(J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Green synthesis of zinc oxide nanoparticles toward highly
efficient photocatalysis and antibacterial application

Vo Thi Thu Nhu™!, Nguyen Duy Dat', Le-Minh Tam' and Nguyen Hoang Phuong?

Full Research Paper

Address:

TFaculty of Chemical & Food Technology, Ho Chi Minh City University
of Technology and Education, 1 Vo Van Ngan, Thu Duc City, Ho Chi
Minh City, Vietnam and 2HUTECH University, 475A Dien Bien Phu
Street, Binh Thanh District, Ho Chi Minh City, Vietnam

Email:
Vo Thi Thu Nhu” - nhuvtt@hcmute.edu.vn

* Corresponding author
Keywords:

green synthesis; methylene blue; methyl orange; rosin; ZnO
nanoparticles

Abstract

Beilstein J. Nanotechnol. 2022, 13, 1108—1119.
https://doi.org/10.3762/bjnano.13.94

Received: 08 June 2022
Accepted: 15 September 2022
Published: 07 October 2022

This article is part of the thematic issue "Nanomaterials for photocatalysis
and applications in environmental remediation and renewable energy".

Guest Editor: V. V. Pham

© 2022 Nhu et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Zinc oxide nanoparticles (ZnO NPs) were successfully synthesized by a green method using rosin and zinc chloride as salt precur-

sors. The phase structure, morphology, and particle size of ZnO were determined by X-ray powder diffraction, field emission scan-

ning electron microscopy, and high-resolution transmission electron microscopy. The fabricated ZnO NP samples are crystalline

with a grain size of 30—100 nm. The ZnO NPs were used as catalysts for the photodegradation of methylene blue (MB) and methyl

orange (MO) under visible and UV light. The results indicate that the prepared ZnO material excellently removed MB and MO
(Cinitiat = 10 mg/L) with efficiencies of 100% and 82.78%, respectively, after 210 min under UV radiation with a ZnO NP dose of

2 g/L. The photocatalyst activity of the synthesized material was also tested under visible light radiation with the same conditions;

however, it achieved lower efficiencies. In addition, ZnO NPs were also tested regarding their antibacterial activity, and the results

showed that the prepared ZnO samples had the highest (i.e., 100%) antibacterial efficiency against E. coli.

Introduction

Currently, industrial development has generated a large number
of pollutants which are released into the environment. The
textile industry is one of the sources of organic pollution which
is harmful to the environment and humans. Various technolo-
gies have been proposed to remove organic pollutants from
water, including coagulation coupled with sedimentation, bio-
logical processes, membrane filtration, adsorption, advanced

oxidation, catalysis, and photocatalysis [1-3]. Using semicon-

ductors as photocatalysts has been a widely studied approach
for the complete removal of organic pollutants due to their
advantages. Semiconductors can act as catalysts for the com-
plete degradation of organic substances when excited by light
with an energy value higher than their bandgap. Among many
semiconductors, TiO, and ZnO are widely used as photocata-
lysts. ZnO has a higher quantum efficiency than that of TiO,

since it absorbs more energy in the UV region [4-7]. Further-
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more, ZnO is a low-cost photocatalyst with high photocatalytic
activity, nontoxicity, light sensitivity, and stability [8-10]. The
photodegradation of organic substances by the use of ZnO cata-
lysts occurs when ZnO is illuminated by light. When excited by
light with an energy greater than the bandgap of ZnO, electrons
from the valence band (VB) are excited to the conduction band
(CB) to form photogenerated electrons in the CB and photogen-
erated holes in the VB [11,12]. These photogenerated electrons
and holes migrate to the surface of ZnO to react with H,O and
0O, to generate O,"~ and “OH radicals, which oxidize organic
substances. In addition, ZnO nanoparticles (NPs) have high
antibacterial activity against bacteria, high biocompatibility, and
are nontoxic to human cells [12,13]. Many studies have proven
the antibacterial effect of ZnO [14,15] and also that nanoscale
ZnO has a more effective antibacterial activity than that of large
ZnO [12,16].

Various approaches for synthesizing nanosized materials have
been investigated. Among these approaches, chemical and
physical routes have their own disadvantages, such as adverse
environmental effects due to the use of environmentally
unfriendly chemicals or to the release of heat into the environ-
ment [17]. Therefore, the development of green approaches is
necessary. The biosynthetic process using plant extracts as an
alternative route is a promising method for synthesizing nano-
materials due to its rapid, low-cost protocol, and safety to the
environment [18]. Numerous studies applied green methods for
the synthesis of ZnO nanoparticles from plants, fruits, plant
extracts, and seaweeds [19-22]. Rafaie et al. [23] used Citrus
aurantifolia extracts to synthesize ZnO NPs with a size range of
50-200 nm. Sangeetha et al. and Gunalan et al. used Aloe vera
leaves as a precursor to synthesize ZnO with a size range of
25-45 nm [24,25]. Many studies have synthesized nanosized
ZnO for antibacterial and photocatalyst applications. Nava et al.
[26] prepared ZnO NPs using Camellia sinensis extracts and
applied ZnO NPs to degrade methylene blue (MB). Ambika et
al. [12] synthesized ZnO by a green method using a precursor
from the Vitex negundo plant extract and zinc nitrate, and anti-
microbial properties of ZnO NPs were demonstrated against

