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ORIGINAL ARTICLE

Green Synthesis of Zinc Oxide Nanoparticles:
Characterization, Organic Dye Degradation and
Evaluation of Their Antibacterial Activity

Mona Khamis, Gamal A. Gouda*, Adham M. Nagiub

Department of Chemistry, Faculty of Science, Al-Azhar University, Assiut, Egypt

Abstract

The aim of this work is the green synthesis of zinc oxide nanoparticles (ZnO NPs) via red onion extract. The ZnO NPs
wurtzite hexagonal structure was identified through radiography diffraction (XRD) analysis, with an average crystallite
size of 8.13 nm. The capping and stabilization of ZnO NPs biosynthesis were supported by an analysis of fourier
transform infrared (FT-IR). The absorption peak at 374 nm with an energy bandgap of 3.32 eV was discovered via
ultraviolet—vision (UV—Vis) analysis. A morphological study was done by scanning electron microscopy (SEM) and
transmission electron microscope (TEM) techniques and showed that spherical ZnO NPs with diameters ranging from
2.83 to 15.35 nm had formed. Using EDS, it was possible to identify the high purity, intensity, and crystalline width of
zinc and oxygen. The removal rates of methylene blue (MB) by photocatalysis and adsorption were compared utilizing
ZnO NPs. Under sunlight, the photodegradation of MB 10 mg/L has been examined. It was found that maximum
decolorization efficiency happened after 120 min and a dose of 25 mg of ZnO NPs. The adsorption capacity (q,,) was
calculated by the Langmuir equation to be 10.8 mg/g. The kinetic analysis suggests the pseudo-second-order model was
followed during MB adsorption via the NPs. The findings showed that the photocatalytic and adsorption approaches
removed the dye up to 95.2% more efficiently than in earlier research. ZnO NPs exhibited better antibacterial action
against Escherichia coli than Staphylococcus aureus bacteria when compared with a common antibiotic like Ciproflox-
acin.

Keywords: Antimicrobial activity, Organic dye degradation, Zinc oxide nanoparticle

1. Introduction

G reen nanotechnology is used to create nano-
particles that are more environmentally sus-
tainable and to process nanomaterials in safe
settings [1]. The prospective benefits of this sector,
which include eco-friendliness, usability, and very
significant energy savings [2], have drawn attention.
Large-scale chemical and physical processes are
used to create nanomaterials, but their use and
disposal raise questions regarding potential envi-
ronmental effects. As a result, biogenic synthesis,
sometimes referred to as a ‘green synthesis strat-
egy,” offers a practical basis for the long-term and
sustainable manufacture of nanomaterials [3—5].

The two primary types of biosynthesis are mediated
by microorganisms and plants, with the latter
attracting more attention due to its accessibility,
cost, and convenience of use [6]. Recently, a bio-
logical zinc oxide nanoparticles (ZnO NPs) synthesis
based on plant extracts has been established, and it
offers several advantages over chemical and phys-
ical ways, including lower costs, simpler handling,
nontoxicity, and environmental friendliness. ZnO
NPs has previously been produced using a variety
of plants, including Citrus sinensis, Moringa oleifera,
Oak fruit, and Brassica oleracea [7]. The employing of
ZnO NPs in several applications, including ultravi-
olet (UV) absorption [8], antibacterial treatment [9],
photocatalysts [10], solar cells [11], luminous
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materials [9], and drug-delivery [12], has generated
significant attention. Due to its wide band gap en-
ergy, remarkable optical features, increased elec-
tromobility, = nontoxicity, @ and  antibacterial
capabilities, ZnO NPs are one of the most promising
photocatalysts [13]. Furthermore, it is asserted that
the production of ZnO NPs is substantially less
expensive than that of TiO, and Al,O; nanoparticles
[14]. Zinc oxide has a higher exciton binding energy
than certain other often researched photocatalytic
semiconductors, such as TiO, and SnO, [15], as well
as a direct band gap semiconductor (3.37 eV), which
enables it to absorb visible light more effectively
[16]. Many industries employ synthetic dyes exten-
sively, but when they are released into the envi-
ronment untreated, they cause major health
problems and environmental damage. These con-
taminants must be removed from industrial effluent
because they are inherently toxic and have a nega-
tive impact on aquatic life. The dyes have been
removed from aquatic environments using a num-
ber of techniques, including chemical oxidation,
photocatalysis, and adsorption [17]. One of the best
techniques for eliminating wastewater from dye-
related pollution is adsorption. Additionally, pho-
tocatalyst-based dye degradation include a high
catalytic efficiency, cheap cost, and quick conversion
of various contaminants into innocuous chemicals
[18—20]. In addition, it can be employed successfully
when exposed to solar light by using the appro-
priate photocatalytic materials [21]. It has been
demonstrated that semiconductors outperform
other material systems in the photocatalytic oxida-
tion of dyes [22,23]. Moreover, it has been shown
that these materials work well for dye adsorption
and are appropriate for water splitting reactions that
produce hydrogen and oxygen [24].

