysis

The purity, crystallinity and phase of the synthesized products
were determined by powder X-ray diffraction (XRD) analysis.
XRD patterns of ZnO and ZnO-Ag nanoparticles are shown in
Fig. 2. The XRD pattern of ZnO nanoparticles revealed in

Fig. 6 Transmission electron microscopy (TEM) images of (a)
pure ZnO NPs and (b and c) synthesized ZnO-Ag NPs in presence
of C. monogyna extract at different magnification scales.

Fig. 2a with crystal structure as the hexagonal phase of the
zinc oxide nanoparticles with unit cell parameters a = 3.25,
b = 3.25, ¢ = 5.2, p63mc space group (JCPDS No. 01-080-
0075). Eleven major reflection peaks are showed at 26 = 31.
88°, 34.55°, 36.38°, 47.67°, 56.7°, 62.97°, 66.49°, 68.05°,
69.18°, 72.67°, and 75.35° that can be attributed to (100),
(002), (101), (102), (110), (103), (200), (112), (201),
(004), and (202) Miller indices (Wali, 2019). This pattern
was matched very well to the XRD pattern of hexagonal type
zinc oxide structure. Fig. 2b, shows the XRD pattern of ZnO-
Ag@CME NPs. In addition to the ZnO peaks, the three addi-
tional peaks at 38.23° (111), 44.37° (200), and 64.56° (220)
can be related to a cubic silver structure (JCPDS No. 01-
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Fig. 8 UV/Vis analysis of pure ZnO NPs and ZnO-Ag NPs synthesized by C. monogyna extract.

087-0717). The diffraction peaks confirmed the formation of
silver nanoparticles on the ZnO surface. The results were con-
sistent with previous studies (Zhao et al., 2015; Kadam et al.,
2018). The crystallite size of the product was measured using
Debye-Scherrer equation: D (nm) = 0.94/BCos6 (6); where
is the FWHM (Full width at half maximum), A is X-ray wave-
length of Cu-Ka (1.5406 A), and 0 is the diffraction angle of
the particles. The average size of pure ZnO and ZnO-
Ag@CME NPs was determined to be 33.8 and 49.6 nm,
respectively.

3.2. Fourier transform infrared spectra (FT-IR)

FT-IR spectrum is the best analysis to confirm the existence of
various groups on the surface of products. FT-IR spectra of
pure ZnO and ZnO-Ag@CME NPs are shown in Fig. 3. In
FT-IR spectra (Fig. 3a) of ZnO NPs prepared by co-
precipitate method, major bands appeared at 3426.7, 2919.5,
1414.8, 873.4, and 542.9 cm™'. The characteristic absorption
bands of zinc oxide at 3426.7, and 1414.8 cm™! are related
to O-H group of water molecules in ZnO NPs. The absorption
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Table 2 MIC and MBC values (pg/mL) for ZnO-Ag@CME NPs tested against various microorganims.

Strain ZnO-Ag NPs Ceftriaxone
MIC (pg/mL) MBC (pg/mL) MIC (pg/mL) MBC (ug/mL)

P. aeruginosa ATCC 27853 200 200 97.65 195.31

K. pneumoniae ATCC 9997 50 100 12.20 24.41

S. typhimurium ATCC 14028 12.5 50 390.62 781.25

P. vulgaris ATCC 6380 50 100 24.41 24.41

S. mitis ATCC 6249 12.5 25 48.82 1562.5

S. salivarius ATCC 1448 100 200 24.41 24.41

S. faecalis ATCC 15753 12.5 50 195.31 781.25

S. aureus ATCC 16538 200 400 390.62 1562.5

peak at 2919.5 cm™' could be attributed to the stretching
vibration of C-H (Azizi et al., 2016). The presence of metal-
oxygen (Zn-O) band can be confirmed by the peak observed
about 542.9 cm~!. After forming of silver nanoparticles on
the surface of zinc oxide nanoparticles, the intensity of the
ZnO peak was decreased. The weak bands in the range of
800 to 1623.7 cm™' (Fig. 3b) related to the C. monogyna
extract components on the surface of the ZnO-Ag NPs
(Noohpisheh et al., 2020).