E. coli and S. aureus bacteria.

As mentioned previously, plant extracts were used as common
precursors for nanomaterial synthesis due to their relatively
high levels of the steroids, saponins, carbohydrates, and
flavonoids which act as reducing agents and phytoconstituents
as capping agents, providing stability to the nanoparticles [27].
Rosin is also a plant-derived material containing different resin
acids, especially abietic acid and pimaric acid with a general
chemical formula of CygH300, (C19Hp9COOH) [28]. It is the
inexpensive and eco-friendly solid byproduct obtained after

refining turpentine from Pinus latteri trees to produce turpen-
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tine oil, which is usually used as a precursor for many indus-
trial applications such as paints, inks, adhesives, soap, and glue
production [28]. Obviously, there is a high potential of using
rosin as a green precursor for nanomaterial synthesis. Lack of
information regarding this application has been reported. This is
the motivation for this study which is focused on synthesizing
nanosized ZnO materials by the sol-gel method using rosin as a
green precursor. ZnO NPs were synthesized by a sol—-gel two-
step method from the green precursor rosin and zinc chloride
salt. The antibacterial activity of the synthesized ZnO material
against Escherichia coli (E. coli) was studied. In addition, the
study also determined the ability of ZnO NPs to act as photocat-
alysts and to degrade dyes including MB and methyl orange
(MO).

Experimental Design

Materials

Rosin was purchased from a Vietnamese company (Loc Thien
Investment development Co., Ltd.), which was produced by
distilling turpentine from Pinus latteri trees in Vietnam. The
rosin used in this study is a clear, hard, brittle solid, which is
light yellow to pink in color. Zinc chloride (ZnCl,) and sodium
hydroxide (NaOH) were provided by Xilong Scientific Co., Ltd.
Methylene blue and methyl orange were purchased from Merck
Co., Ltd. Nutrients and agar powder were provided by Titan
Co., Ltd. All reagents were of analytical grade. ZnCl, and
NaOH were diluted in DI water with low conductivity
(0.06 uS/cm). Escherichia coli (E. coli VTCC-B-482) was used
for the antibacterial experiments and purchased from the Hanoi
National University.

Preparation of zinc oxide nanoparticles by

green syntheses

The ZnO NPs were synthesized by two steps. Firstly, the
saponification reaction of rosin was performed using NaOH to
create sodium resinate, and zinc resinate was subsequently syn-
thesized from sodium resinate. Rosin (4 g) was dissolved in
24 mL of 0.5 N NaOH at 90 °C under magnetic stirring for
90 min. Then, 40 mL of ZnCl, (10%) was added to the mixture
which was stirred for 60 min to form zinc resinate. The suspen-
sion containing zinc resinate was then filtered and washed with
hot distilled water to remove impurities. The zinc resinate was
then calcined in a furnace with an increasing temperature rate of
5 °C/min to 600 °C and held for 30 min to obtain pure ZnO
nanoparticle powder. The relevant reactions that form zinc
resinate are shown in Equation 1 and Equation 2. The schematic
illustration of the synthesis of ZnO nanoparticles is shown in
Figure 1.

C19H29COOH +NaOH —» C19H29COON3 + H20 (1)
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24 mL NaOH (0.5 N) ZnCl, (10%)
ZnO NPs
sodium resinate wash S annealed 600 °C
filter 120 min -

90 °C, 90 min 60 min

Figure 1: Schematic illustration of the synthesis of ZnO nanoparticles.

2C19H29 COONa + ZnC12 e (C19H29 COO)2 Zn +2NaCl (2)

Methods for determining the characterization

of the synthesized material

The phase of the synthesized material was determined by X-ray
diffraction (XRD) using a Bruker D8 advanced X-ray diffrac-
tometer equipped with Cu Ko radiation (A = 1.5418 A). The
morphology and size of the synthesized material were deter-
mined by field emission scanning electron microscopy
(FESEM) on a Hitachi S-4800 at 15 kV and high-resolution
transmission electron microscopy (HR-TEM) on a JEOL JEM-
2100. The thermal decomposition of zinc resinate to form ZnO
NPs were studied by thermal gravimetric analysis (TGA) and
differential thermal analysis (DTA) curves using thermal gravi-
metric analysis (DSC131, LABSYS TG/DSC1600, TMv), by
heating up to 1000 °C at a heating rate of 10 °C/min. The zeta
potential was measured by analyzing 0.1 g of ZnO in 10 mL of
water using a Malvern ZetasizerPro. The solid UV-vis DRS
was carried out using a JASCO V550 UV-vis spectrometer.