The surface of ZnO has a negative charge that is
perfect for electrostatic interaction and the adsorp-
tion of methylene blue (MB) [25]. An effective anti-
oxidant and anticancer is the onion (Allium cepa)
[26]. In GC—MS analysis of red onion extract was
which stated in Momoh et al. study [27], they
referred to the bioactive molecules such as poly-
phenols, flavonoids, terpenoids, alkaloids, and tan-
nins. The extract works as a powerful chelating
agent to help with the formation of ZnO NPs, and
capping/stabilizing process (i.e. quercetin) because
it contains anthocyanins (derivatives of cyanidin)
and flavanols [28].

This study highlighted the use of onion extract as
a safe way of producing ZnO NPs. Then, using a
variety of approaches, physicochemical analysis was
used to confirm the nanoscale biosynthesis of ZnO
NPs. The effectiveness of MB dye removal from

water by photocatalytic degradation and adsorption
by ZnO NPs was researched. Furthermore, research
on the antibacterial capacities of Ciprofloxacin and
ZnO NPs against of some bacteria were done.

2. Experimental

2.1. Chemicals and reagents

Analytical-grade compounds were employed in
the current investigation. Acetonitrile, ethanol, HCI
with a purity of 37%, HPLC grade from LOBA
CHEMIE, NaOH (Scharlau, Spain), 99% pure
ZnSO, and NH,OH with a concentration of 35%
(Merck, UK). Ciprofloxacin was kindly donated by
Organo for Pharmaceutical and Chemical Industries
in Obour City, Egypt, serving as an antibacterial
standard.

2.2. Synthesis of ZnO NPs

With use of distilled water, the red onions were
meticulously washed before being shade-dried for
about 100 g at room temperature. A glass tank
containing the dried onions is filled with 50%
aqueous ethanol and let to soak for 2.5 days. After
the solid material has been eliminated and filtered,
any leftover solids are subsequently eliminated
using Whatman filters. Until it was time to employ
the filtrate for the biosynthesis of ZnO NPs, it was
kept at 25 °C. At 60 °C, 100 mL of the onion extract
solution was gradually added to 60 mM of aqueous
ZnSO,4 The pH is adjusted to 10.5 with a 25%
ammonia solution while the mixture is kept at 60 °C
and continuously stirred. After the addition, the
solution was allowed to react for an hour, at which
point a brown precipitate could be seen. After being
allowed to rest for 24 h, the precipitate was rinsed
with double-distilled water and ethanol, and then it
was separated by centrifuging at 5000 rpm for
20 min At 60 °C, the material was dried for 6 h. ZnO
NPs separated precipitate was calcined for 2 h at 300
and 400 °C.

2.3. Characterizations

To analyze the ZnO NPs crystal phase data, the
German Electric Muffle Furnace ST-1200°C-666 was
used to produce solid ZnO at the nanoscale. Radi-
ography diffractometer (Philips, PW-1710) was used
to determine the ZnO NPs diameters, which ranged
from 10 to 80° in 20. The size of ZnO NPs was
established using scherers formula and the lattice
parameters [29], listed in Table 1 Egs. (1)—(10).
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Table 1. The lattice parameters were used to identify the size of zinc
oxide nanoparticles.

Equation No. Parameter indications
K2 (1)  D: size of crystallite K: constant
" Beosh A: wavelength ©: Bragg angle §: full
2 width
a=——-—— (2) c/a: values confirmed that the
V3 sin 0100) prepared NPs were crystalline
in nature
A
(o G
s 0(002)
A (4) d: spacing of sample
" 2sin® .
V3, (5)  V: unit cell volume (A)?
V= > a’c
D — 16M (6) D™ density M: molecular
~ Na? mass N: Avogadro's number
(6.0223 x 10%)
5 — 1 (7)  : the dislocation density
D
_Bcost (8) & micro strain
T4
Ostress = €E (9) o stress E: the elastic constant
(10) SF: stress, and stacking fault

SF = {L
45./(3 tan 0)

Scanning electron microscopy (SEM; QUANTA-
FEG-250 with energy dispersive X-ray EDX) and
transmission electron microscope (TEM; JEM-
100CXIl, at a voltage of 80 kV) was evaluate ZnO
NPs surface morphology. Elemental analysis of the
as-prepared NPs was assessed using EDX analysis.
The fourier transform infrared (FT-IR) spectra of
prepared NPs were captured by a Thermo Fishers
Nicolet iS10 FT-IR spectrometer. UV—Vis absorp-
tion spectra were measured using a PerkinElmer
Spectrophotometer (Lambda 750 UV/Vis/NIR) in
200—900 nm range. Employ equation (11) from the
Tauc relationship to determine the semiconductors
electronic band gap [30].

(ahv)"=A(hv —Eg) (11)

where « is coefficient of absorption, h is the Planck's
constant, » is the photon frequency, and E, is the op-
tical band gap. On the Hitachi (F-7100) fluorescence
spectrophotometer, photoluminescence (PL) mea-
surements were made.

2.4. Contaminated methylene blue-water treatment
by batch adsorption study

In order to identify the factors impacting pH,
adsorbent dosage, contact time, initial concentra-
tion, and temperature on the adsorption process, all
the parameters against the variable parameter
under specific research were fixed for the tested
range. Using ordinary acid and alkali, the dye
removal efficiency method was conducted at room
temperature with pH values ranging from 2 to 10. A
range of dye doses between 5 and 40 mg/L were
used in the adsorption analysis because ZnO NPs
were most successful in removing dye at pH 7.8. The
adsorption study was carried out employing a
consistent quantity of ZnO NPs to known concen-
trations of different MB solutions in an agitated
beaker for 60 min The adsorbent was separated
using a centrifuge (10 000 rpm for 20 min) to get rid
of the suspended particles. The remaining MB dye
concentration was measured at 664 nm after care-
fully transferring the resulting supernatant into a
quartz cuvette.