3.3. FESEM, EDS, and TEM analysis

The size and shape analysis of the prepared pure ZnO and
ZnO-Ag were performed using field emission electron micro-
scopy (FESEM), which is illustrated in Fig. 4. Fig. 4a and b
exhibits the FESEM images of pure ZnO nanoparticles synthe-
sized by co-precipitate method at various magnifications.
Spherical morphology, small nanoparticles (in size range of
35-50 nm) with regular and homogenous structures was the
characteristics of ZnO nanoparticles. Morphology and particle
size of ZnO-Ag prepared by C. monogyna extract are shown in
Fig. 4c and d. No remarkable changes in the shape were
noticed when silver was modified on the surface of zinc oxide
nanoparticles. The FESEM results showed the spherical-like
morphology, good disperse, regular and small size with an
average size of about 60 = 5.5 nm. The elemental composition
analysis of the synthesized ZnO and ZnO-Ag nanoparticles
was further confirmed by the EDS technique (Fig. 5). The lines
of Zn, O, and Ag are observed (Attia et al., 2020). The EDS

Loading of

ZnO-Ag@CME NPs

analysis also confirmed that silver nanoparticles are completely
modified on the zinc oxide surface. For further investigation,
transmission electron microscopy analysis was applied to study
the morphology and size of the products (ZnO and ZnO-Ag
nanoparticles) (Fig. 6). The TEM images exhibited that the
pure ZnO (Fig. 6a) and ZnO-Ag@CME NPs (Fig. 6b and c)
were spherical, uniform and the sizes of these samples were
35-50 and 55-70 nm, respectively.

3.4. DLS analysis

The zeta potential and dynamic light scattering (DLS) distri-
bution techniques were carried out to study stabilization and
the size distribution of the biosynthesized nanoparticles
(Fig. 7). The DLS analysis showed the hydrodynamic size of
ZnO-Ag@CME NPs as 55-110 nm (Fig. 7a). The increase is
due to the presence of C. monogyna extract around the ZnO-
Ag NPs. The nanomaterials stability is directly proportional
to the magnitude of the charge (Kolahalam et al., 2021). The
colloidal solution of ZnO-Ag@CME NPs possessed high neg-
ative zeta potentials of about —20.14 mV, which confirmed the
highly stable synthesized nanoparticles solution (Fig. 7b). The
negative zeta potential of ZnO-Ag nanoparticles were reported
in previous studies (Rajendran and Mani, 2020; Chitradevi
et al., 2019). Previous study has shown that surfaces charge
and shape of nanomaterials have considerable roles on effi-
ciency of products. Therefore, homogeneous structure, regular
shape and surface charge in the range of about positive charge
(+30 mV) and negative charge (—30 mV) can be effective.

Rupturing of cell wall during k
nanoparticles interaction

Scheme 2 Representation of possible antibacterial mechanism of silver nanoparticles.
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Fig. 9 Photocatalytic degradation of MO and BV10 hazardous pollutants under UV irradiation.

Apparently, this stability is because of the electrostatic repul-
sions among the individual particles.

3.5. Study of UV-Vis diffuse reflectance spectra

The diffuse reflectance spectra (UV-Vis) were determined to
examine the light absorption properties of the biosynthesized
pure ZnO NPs, and ZnO-Ag@CME NPs are revealed in
Fig. 8. The synthesized pure ZnO NPs have an absorption edge
around 384 nm, corresponding to a band-gap of 3.21 eV. Fur-
thermore, the UV-Vis spectrum of ZnO-Ag@CME NPs
showed a maximum absorption peak at 391 nm
(Varadavenkatesan et al., 2019), which corresponds to a
band-gap of 3.06 eV. According to the results, the presence
of silver nanoparticles on the surface of ZnO NPs improves
the band-gap absorption in comparison to the pure ZnO
NPs. As shown in Fig. 8, the intensity of the absorption of
pure ZnO NPs, decreased in the presence of silver nanoparti-
cles. This can be explained via a reduction in the absorption

of zinc oxide nanoparticles in the presence of silver
nanoparticles.

3.6. Antibacterial activity

The ZnO-Ag@CME NPs were tested for their antibacterial
activity against eight common microorganisms. Mueller Hin-
ton broth process was applied to determine the antibacterial
efficiency of synthesized nanoparticles. MIC and MBC values
of the ZnO-Ag@CME NPs, and ceftriaxone as an antibiotic
are summarized in Table 2. As revealed in Table 2, the MIC
(minimum inhibitory concentration) of ZnO-Ag@CME NPs
was found to be 200 pg/mL for P. aeruginosa, 50 pg/mL for
K. pneumoniae, 12.5 pg/mL for S. typhimurium, 50 pg/mL
for P. vulgaris, 12.5 for ug/mL S. mitis, 100 pg/mL for S. sali-
varius, 12.5 png/mL for S. faecalis, and 200 pg/mL for S. aureus.
In addition, the MBC values were recorded as follows: 200,
100, 50, 100, 25, 200, 50, and 400 pg/mL, respectively. In addi-
tion, the broad-spectrum antibiotic ceftriaxone had the great-
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est effect on K. pneumoniae, P. vulgaris and S. salivarius with
MIC value of 12.2, 24.41, 24.41 pg/mL, respectively and the
least effect on S. typhimurium and S. aureus with MIC value
of 390.62 pg/mL. These results illustrated that the ZnO-Ag
synthesized from C. monogyna extract had excellent antibacte-
rial activity against most bacteria. The biosynthesized ZnO-Ag
using C. monogyna extract showed the highest antibacterial
activity against K. pneumoniae, S. typhimurium, P. vulgaris,
S. mitis, and S. faecalis and then against S. aureus, S. salivar-
ius, and P. aeruginosa were found to be much less sensitive to
synthesized ZnO-Ag@CME NPs. Up to now, the accurate
anti-bacterial mechanism of metallic nanoparticles has not
been confirmed yet. Many antibacterial mechanisms have been
proposed such as the interaction of nanoparticles with bacteria
to damaging the bacterial cell, and the formation of reactive
oxygen species (ROS) (Stoimenov et al., 2002; Xia et al.,
2008; Nel et al., 2006). However the most acceptable mecha-
nism may involve as follow: (i) attachment of nanoparticles
to the surface of the cell membrane (ii) penetration into bacte-