Photocatalytic degradation reaction

The photocatalytic degradation of a dye solution under visible
and UV light using green-synthesized ZnO nanoparticles from
rosin and zinc chloride salt was investigated using a batch pho-
tocatalytic reactor. Firstly, 0.1 g of ZnO NPs was added to
50 mL of MO or MB solution with an initial concentration of
10 mg/L. The solution was then submitted to magnetic stirring
in the dark for 30 min to equilibrate the adsorption. Subse-
quently, the suspensions were illuminated by a 30 W LED or an
18 W high-pressure mercury lamp. The light source was fixed
at a distance of 20 cm from the surface of the reactor. After
fixed illumination times, 5 mL was withdrawn and centrifuged

at 6000 rpm to measure the dye concentrations. The dye con-

zinc resinate

centration was analyzed by UV-vis spectroscopy (Hitachi
U2900) with maximum adsorption wavelengths of MB and MO
of 664 nm and 464 nm, respectively [29,30]. The degradation
efficiency was calculated using Equation 3.

degradation efficiency (%) = D%, 100%,

- 3)

where c( is the initial dye concentration and c; is the dye con-
centration at a given reaction time.

Determination of the antibacterial efficiency
against E. coli

The experiment was conducted using three different concentra-
tions of ZnO NPs (1, 5, and 10 mg/mL) and two concentrations
of E. coli (5-10% and 5-10° CFU/mL). After adding ZnO NPs
into the solutions containing E. coli, the suspensions were
stirred. Samples were taken out at different contact times of 1,
3, and 6 h to evaluate the influence of time on the antibacterial
efficiency. The solution was obtained after being diluted to
decimal concentrations of 1/10, 1/100, and so forth. After that,
100 pL of the solution containing E. coli was taken using a
micropipette and spread on a plate containing the E. coli cul-
ture medium (consisting of 2.6 g of nutrient broth and 2 g of
agar in 200 mL of distilled water). The plate was incubated at
37 °C for 24 h to determine the amount of E. coli that survived
(i.e., by counting colonies). Each experiment was repeated three
times. The E. coli inhibition percentage was calculated via
Equation 4:

Co— G

E. coli inhibition percentage (%) = x100%,

o )
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where ¢ is the initial number of E. coli cells and c; is the aver-

age number of E. coli cells/plate.

Results and Discussion
Characteristics of synthesized ZnO NPs

Figure 2 shows the results of DTA/TG analysis of zinc resinate.
The TGA curve at a temperature range between 30-300 °C
shows an exothermic peak at 172.93 °C and a weight loss of
7%, which corresponds to dehydration of physically adsorbed
water. At temperatures between 300-510 °C on the TG curve, a
mass decrease of 61% was observed, whereas on the DTA
curve, the exothermic peak at 420.62 °C corresponds to the de-
composition of an organic compound. Finally, at temperatures
in the range of 520-800 °C, the weight loss was found to be
32%. The DTA curve indicated an exothermic peak at
570.54 °C, revealing that the decomposition of organic com-
pounds continues and the oxidation of Zn to form the ZnO crys-
talline phase occurs completely. From there, the organic matter
in the zinc resinate begins to decompose at 300 °C. At a temper-
ature of about 600 °C, the organic matter is almost completely
decomposed and only the zinc metal is oxidized to form zinc

oxide.

The XRD diagram of ZnO samples (Figure 3) shows diffrac-
tion peaks located at 20 = 31.81°; 34.44°, 36.26°, 47.57°,
56.64°, 62.88°, 66.41°, 67.96°, 69.12°, 72.72°, 77.01° corre-
sponding to the crystal planes (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004), (202) which characterize the
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ZnO wurtzite hexagonal structure (JCPDS card no 36-1451). In
addition, there are no characteristic peaks of other crystals. The
XRD results are consistent with the results of the DTA
mentioned above. Sodium resinate was formed from rosin and
sodium hydroxide as shown in Equation 1. Then, the exchange
reaction between sodium resinate and zinc salt to produce zinc
resinate was conducted as shown in Equation 2. The obtained
zinc resinate is heated at 600 °C to be completely decomposed
and zinc is oxidized by oxygen to form the ZnO crystalline
phase. The ZnO crystal size presented in Table 1 (14-22 nm)
was obtained from the XRD spectrum using the Debye—Scherer
formula (i.e., Equation 5):

kA
BcosO’

&)

where L is the ZnO crystal size (nm), k = 0.9, A = 0.15418 nm
[30], 6 is the Bragg angle, and f is the full width at half
maximum (FWHM).

The morphology and size of ZnO NPs were illustrated using
FESEM and HRTEM. The FESEM image shown in Figure 4 in-
dicates that ZnO NPs have a relatively homogeneous size. The
HR-TEM results and particle size distributions obtained from
the HR-TEM images are shown in Figure 5. The HR-TEM
images in Figure 5a and Figure 5b show the interplanar spacing
of 0.251 = 0.003 nm corresponding to the (101) crystal plane of
Zn0O. The size of ZnO NPs is in the range of 30—-100 nm
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Figure 2: DTA/TG diagram of the zinc resinate sample.
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Figure 3: XRD diagram of ZnO NPs.