2.4.1. Impact of the pH

At a concentration of MB (10 mg/L) on 0.025 g
ZnO NPs at room temperature, the removal of the
tested dye, MB, by ZnO NPs at various pH levels
(2.0—10.0), was investigated by adding 0.1 M HCI or
0.1 M NaOH [31].

2.4.2. Impact of the ZnO NPs adsorbent dose on
removal degrade percentage of dye

As a consequence, various ZnO NP doses
(0.015—0.035 g) were applied while keeping the MB

Table 2. The isotherm models for methylene blue removal onto zinc oxide nanoparticles adsorbent.

The model Equation No. Definition
Langmuir model [22] Clq.=1/q., Kp)+(1/q0) C. (14) (15) q is the adsorption capacity of ZnO NPs (mg/g), K; is
R; = 1/(1+Ky, C,,10) adsorption constant of Langmuir energy (L/mg), R; is

the separation factor, C,,, is initial MB concentration
(mg/L).

Freundlich model [32] log g, = log K¢ + (1/n) log C, (16) K is adsorption capacity of Freundlich (mg/g), n is the
Freundlich constant.

Temkin model [33] qe = BrIn Ar+ BrIn C, by = RT/By  (17) (18) Ar: binding constant (L/mg), Br: Temkin adsorption

Dubinin-Radushkevich

(D-R) model [33,34] Ep=(-2 )~

Lng,=1Ingq,— B é€e=RT A+ 1/C) (19) (20) (21)

constant (KJ/mol), R: gas constant (8.314 J/mol K), T:
absolute temperature, br: adsorption process constant.
gm: D-R adsorption capacity of ZnO NPs (mg/g), 8: co-
efficient related to the mean free energy, e: Polanyi po-
tential, Ep: adsorption energy (kJ/mol)
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Table 3. The kinetic models ( Eqs. (22)—(25)) were used in evaluating the methylene blue adsorption process.

Model name Equation

No. Definition

Pseudo-first order model [33]

Pseudo-second order model [35]: (tlqy) = 1/(K; qﬁ)—&-(l/qe)t

Elovich model [36]

Weber's and Moris's intraparticle qr = C+Kipe "2

diffusion model [37]

log (q.—qy) = log q.—(K4/2.303)t

(22) g.: amount of MB adsorbed (mg/g) at equilibrium,

g« amount of MB adsorbed (mg/g) at a predetermined
time interval ¢ (min), K;: rate constant (min~?1).

(23) Kz Rate constant (g/mg min).

(24) B s constant related to the activation energy for
chemisorption (g/mg), « is initial sorption rate
constant (mg/g min).

(25) Ky is intraparticle rate constant (mg/g min'’?), C is
value gives information about the boundary thickness.

concentration at 10 mg/L. According to equations 12
and 13 [14], the percentage of photocatalytic degra-
dation and the adsorption experiment were initially
carried out to obtain the pH conditions that would
result in the largest elimination percentage of MB.

Photocatalytic degradation(%) = (Cy — C,) / Cox 100
(12)

Adsorbed amount q.=(Co— C,)V /m (13)

where C, is initial concentrations of MB (mg/L), Ce:
equilibrium concentration of MB (mg/L), g.: adsor-
bed amount of MB (mg/g), V: volume of the MB
(mL), and m is mass ZnO NPs (mg).

2.4.3. Isothermal study and impact of the adsorbate
MB concentration

The following steps have been taken in order to
obtain the practical isothermal kind of adsorption
process. With stirring at 240 rpm for 60 min,
different 25 mL of the MB adsorbate concentrations
of 5—40 mg/L at pH 7.8, and 0.025 g/L of NPs were
used. In Table 2, the following isotherm models
were used to analyze the results (Eqs. (14)—(21)).

2.4.4. Kinetic modes

Four different kinetic models were being applied
to assess the kinetic data to find the best convenient
fitted model describing the kinetic mechanism of
the methylene blue adsorption onto the surfaces of
the ZnO NPs (Table 3).

2.5. Contaminated methylene blue-water treatment
by photocatalytic degradation

A model pollutant dye MB was degraded in a
solution at a concentration of 10 mg/L in order to
assess the ability to ZnO NPs as photocatalysts. The
sun served as the study's illumination source. As a
consequence, 20 mL of dye solution and 25 mg of
ZnO NPs were added to a glass beaker. To help in
achieving adsorption equilibrium, the setup was

stirred for 60 min in a fully dark room. The stirrer
and the complete contraption were then relocated
outside into an area with direct sunshine. When MB
was exposed to radiation for periods of 30, 60, 90,
and 120 min, the photodegradation of MB was
detected. This was done by using a UV—Vis spec-
trophotometer to measure the intensity of MB ab-
sorption peak at 664 nm [38].