ria (iii) and leading to death of cell (Scheme 2) (Thi Lan Huong
and Nguyen, 2021).

3.7. Photocatalytic performance

The photocatalytic degradation of methyl orange (MO) and
basic violet 10 (BV10) under irradiation with sunlight and
UV irradiations were used to prove the photocatalytic effi-
ciency of the synthesized pure ZnO and ZnO-Ag@CME
NPs. Fig. 9 shows the photocatalytic degradation of hazardous
pollutants in presence of ZnO and ZnO-Ag@CME NPs under
UV irradiation. Very low degradation has occurred without
the usage of the nanocatalyst under UV and sunlight irradia-
tions. The MO degradation at 90 min of reaction applying
nano-scale ZnO-Ag and pure ZnO was 89.8% and 80.1%
under UV irradiation. Furthermore, the degradation efficiency
of the BV10 contaminant was about 94.2% and 82.2% for
ZnO-Ag@CME NPs and ZnO, respectively under UV irradi-
ation after 90 min. The photocatalytic experiment was per-
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Fig. 10

Photocatalytic degradation of MO and BV10 organic contaminants under sunlight irradiation.
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Scheme 3  Probable degradation mechanism of pollutants by ZnO-Ag@CME NPs under UV and sunlight irradiations.

formed under sunlight irradiation and the results are shown in
Fig. 10. This value was significantly higher than the reported
values. The photocatalytic degradation shows that the pho-
todegradation of MO and BV10 pollutants were about
(75.3% and 84.7%) and (67.4% and 76.5%) for ZnO-
Ag@CME NPs and pure ZnO after 90 min irradiation of sun-
light, respectively. To sum up, it can be concluded that the
photocatalytic efficiency of ZnO-Ag@CME NPs was more
than pure ZnO NPs. Appropriate absorption of visible light
and low quantity of the energy gap were the reasons for this
difference (Singh et al., 2014; Zhong et al., 2012). The photoex-
cited holes and electrons are formed in the valence band (VB)
and the conduction band (CB) of silver nanoparticles. This
phenomenon occurs after irradiated to the ZnO-Ag as
nanocatalysts. After that, electron transfer from the conduc-
tion band of ZnO-Ag nanoparticles to the conduction band
of silver nanoparticles. This phenomenon leads to a decrease
in recombination and an increase in photocatalytic perfor-
mance (Scheme 3). The proposed mechanism of photocatalytic
activity could be explained as follow:

ZnO-Ag + hv — ZnO-Ag + + h* (7)
h*+H,0 — OH (8)
Ci+02 — 072 (9)

OH + O, + pollutants — degradation products (10)

4. Conclusion

In doing so, we provided a green, simple and cost-effective process for
the synthesis of ZnO-Ag nanoparticles using C. monogyna extract as
capping, stabilizing, and reducing agents. Characterizations were car-
ried out using FT-IR, FESEM, TEM, EDS, and XRD techniques.
The crystalline ZnO and ZnO-Ag@CME NPs were obtained in spher-
ical morphology with mean sizes of 35-50 and 55-70 nm, respectively.
The ZnO-Ag@CME NPs were used as nanocatalyst and found to be
efficient in degradation of BV10 and MO pollutions in the presence
of UV and sunlight irradiations. Results showed that the highest effi-
ciency of BV10 (94.2% for UV and 84.7% for sunlight) and MO
89.8% for UV and 75.3% for sunlight) degradation (77%) occurred
after 90 min. Furthermore, ZnO-Ag@CME NPs exhibited strong

antibacterial activity against both Gram-positive and Gram-negative
bacterial strains. Therefore, it can be concluded that synthesis of
ZnO-Ag using C. monogyna extract could be very effective for utiliza-
tion in environmental and biomedical fields.
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