Table 1: Crystal size of ZnO determined from the Debye—Scherer

formula.

Crystal plane 20 FWHM (b) B (rad) L (nm)
(100) 31.81 0.437 0.0076 21.38
(002) 34.44  0.385 0.0067 21.60
(101) 36.26  0.437 0.0076 19.13
(102) 47.57  0.613 0.0107 14.16
(110) 56.64  0.642 0.0112 14.06
(103) 62.88  0.689 0.0120 13.51
(112) 67.96 0.611 0.0110 15.68
(201) 69.12  0.556 0.0097 17.35

2 theta (degrees)

(Figure 5c and Figure 5d) and the average size of ZnO NPs
from the distribution graph (Figure 5e) was about 60 nm in di-
ameter. Furthermore, the results are in line with those reported
by other studies. Stan et al. [31] used plant extracts (garlic,
onion, and parsley) to synthesize ZnO NPs and made ZnO NPs
of 20—70 nm in size. Hassan et al. [32] synthesized ZnO using
Coriandrum sativum leaf extract and zinc acetate dihydrate and
synthesized ZnO NPs with sizes in the range of 9-18 nm.

UV-vis DRS spectra of ZnO were shown in Figure 6a. ZnO
absorbs light in the ultraviolet region. The bandgap energy of
synthesized ZnO was determined by extrapolation of the linear
part of the curve (a-hv)2 as a function of photon energy

Figure 4: FESEM image of synthesized ZnO NPs.
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Figure 5: HR-TEM images of synthesized ZnO NPs.
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Figure 6: UV—vis DRS spectra (a) and plot of (a-hv)? as a function of photon energy for ZnO NPs (b).

(Figure 6b). The bandgap energy of synthesized ZnO was
3.15 eV, which is close to the bandgap value of 3.2 eV of ZnO
shown in a previous report [33]. The zeta potential value
displays the surface charge and stability of ZnO NPs. In this
study, the zeta potential of ZnO NPs was —19 mV (Figure 7),
indicating that ZnO NPs are negatively charged and stable in

aqueous solution.

Photocatalytic degradation of dyes

The photocatalytic degradation of ZnO NPs was evaluated
through the degradation of methylene blue and methyl orange
under visible and UV light and the degradation efficiency was

calculated via Equation 3. Figure 8 shows the degradation
absorption spectra of MO and MB by synthesized ZnO under
visible and UV light for different time intervals. The intensity
of the peak decreased with increasing irradiation time. The
results in Figure 9 show that the degradation efficiency of MB
and MO solutions under UV light was higher than that under
visible light. The degradation of MB (10 mg/L) under visible
and UV light by ZnO NPs was 50.46% and 100%, respectively,
after 210 min of irradiation. The degradation efficiency of MO
(10 mg/L) by ZnO was lower than that of MB (10 mg/L). After
210 min of irradiation by visible and UV light, the MO degrada-
tion efficiency by ZnO NPs reached 33.56 and 82.78%, respec-
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Figure 7: Zeta potential of synthesized ZnO NPs.

tively. ZnO has a rather high bandgap energy; therefore, the
degradation efficiency of organic substances under visible light
is not as high as that under UV light. Maddu et al. [34] studied
the preparation of ZnO NPs with a size of 30 nm. The degrada-
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tion efficiency of MB (5 mg/L) after 150 min of irradiation by
visible and UV light was 40 and 80%, respectively, while syn-
thesized ZnO NPs in this study can degrade more than 90% of
MB (10 mg/L) under UV light after 150 min.

Antibacterial performance of synthesized
ZnO NPs

The experimental results on antibacterial performance of syn-
thesized materials are presented in Table 2, the E. coli inhibi-
tion percentage was calculated via Equation 4. Figure 10a
shows the results of inhibition efficiency of E. coli at an initial
concentration of 5-10* CFU/mL by ZnO NPs with ZnO NPs
doses of 1, 5, and 10 mg/mL and contact time intervals of 1, 3,
and 6 h. The ZnO NP concentration of 1 mg/mL is not enough
to inhibit all E. coli bacteria after 6 h of treatment. By increas-
ing the concentration of ZnO NPs to 5 mg/mL at contact times
of 3 and 6 h, the inhibitory efficiency reached 99.83 and 100%,
respectively. When the dose of the photocatalyst increased to
10 mg/mL, the E. coli inhibition efficiency reached 99.35%
with a contact time of 1 h and the efficiency was 100% when