2.6. Antimicrobial activity

In the current work, antimicrobial efficacy of
biosynthetic ZnO NPs against various microbes was
investigated using the well diffusion method. The
microorganisms used for the antibacterial activity
were Escherichia coli ATCC 25922, Salmonella
typhimurium ATCC 14028, Staphylococcus aureus
ATCC 25923, and Enterococcus faecalis ATCC 29212.
Ciprofloxacin was the antibacterial agent applied as a
positive control. The four distinct ZnO NPs con-
centrations 225, 250, 275, and 300 pg/mL were made.
All the bacteria were tested using different con-
centrations in dimethyl sulfoxide (DMSO) in a 25 pL
volume. The experiments were next conducted
using Ciprofloxacin as a positive control (275 pg/mL),
and their results were compared with those ob-
tained using an onion extract and DMSO as a
negative control. Each plates zone of inhibition was
quantified, and the experiment was run three times.

2.6.1. Preparation of culture strains

A nutrient broth subculture was used to create the
pure cultures, which were then incubated at 37 °C
overnight for 24 h. The cultures were diluted in the
same broth until they had 10> cfu/mL of concen-
tration. In order to produce the plates, 15 mL of
nutritional agar, 1 mL of each diluted culture, and
the drilling of wells with sterile pipette tips were
required. We moved and added 25 pL of each ZnO
NP concentration (225, 250, 275, and 300 pg/mL) to
the wells. After being left to stand for diffusion, the
plates underwent a 24 h incubation at 37 °C.
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Fig. 1. Radiography diffractogram of pure and biofabricated zinc oxide
nanoparticles.

Table 4. Comparison of the radiography diffraction data between
standard and fabricated zinc oxide nanoparticles.

Sample a, A c, A cla Vv, A> D*x10% kg m~3
Pure ZnO 3.264 5.219 1.598 48.17 6.2133
ZnO NPs 3.2521 5.2221 1.604 47.83 6.2142

3. Results and discussion

3.1. XRD analysis

Figure 1 displays the radiography diffraction
(XRD) patterns of pure and fabricated ZnO NPs that
were calcined at 300 °C and 400 °C for 2 h. Using x-
ray and infrared analyses, it found the purity of the
ZnO NPs when calcined at 400 °C is better to that of
the sample calcined at 300 °C. Diffraction peaks
were seen for lattice planes (100), (002), (101), (102),
(110), (103), (200), (112), (200), and (201) at 31.61°,
34.19°, 36.11°, 47.32°, 56.49°, 62.67°, 65.85°, 67.77°,
and 68.9°, respectively. These peaks confirmed that
the hexagonal wurtzite structure had formed with
JCPDS card No. 01-079-0208 [39]. The additional
diffraction peaks, which were observed at 24.48°,
28.76°, and 40.5°, are considered to be caused by the
onion species. The average particle size of ZnO NPs

was found to be 8.13 nm using Debye-estimation
Scherrer's, which is in agreement with the results of
SEM and TEM [40]. The values are shown in Table 4,
and it is decided that ZnO NPs, d spacing is com-
parable to the standard value because all of the
peaks d values correspond with the literatures
referenced data [41]. The c/a values confirmed that
the prepared NPs were crystalline in nature. The
estimated values for a and c in Table 4, are agree-
ment with the published values (@ = 3.246 A,
¢ = 5219 A), [41]. The findings in Table 5 clearly
show that the strain and dislocation density
decrease as the crystallite size increases. The modest
value (6) for pure ZnO NPs denotes flawless crys-
tallisation of the ZnO NPs.

3.2. FI-IR analysis

Figure 2 displays the FT-IR spectra of bio-
synthesized ZnO NPs made from onion extract. In
Fig. 2, O—Hsy stretching of the alcohol and phenol
groups, N—Has) stretching of proteins, and adsor-
bed water all contribute to the peak at 3407 cm ™'
[42]. C—H(as) asymmetric stretching is attributed to
the peak at 2927 cm ™ '. The characteristic peak at
1636 cm ' is due to the C=0O vibrations in the onion
extract, which may have helped to create ZnO NPs
[43]. ZnO NPs shows similar peaks, however there
are small differences in their positions and in-
tensities. However the broad peak at 3319 cm ™!,
which was previously found in plant extract, was
related to O—H or N—H. The bands at 1055 cm ™'
represented the C—O,) stretching of the carbox-
ylic acid and ester functional groups. Similarities
between the spectra of the ZnO NPs and onion
extract suggest the existence of bioactive organic
groups as reducing agents, which confirmed that
these reducing groups were in charge of the
fabrication and stabilization of prepared nano-
particles [13]. According to Zn—O,g stretching
vibration, the new peak at 567 cm ™' was observed.
Previous research has noted that the Zn—O group
is responsible for the region between 400 and

Table 5. Calculated parameters of standard zinc oxide powder and fabricated zinc oxide nanoparticles.

Miller indices d spacing A) Particle size D (nm) 6 x1071° (kg m3) o x10% (Pa) e x1073 (kg m3)72 SF
Standard Calculated

100 2.8274 2.8283 8.57 1.36 5.57651 3.95497 0.51
002 2.6096 2.6204 5.54 3.26 8.62815 6.11926 0.78
101 2.486 2.4854 6.65 2.26 7.1852 5.09589 0.65
102 1.9176 1.9194 8.0 1.56 5.97022 4.23420 0.54
110 1.6324 1.6277 10.68 0.88 4.47444 3.17336 0.41
103 1.4817 1.4812 6.69 2.24 7.14307 5.06601 0.65
112 1.3839 1.3816 8.83 1.28 5.41107 3.83764 0.49
201 1.3632 1.3617 10.47 0.91 4.56365 3.23663 0.41
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Table 6. A comparison of the zinc oxide nanoparticles generated via green chemistry from onion extract and various plant materials.

No. Plant source Extract type Salt name Size Reference
1 Garcinia mangostana Fruit Zn(NO3),-6H,O 21 nm [50]

2 Mussaenda frondosa Leaf/stem Zn(CH3COO0),-2H,0 5—20 nm [51]

3 Coriandrum sativum Leaf Zn(CH3COO0), 24 nm [10]

4 Sambucus ebulus Leaf Zn(CH3COO),-2H,0O 17 nm [52]

5 C. sinensis Peel Zn(NO3), 22.6 nm [53]

6 Oak Fruit hull Zn(CH3COO0), -2H,0 34 nm [54]

7 Tabernaemontana divaricata Green leaf Zn(NO3), 20—50 nm [55]

8 Dolichos lablab L Leaf Zn(CH3COO),-2H,0 29 nm [56]

9 Brassica oleracea L. var. italica Leaves ZnCl, 14—17 nm [7]

10 Carica papaya Latex Zn(NO3), 11—-26 nm [57]

11 Betel Leaves Zn(CH3COO), 50 nm [57]

12 Cannabis sativa Leaf Zn(CH3COO), 38 nm [58]

13 Cyanometra ramiflora Leaf Zn(CH3COO), 13 nm [13]

14 Ferulago angulata — Zn(CH3COO),-2H,0O 32—36 nm [59]

15 Sea buckthorn Fruit Zn(NO3),-6H,O 17.15 nm [60]

16 Azadirachta indica Leaves Zn(NO3), 9—-38 [57]

17 Chlorella - Zn(NO3), 20 + 2.2 nm [61]

18 Onion extract Fruit ZnSO, 2.06—15.3 nm Current study

600 cm . It is interesting to note that ZnO NPs are
well produced and stable on calcination up to
400 °C, according to the spectra of the samples
calcined at 300 and 400 °C.

3.3. Optical characteristics

Figure 3a Displays the UV—visible spectrum of
ZnO NPs dispersed in water. The ZnO NPs showed
a single absorption peak at 374 nm, which is the
characteristic peak for hexagonal wurtzite ZnO and
is almost identical to the ZnO NPs made by Par-
thenium leaf [44]. When compared with the ab-
sorption peak of bulk ZnO (365 nm), the peak
exhibits a red shift of approximately 9 nm. The
emergence of shallow levels can be linked to this red
shift. Additionally, no other peaks were visible in
the spectrum, demonstrating the high purity of the

100 -
80 4
60 -

40 4

Transmittance (%)

20 4 OH or N-H

Onion extract
ZnO NPs calcined at 300 °C
ZnO NPs calcined at 400 °C

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2. FT-IR spectra of onion extract and as-biofabricated zinc oxide
nanoparticles.

prepared ZnO NPs. The E; in the direct transition
was determined by extrapolating the linear portion
of the plot of (xhv)* against hu (Fig. 3b) and it was
found to be in the range (3.32 eV) [45]. It is clear that
from the estimated value of the Eg for the direct
transition, confirmation of the proposal of the crys-
tallinity nature of the as-biosynthesized ZnO NPs.
The photoluminescence spectrum analysis of syn-
thesized ZnO NPs is shown in (Fig. 3¢c). The expla-
nation given for the blue-green emission bands
(excitonic transitions) seen at 428 nm was that the
ZnO NPs had innate crystal defects [46].

3.4. Morphology analysis (SEM, TEM and EDX
analyses)

Fig. 4 displays the distribution curves, SEM and
TEM microscopy of fabricated ZnO NPs calcined
300 and 400 °C for 2 h. The TEM and SEM images of
ZnO NPs show that they have a spherical shape and
exhibit high aggregation when they are calcined at
of 400 °C. The spherical ZnO NPs in Fig. 4 are uni-
formly aggregated and, according to a study that
examined the crystalline size of the NPs using TEM
analysis according to reported elsewhere [47—49],
range in size from 2.06 to 15.35 nm on average. The
synthesized ZnO NPs by onion extract were smaller
than those previously reported (Table 6), according
to experiment analyses. The distributions curves
shows that the size of the ZnO NPs particles ranged
from 1 to 20 nm, and average size of 9.01 nm.

The elemental composition of the biosynthesized
ZnO NPs was determined using EDX analysis. The
sample created using the aforementioned method
has pure ZnO phases, according to the energy
dispersive spectra of the samples acquired from the
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Fig. 3. UV—vis absorption (a), the direct bandgap plots of (ahv)® as a function of photon energy hv (b) and PL spectra (c) of zinc oxide nanoparticles.

SEM-EDS analysis. The EDX confirms the existence
of zinc and oxygen signals in ZnO NPs, as seen in
Fig. 5. The sample analysis revealed that they have a
weight-based composition of 71.33% Zn and 15.13
O, indicating that the produced ZnO NPs are in
their purest form [62].