0.9
08 (b)
—— O min
30 min
—— 60 min
—— 90 min
120 min
] 150 min
c —— 180 min
g ——210 min
o
@
Kol
<
0.0+ T T T T T T ¥ T y Uy ’
350 400 450 500 550 600 650 700
wavelength (nm)
18
d
18 @ 0 min
30 min
1.4 60 min
90 min
— 120 min
1.2 —— 150 min
o —— 180 min
—— 210 min
2 104
5]
2
5 08
%]
e
< 06
0.4 4
0.2+
0.0 fe=—==
400 800

wavelength (nm)

Figure 8: UV-vis spectra of degradation of MO (a, b) and MB (c, d) under visible and UV light.
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Figure 9: Photodegradation efficiency of MO (a) and MB (b) under visible and UV light.

the contact time was 3 h. The results of E. coli bacteria inhibi-
tion by ZnO NPs synthesized by the green method when the
initial concentration of E. coli is increased to 5-107 were shown
in Figure 10b. When the concentration of ZnO was 1, 5, and
10 mg/mL, the inhibitory efficiency on E. coli for 1 h was lower
than that on E. coli at a concentration of 5-10* CFU/mL. When
increasing the ZnO NP concentration to 5 mg/mL, the E. coli
inhibition efficiency reached 99.96% in 6 h and the E. coli inhi-
bition efficiency reached 100% when the ZnO NPs dose was in-
creased to 10 mg/mL with a contact time of 6 h.

Proposed mechanism of photocatalytic dye
degradation and antibacterial activity against
E. coli by ZnO NPs

The mechanism of photocatalytic degradation and E. coli anti-
bacterial activity by ZnO NPs is illustrated in Figure 11. When
ZnO is irradiated with visible or UV light whose energy is equal
or greater than the bandgap of ZnO, the electrons from the VB

of ZnO NPs are excited to the CB generating holes in VB and
electrons in CB. The electrons reduce the oxygen absorbed on
the ZnO surface to form *O,~. These *O,~ species continue
reacting with H,O to form H,O, and *OH. The hole in VB will
react with H,O to produce "OH radicals. These *OH radicals are
strong oxidizing radicals and are mainly present in solution
which can degraded dyes. These radicals can attract MO and
MB molecules, oxidize the dye molecules to degradation prod-
ucts, and finally completely degrade the dyes to CO, and H,O
[35,36].

H,0+ZnO (h{z) = ZnO+ "OH (6)

O, +Zn (ecg) = "0y~ 7
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Table 2: Photographs of E. coli bacterial culture plates formed after E. coli plates were exposed to ZnO NPs at different times.

gﬁgt?\ln;,g E. coli initial concentration: 5:10% CFU/mL E. coli initial concentration: 5:10* CFU/mL
10 mg/mL
ZnO
5 mg/mL
ZnO
1 mg/mL
Zn0O
‘0, +H,0 - HO," +OH" ®) Conclusion
ZnO nanoparticles were synthesized by a green method using
rosin extracted from Pinus latteri trees in Vietnam. The XRD
HO 2‘ +HO 2' — H,0, +0, ) diagram of synthesized ZnO showed that ZnO has the hexago-

.02_ +H202 — HO™ +02 + 'OH (10)

In addition, when ZnO NPs get in contact with E. coli, reactive
oxygen species (ROS), such as *OH, *0,~, O, formed on the
surface of ZnO NPs, will break bacterial cell membranes and
enter the cells destroying organelles and ultimately inhibiting
and shutting off bacteria metabolism [37,38]. The "OH radical is
the most active oxidant which rapidly reacts with bacterial

nucleic acids, lipids, proteins, DNA, and amino acids [39-41].

The O, causes biomembrane oxidation reactions, damaging
tissues [42]. Furthermore, it is reasonable to explain that the ad-
ditional toxicity that causes bacterial death is due to the fact that
zinc solubilization releases Zn%* ions which can infiltrate into
bacterial cell membranes, inhibiting amino acid metabolism and
disrupting the bacterial cell enzymatic system [43-45].

nal wurtzite structure form. The HR-TEM image showed the
interplanar spacing of 0.251 + 0.003 nm corresponding to the
(101) crystal plane of ZnO, and the size of ZnO NPs is in the
range of 30-100 nm. The bandgap energy of synthesized ZnO
was 3.15 eV. Synthesized ZnO NPs showed high photocatalyt-
ic activity in dye degradation (methylene blue and methyl
orange). The photodegradation efficiency of a dye solution by
ZnO NPs under UV is greater than that under visible light. ZnO
NPs completely degraded a MB solution of 10 mg/L for
210 min under ultraviolet light while the MB degradation effi-
ciency achieved 50.46% under visible light. After 210 min of ir-
radiation, the degradation efficiency values of a MO solution of
10 mg/L under visible and UV light by ZnO NPs were 33.56%
and 82.78%, respectively. Furthermore, the synthesized ZnO
NPs exhibited high efficiency against E. coli Gram-negative
bacteria. The E. coli bacteria with concentrations of 10° and
10* CFU/mL was almost completely destroyed after 6 h by ZnO
with concentrations of 1, 5, and 10 mg/mL.
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Figure 10: E. coli inhibition percentage by ZnO with different amounts of ZnO in various contact time intervals, with E. Coli initial concentrations of
5:10* CFU/mL (a) and 5-10% CFU/mL (b).
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Figure 11: Proposed mechanism of photocatalytic dye degradation and antibacterial activity against E. Coli by synthesized ZnO NPs.