3.5. The batch adsorption method of MB adsorption
via ZnO NPs

3.5.1. Impact of the pH

Figure 6 Depicts the MB adsorption after 60 min in
the dark as well as the percentage of ZnO NPs that
degraded as a function of the solutions initial pH.
The pH value rose together with the amount of MB
adsorbed. The greatest adsorption was 83% for pH
values between 7 and 8, with 7.8 being the most
efficient pH according to MB, Ji-Zhou Kong et al.
[31], who also found that the maximum degradation
rate was attained at pH = 8. To be clear, it can be
seen that NPs absorbed 61% of MB under acidic
conditions in the dark, and then 12% of MB was
destroyed under light, resulting in the removal of
73% of MB overall. Similar to this, with pH = 10, the
adsorption climbed to 64.5% under darkness, and
then 12.5% of the dye was destroyed under light,
indicating a total clearance of 77%. At the neutral

condition, the percentages of adsorption and
degradation were 83% and 12.2%, respectively,
indicating a total removal of 95.2%. This shows that
the amount of dye adsorbed increased by roughly
22% as pH increased from 2.0 to above 7.0, whereas
the amount of dye dissolved by the sample
remained essentially unchanged (~12%). These
findings demonstrate that the original solutions pH
has a minimal impact on the adsorption process but
has no discernible impact on the photocatalytic ac-
tivity of ZnO NPs [63]. This suggests that the degree
of ionization and speciation of the adsorbate, as well
as the pH of the solution, all affect the surface
charge of the adsorbent. Due to the increased elec-
trostatic attraction between positively charged dye
cations and negatively charged adsorption sites
caused by the increased availability of negative
charge at high pH, dye adsorption will increase.

3.5.2. The dose effect of ZnO NPs on removal degrade
percentage of MB dye

Figure 7a Illustrates how the mass ratio of the
solid to liquid in the first phase, which is followed
by an increase at the quantity of 0.025 g, results in an
increase in the MB removal capacity. The uptake of
MB from the sorption solution may be explained by
the fact that the effective adsorption active sites on
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Fig. 4. Particle size distributions, scanning electron microscopy and transmission electron microscopy of fabricated zinc oxide nanoparticles calcined

300 and 400 °C 2 h.

the surface of the nanomaterial significantly raised
as the nano-adsorbent dose was increased. How-
ever, the dose of nanomaterials increased, the MB
dyes absorption efficiency reached the equilibrium
level. After this saturation point, every increase in
the solid dose will only result in a thickening of the
MB adsorbed layer at the adsorbent surface [64]
(Fig. 7b) displays the effectiveness of the NPs cata-
lyst in degrading MB. As the amount of catalyst
grows, it is clear that the rate of deterioration also

increases significantly. This might be explained by
the rise in active sites on the surface brought on by
the addition of the 25 mg of NPs catalyst [65].

3.5.3. Effect of initial MB concentration

As shown in (Fig. 8a), as the initial MB concen-
tration increases, so does the MB uptake capability.
After exceeding 20 mg/L, the adsorption capacities
practically remained unchanged. This could have
been brought on by a lack of active sites that could
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Fig. 5. Energy-dispersive radiography analysis of as-prepared zinc oxide nanoparticles.

accommodate more MB dye. The maximal MB dye
adsorption capability of ZnO NPs is 10.04 mg/g.
When the MB concentration reached 10 mg/L, the
produced nano-adsorbents MB removal percentage,
shown in (Fig. 8b), first increased before falling. The
rate of MB removal decreases as MB concentration
rises because there is inadequate surface area of the
nano-adsorbents available for removal during the
initial increase in MB concentration. The equilib-
rium was reached because MB ions bonded to every
adsorption site on the surface of the nanomaterials
[64].

3.5.4. Isotherm models
Using Langmuir and Freundlich adsorption iso-
therms, it was determined how MB molecules bind

Removal (%)

pH2
——pH4
—=—pH6
-=-pH7
——pH8§
—x—pH10

-70 -20 30 80 130

Time (min)

Fig. 6. Under conditions of darkness and visible light irradiation, the pH
effected on the adsorption and photocatalytic degradation processes of
methylene blue via zinc oxide nanoparticles.

to the produced ZnO NPs throughout the adsorp-
tion process (Fig. 9a and b) demonstrates that the
adsorption data obtained here was closely related to
the Langmuir model, with a higher relation coeffi-
cient (R* = 0.9989) than that found in Table 7 for the
Freundlich model (R*> = 0.8501), [66,67]. The sample
maximum adsorption capacity was calculated using
this isotherm model to be 10.8 mgg '. Dimension-
less separation factor for Langmuir Ry is frequently
used to assess how favorable the adsorption process
is. For the present work, the value of Rp was
determined to be 0.0387, indicating that the
adsorption of MB by ZnO NPs is extremely favor-
able [68].

3.5.5. Kinetic models

ZnO NPs capacity to adsorb MB was evaluated
using adsorption kinetics and time-dependent MB
concentrations (Fig. 10a, b) and Table 1 demonstrate
that the pseudo-second order kinetic model
(R* = 0.9993) performed better in fitting experi-
mental kinetic data than the pseudo-first order
(R> = 0.9331). The MB adsorption capacity was
calculated with a pseudo-second order kinetic
model to be 10.5 mg g~ ', which was comparable to
the adsorption capacity found in the Langmuir
isotherm (10.8 mg g™ ).

The estimated pseudo-second order rate constant
is 0.9369 g/mg.min, as shown in Table 8. In the event
that a pseudo-second order kinetic model better fits
the data, chemical interactions between the adsor-
bate and the adsorbent are postulated in the
adsorption process. A more accurate pseudo-sec-
ond-order kinetic model in this work demonstrates
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a possible chemisorption process that may entail
valence forces through electron sharing or swapping
between MB molecules and ZnO NP surfaces [25].

3.5.6. Photocatalytic degradation of MB at diverse
conditions

Fig. 11 explains the photocatalytic degradation of
10.0 mg/L of MB under three different experimental
conditions, including UV-alone, UV-catalyst, and

catalyst in the dark. A degradation rate of about 83%
was observed because the MB dye was absorbed
onto the catalyst NPs surface during the initial
60 min of degradation. A maximum deterioration of
95.2% was reached in 120 min When evaluated
under direct UV light, the degradation rate was
found to be 58.3% in 120 min, and it was also
discovered to be incredibly low in the same cir-
cumstances without a catalyst.
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Fig. 9. Plot of C./q. versus C, for estimation of the Langmuir (a) and plot of log g, versus log C, for estimation of the Freundlich models (b).
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Table 7. The parameters of isotherm models of methylene blue removal via zinc oxide nanoparticles adsorbent.

Adsorbent Item Isotherm models
Langmuir Freundlich Temkin D-R
ZnO NPs Model parameter qm = 10.8 Ky = 5.06 Ar =19.8 qm = 9.97
Ky = 1.05 n=3.77 Br =18 Ep = 1.65
Ry = 0.0387 1/n = 0.265 bt = 1.37
R? 0.9989 0.8501 0.9118 0.9557

The adsorption and degradation behavior. Figure 12
depicts the dyes adsorption and degradation
behavior after 60 min in the dark. The remaining
trials involved exposing the solutions to visible light
(120 min). The adsorption of MB on ZnO NPs
increased proportionately with the quantity of MB
dye up to 40 mg/L, as is shown from Fig. 12. Initial
MB concentrations of 5 and 10 mg/L had the highest
adsorption performance of any other substances
with roughly 88 and 83%; however, when MB con-
centration increased, the adsorption capacity
decreased to 72, 62.8, 37.5, and 33% for concentra-
tions of 15, 25, 35, and 40 mg/L. However, further
raising the concentration of MB had a negative
impact on the adsorption procedure, perhaps
because fewer MB molecules were able to adsorb to
ZnO surfaces [64]. The ‘degradation %’ of MB con-
centration as a function of time is also shown in
Fig. 12. After 2 h, 95.2% of the dye had been
removed from system (12.2% with photocatalysis),
followed by 85% (13%), 68% (16%), 53.8% (16.3%),
and 47% (14% with photocatalysis) for the dye
concentrations of 10, 15, 25, 35, and 40 mg/L,
respectively. This demonstrates that around 14% of
the dye was lost via the degradation mechanism.
Additionally, it was noted that the degradation
typically occurred in two stages. A faster stage was
followed by a slower stage of photodegradation. In
addition to the intermediates that had accumulated
in the first stage, the delayed deterioration in the
second stage may also be caused by the difficulties
in oxidizing the dyes N-atoms [69].
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&
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In Fig. 13, the MB concentration appears to be
rapidly reduced by adsorption during a period of
60 min, followed by a slow decline in the remaining
MB concentration that was practically complete
after 120 min After a 2 h photocatalysis stage, the
dark blue solution vanished and the hue of the so-
lution turned clear. According to reports in the
literature, it may take up to several hours for ZnO
NPs to completely decompose or remove all of the
colour molecules. For the current investigation,
however, the combination of adsorption and pho-
tocatalysis enables the total removal of the pollutant
molecules in a reasonable amount of time. This
behavior is a result of the samples increased
adsorption capacity as well as increased photo-
catalytic activity brought on by the increased light
absorption. Table 9 provides information from
recent research that looked at ZnO NPs as effective
photocatalysts in the literature.

Table 9 Demonstrates how ZnO NPs photo-
catalytic action varies greatly in terms of efficiency
and duration. This is a predictable outcome given
that a number of variables, including the type of
model pollutant, the catalysts particle size and sur-
face characteristics, the initial concentration of the
dye and catalyst, the source and intensity of the
light, and the distance to the light source, can in-
fluence the photocatalytic activity. This study's pre-
sentation of the ZnO NPs combination
adsorption—photocatalytic activity led to a total
elimination of 95.2% of the starting dye concentra-
tion in 120 min, which is higher than the majority of

12
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Fig. 10. The kinetic models of pseudo-first (a) and pseudo-second orders, for methylene blue adsorption process via zinc oxide nanoparticles (b).
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Table 8. The parameters of kinetic models of methylene blue removal via zinc oxide nanoparticles adsorbent.

Adsorbent Kinetic models
Pseudo-first order Pseudo-second order Elovich Intraparticle diffusion
ZnO NPs Qe = 4.2 ge = 105 o =2.08 x 10° Kint = 5.2
K; = 0.0226 K, = 0.0096 B =128 C =047
R* = 0.9331 R* = 0.9993 R? = 0.9699 R* = 0.8237
100 -
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Fig. 11. Degradation of methylene blue by photocatalysis under various experimental conditions (NPs = 0.025 g/L and MB = 10 mg/L).

previously reported values in the literature for
similar compositions.