Acknowledgements Funding

The authors gratefully acknowledge the Ministry of Education = This work belongs to the project grant No: B2021-SPK-01- HH
and Training and the Ho Chi Minh City University of Technolo-  funded by the Ministry of Education and Training, and hosted
gy and Education for the support regarding instrument and by the Ho Chi Minh City University of Technology and Educa-
apparatus for doing experiments. tion, Vietnam.

1117



ORCID® iDs

Nguyen Duy Dat - https://orcid.org/0000-0001-5965-2060

References

1. Tijani, J. O.; Fatoba, O. O.; Madzivire, G.; Petrik, L. F.
Water, Air, Soil Pollut. 2014, 225, 2102.
doi:10.1007/s11270-014-2102-y

2. Tran, H. N.; Tomul, F.; Thi Hoang Ha, N.; Nguyen, D. T.; Lima, E. C.;
Le, G. T.; Chang, C.-T.; Masindi, V.; Woo, S. H. J. Hazard. Mater.
2020, 394, 122255. doi:10.1016/j.jhazmat.2020.122255

3. Lefebvre, O.; Moletta, R. Water Res. 2006, 40, 3671-3682.
doi:10.1016/j.watres.2006.08.027

4. Hariharan, C. Appl. Catal., A 2006, 304, 55-61.
doi:10.1016/j.apcata.2006.02.020

5. Akyol, A.; Yatmaz, H. C.; Bayramoglu, M. Appl. Catal., B 2004, 54,
19-24. doi:10.1016/j.apcatb.2004.05.021

6. Colén, G.; Hidalgo, M. C.; Navio, J. A.; Pulido Melian, E.;
Gonzélez Diaz, O.; Dofa Rodriguez, J. M. Appl. Catal., B 2008, 83,
30-38. doi:10.1016/j.apcatb.2008.01.033

7. Lizama, C.; Freer, J.; Baeza, J.; Mansilla, H. D. Catal. Today 2002, 76,
235-246. doi:10.1016/s0920-5861(02)00222-5

8. Lee, K. M,; Lai, C. W.; Ngai, K. S.; Juan, J. C. Water Res. 2016, 88,
428-448. doi:10.1016/j.watres.2015.09.045

9. Abbas, K. N.; Bidin, N. Appl. Surf. Sci. 2017, 394, 498-508.
doi:10.1016/j.apsusc.2016.10.080

10. Khademalrasool, M.; Farbod, M.; Iraji zad, A. J. Alloys Compd. 2016,

664, 707—714. doi:10.1016/j.jallcom.2016.01.028

.Yu, M.; Ma, Y.; Liu, J.; Li, X.; Li, S.; Liu, S. Appl. Surf. Sci. 2016, 390,

266—272. doi:10.1016/j.apsusc.2016.08.061

12. Ambika, S.; Sundrarajan, M. J. Photochem. Photobiol., B 2015, 146,
52-57. doi:10.1016/j.jphotobiol.2015.02.020

13.He, G.; Pearce, E. |. F.; Sissons, C. H. Arch. Oral Biol. 2002, 47,
117-129. doi:10.1016/s0003-9969(01)00093-0

14.Leung, Y. H.; Xu, X.; Ma, A. P. Y; Liu, F.; Ng, A. M. C.; Shen, Z.;
Gethings, L. A.; Guo, M. Y.; Djuri$ié, A. B.; Lee, P. K. H.; Lee, H. K;;
Chan, W. K,; Leung, F. C. C. Sci. Rep. 2016, 6, 35243.
doi:10.1038/srep35243

15. Rautela, A.; Rani, J.; Debnath Das, M. J. Anal. Sci. Technol. 2019, 10,
No. 5. doi:10.1186/s40543-018-0163-z

16.Hackenberg, S.; Scherzed, A.; Technau, A.; Kessler, M.; Froelich, K;
Ginzkey, C.; Koehler, C.; Burghartz, M.; Hagen, R.; Kleinsasser, N.
Toxicol. In Vitro 2011, 25, 657-663. doi:10.1016/j.tiv.2011.01.003

17.Pal, G.; Rai, P.; Pandey, A. Green synthesis of nanopatrticles: A
greener approach for a cleaner future. In Green synthesis,
characterization and applications of nanoparticles; Shukla, A. K.;
Iravani, S., Eds.; Micro and Nano Technologies; Elsevier: Amsterdam,
Netherlands, 2019; pp 1-26. doi:10.1016/b978-0-08-102579-6.00001-0

18.Roy, S.; Das, T. K. Int. J. Plant Biol. Res. 2015, 3, 1044.

19. Jafarirad, S.; Mehrabi, M.; Divband, B.; Kosari-Nasab, M.
Mater. Sci. Eng., C 2016, 59, 296-302.
doi:10.1016/j.msec.2015.09.089

20. Patil, B. N.; Taranath, T. C. Int. J. Mycobact. 2016, 5, 197-204.
doi:10.1016/j.ijmyco.2016.03.004

21.Salam, H. A,; Sivaraj, R.; Venckatesh, R. Mater. Lett. 2014, 131,
16-18. doi:10.1016/j.matlet.2014.05.033

22.Vidya, C.; Hiremath, S.; Chandraprabha, M. N.; Antonyraj, M. L.;
Gopal, I. V.; Jain, A.; Bansal, K. Int. J. Curr. Eng. Technol. 2013, 1,
118-120.

1

—y

Beilstein J. Nanotechnol. 2022, 13, 1108-1119.

23. Rafaie, H. A.; Samat, N. A.; Nor, R. M. Mater. Lett. 2014, 137,
297-299. doi:10.1016/j.matlet.2014.09.033

24.Sangeetha, G.; Rajeshwari, S.; Venckatesh, R. Mater. Res. Bull. 2011,
46, 2560-2566. doi:10.1016/j.materresbull.2011.07.046

25.Gunalan, S.; Sivaraj, R.; Rajendran, V. Prog. Nat. Sci.: Mater. Int.
2012, 22, 693-700. doi:10.1016/j.pnsc.2012.11.015

26.Nava, O. J.; Luque, P. A.; Gémez-Gutiérrez, C. M.;
Vilchis-Nestor, A. R.; Castro-Beltran, A.; Mota-Gonzalez, M. L.;
Olivas, A. J. Mol. Struct. 2017, 1134, 121-125.
doi:10.1016/j.molstruc.2016.12.069

27.Sondi, |.; Salopek-Sondi, B. J. Colloid Interface Sci. 2004, 275,
177-182. doi:10.1016/j.jcis.2004.02.012

28.Mahendra, V. Appl. Mech. Mater. 2019, 890, 77-91.
doi:10.4028/www.scientific.net/amm.890.77

29.Chen, C.; Liu, J.; Liu, P.; Yu, B. Adv. Chem. Eng. Sci. 2011, 1, 9-14.
doi:10.4236/aces.2011.11002

30. Wafi, M. A. E.; Ahmed, M. A.; Abdel-Samad, H. S.; Medien, H. A. A.
Mater. Sci. Energy Technol. 2022, 5, 217-231.
doi:10.1016/j.mset.2022.02.003

31.Stan, M.; Popa, A.; Toloman, D.; Dehelean, A.; Lung, |.; Katona, G.
Mater. Sci. Semicond. Process. 2015, 39, 23-29.
doi:10.1016/j.mssp.2015.04.038

32.Hassan, S. S. M.; El Azab, W. I. M.; Ali, H. R.; Mansour, M. S. M.
Adv. Nat. Sci.: Nanosci. Nanotechnol. 2015, 6, 045012,
doi:10.1088/2043-6262/6/4/045012

33.Dutta, S.; Chattopadhyay, S.; Jana, D.; Banerjee, A.; Manik, S.;
Pradhan, S. K.; Sutradhar, M.; Sarkar, A. J. Appl. Phys. 2006, 100,
114328. doi:10.1063/1.2401311

34.Maddu, A.; Meliafatmah, R.; Rustami, E. Pol. J. Environ. Stud. 2021,
30, 273-282. doi:10.15244/pjoes/120156

35.Shinde, S. S.; Shinde, P. S.; Bhosale, C. H.; Rajpure, K. Y.
J. Photochem. Photobiol., B 2011, 104, 425-433.
doi:10.1016/j.jphotobiol.2011.04.010

36. Kumar, R.; Kumar, G.; Akhtar, M. S.; Umar, A. J. Alloys Compd. 2015,
629, 167—172. doi:10.1016/j.jallcom.2014.12.232

37.Thill, A;; Zeyons, O.; Spalla, O.; Chauvat, F.; Rose, J.; Auffan, M.;
Flank, A. M. Environ. Sci. Technol. 2006, 40, 6151-6156.
doi:10.1021/es060999b

38.Huang, Z.; Zheng, X.; Yan, D.; Yin, G.; Liao, X.; Kang, Y.; Yao, Y.;
Huang, D.; Hao, B. Langmuir 2008, 24, 4140-4144.
doi:10.1021/1a7035949

39.Janczyk, A.; Krakowska, E.; Stochel, G.; Macyk, W. J. Am. Chem. Soc.
2006, 728, 15574—15575. doi:10.1021/ja065970m

40.Ramos, A. A.; Azqueta, A.; Pereira-Wilson, C.; Collins, A. R.
J. Agric. Food Chem. 2010, 58, 7465—7471. doi:10.1021/jf100082p

41.He, W.; Wu, H.; Wamer, W. G.; Kim, H.-K.; Zheng, J.; Jia, H.;
Zheng, Z.; Yin, J.-J. ACS Appl. Mater. Interfaces 2014, 6,
15527-15535. doi:10.1021/am5043005

42.Yamamoto, O.; Komatsu, M.; Sawai, J.; Nakagawa, Z.
J. Mater. Sci.: Mater. Med. 2004, 15, 847—-851.
doi:10.1023/b:jmsm.0000036271.35440.36

43. Premanathan, M.; Karthikeyan, K.; Jeyasubramanian, K.;
Manivannan, G. Nanomedicine (N. Y., NY, U. S.) 2011, 7, 184-192.
doi:10.1016/j.nan0.2010.10.001

44.Li, M.; Zhu, L.; Lin, D. Environ. Sci. Technol. 2011, 45, 1977-1983.
doi:10.1021/es102624t

45. Talebian, N.; Amininezhad, S. M.; Doudi, M.
J. Photochem. Photobiol., B 2013, 120, 66—73.
doi:10.1016/j.jphotobiol.2013.01.004

1118


https://orcid.org/0000-0001-5965-2060
https://doi.org/10.1007%2Fs11270-014-2102-y
https://doi.org/10.1016%2Fj.jhazmat.2020.122255
https://doi.org/10.1016%2Fj.watres.2006.08.027
https://doi.org/10.1016%2Fj.apcata.2006.02.020
https://doi.org/10.1016%2Fj.apcatb.2004.05.021
https://doi.org/10.1016%2Fj.apcatb.2008.01.033
https://doi.org/10.1016%2Fs0920-5861%2802%2900222-5
https://doi.org/10.1016%2Fj.watres.2015.09.045
https://doi.org/10.1016%2Fj.apsusc.2016.10.080
https://doi.org/10.1016%2Fj.jallcom.2016.01.028
https://doi.org/10.1016%2Fj.apsusc.2016.08.061
https://doi.org/10.1016%2Fj.jphotobiol.2015.02.020
https://doi.org/10.1016%2Fs0003-9969%2801%2900093-0
https://doi.org/10.1038%2Fsrep35243
https://doi.org/10.1186%2Fs40543-018-0163-z
https://doi.org/10.1016%2Fj.tiv.2011.01.003
https://doi.org/10.1016%2Fb978-0-08-102579-6.00001-0
https://doi.org/10.1016%2Fj.msec.2015.09.089
https://doi.org/10.1016%2Fj.ijmyco.2016.03.004
https://doi.org/10.1016%2Fj.matlet.2014.05.033
https://doi.org/10.1016%2Fj.matlet.2014.09.033
https://doi.org/10.1016%2Fj.materresbull.2011.07.046
https://doi.org/10.1016%2Fj.pnsc.2012.11.015
https://doi.org/10.1016%2Fj.molstruc.2016.12.069
https://doi.org/10.1016%2Fj.jcis.2004.02.012
https://doi.org/10.4028%2Fwww.scientific.net%2Famm.890.77
https://doi.org/10.4236%2Faces.2011.11002
https://doi.org/10.1016%2Fj.mset.2022.02.003
https://doi.org/10.1016%2Fj.mssp.2015.04.038
https://doi.org/10.1088%2F2043-6262%2F6%2F4%2F045012
https://doi.org/10.1063%2F1.2401311
https://doi.org/10.15244%2Fpjoes%2F120156
https://doi.org/10.1016%2Fj.jphotobiol.2011.04.010
https://doi.org/10.1016%2Fj.jallcom.2014.12.232
https://doi.org/10.1021%2Fes060999b
https://doi.org/10.1021%2Fla7035949
https://doi.org/10.1021%2Fja065970m
https://doi.org/10.1021%2Fjf100082p
https://doi.org/10.1021%2Fam5043005
https://doi.org/10.1023%2Fb%3Ajmsm.0000036271.35440.36
https://doi.org/10.1016%2Fj.nano.2010.10.001
https://doi.org/10.1021%2Fes102624t
https://doi.org/10.1016%2Fj.jphotobiol.2013.01.004

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.13.94

Beilstein J. Nanotechnol. 2022, 13, 1108-1119.

1119


https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.13.94

	Abstract
	Introduction
	Experimental Design
	Materials
	Preparation of zinc oxide nanoparticles by green syntheses
	Methods for determining the characterization of the synthesized material
	Photocatalytic degradation reaction
	Determination of the antibacterial efficiency against E. coli

	Results and Discussion
	Characteristics of synthesized ZnO NPs
	Photocatalytic degradation of dyes
	Antibacterial performance of synthesized ZnO NPs
	Proposed mechanism of photocatalytic dye degradation and antibacterial activity against E. coli by ZnO NPs

	Conclusion
	Acknowledgements
	Funding
	ORCID iDs
	References