Photodegradation mechanism. The following pro-
cesses are often guaranteed in the photocatalytic
degradation reaction of the MB dye by ZnO NPs:
photoexcitation, charge separation and migration,
and finally surface oxidation—reduction reactions,
as shown in Fig. 14. Conduction band electrons (e™)
and valence band holes (h") were produced on the
catalyst's surface when the ZnO NPs were exposed

——10
—8-20
—a—25
—¢-35
—x—40
—--15
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Degredation

-75 -25 25 75 125 175
Time (min)

Fig. 12. The adsorption and degradation behavior of the methylene blue
dye removal via zinc oxide nanoparticles.

to sunlight. While oxygen produced superoxide
radical anion (-O,), the holes produced extremely
reactive hydroxyl radicals (-OH) when they reacted
with water [18,71]. As a result, the ZnO NPs huge
surface area and mesoscopic nature produced
exceptional photocatalytic activity, which may have
a significant impact on the creation of photocatalysts
for the removal of organic contaminants from
wastewater.
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Fig. 13. Absorption spectra of methylene blue solutions treated by zinc
oxide nanoparticles.
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Table 9. Comparative analysis of photocatalytic degradation of methylene blue dye via zinc oxide nanoparticles.

Plant source Salt Size (nm) Initial conc. of Doze of Light source  Degradation efficiency Reference
MB dye adsorbent % (time)
Mussaenda frondosa Zinc nitrate 5—20 5 mL/5 ppm 20 mg uv 80%-100 min [51]
30%-100 min

Sambucus ebulus Zinc acetate 17 50 ppm 20 mg uv 80%-200 min [52]

C. sinensis Zinc nitrate = 22.6 15 ppm 200 mg UV 83%-120 min [53]
Brassica oleracea L. var. Zinc chloride 14—17 25 mL/5 x 10°° M 20 mg uv 74%-180 min [7]

italica

Tabernaemontana divaricata Zinc nitrate 20—50 25 mL/5 x 107° M 100 mg  Sunlight 100%-90 min [55]
Azadirachta indica Zinc nitrate  9—38 10 ppm 60 mg Sunlight 85—120 min [571
Calliandra aematocephala  Zinc acetate 19.45 20 ppm 50 mg Sunlight 88%-270 min [38]
Ziziphus jujuba Zinc acetate 25 nm 20 mL/5 ppm 15 mg Solar radiation 99% —120 min [69]

Fresh green leaves Zinc sulfate  40—50 100 mL/10 ppm 20 mg Sunlight 94%-150 min [70]
Onion extract Zinc sulfate 2-15 20 mL/10 ppm 25 mg Sunlight 95.2%-120 min This study

3.5.7. The antimicrobial activity of ZnO NPs

The values of the minimum inhibitory concen-
tration were assessed to study the antibacterial
characteristics of the biosynthesis of ZnO NPs using
red onion extract. The results are shown in Table 10
below. Following treatment with ZnO NPs at
various concentrations 225, 250, 275, and 300 pg/mL
against S.typhimurium and E.coli, E.faecalis, and
S.aureus, the antibacterial activity demonstrated
inhibitory zones (Gram-positive bacteria). Against
both Gram-positive and Gram-negative bacteria,
the ZnO NPs showed strong antibacterial action,
according to the antibacterial activity results. S.
typhimurium, E. coli, S. aureus, and E. faecalis growth
inhibition has generally been increased by
increasing the concentration of ZnO NPs. The zone
of inhibition that ZnO NPs create against all
different microbes is depicted in Figs. 15 and 16. E.
coli MIC 312 =+ 0.76 mm), S. aureus (MIC

Sunlight &

H+H
MB dye Pollution
Oxidation

Table 10. Evaluation the antibacterial activity of zinc oxide nano-
particles (mean + standard deviation; n = 3).

Microorganisms Gram ZnO NPs Ciprofloxacin
reactive 25 pL from 25 pL from
250 pg/mL 275 pg/mL
Inhibition zone (mm)
E.coli —ve 31.2 + 0.76 30.5 + 0.50
S.aureus + ve 30.2 + 1.04 30.3 + 0.58
E. faecalis + ve 28.3 + 0.76 28.1 + 0.76
S. typhimurium —ve 26.0 + 0.94 30.6 + 0.47

30.2 + 1.04 mm), E. faecalis (MIC 28.3 + 0.76 mm),
and S. typhimurium (MIC 26.3 + 0.94 mm) were
shown to be the species most sensitive to the
nanoparticles. Therefore, as compared with con-
ventional antibiotics, ZnO NPs showed better anti-
bacterial activity against gram-negative (E. coli) than
gram-positive (S. aureus) bacteria. This is in line with
earlier research that found ZnO NPs had a larger
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Fig. 14. The suggested process for how zinc oxide nanoparticles photodegrade methylene blue dye.
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Fig. 15. The effect of zinc oxide nanoparticles against; (1) E.coli (2) S. aureus (3) E. faecalis (4) S. typhimurium for representing bacteria. The
concentration of solutions, A = 225, B = 250, C = 275, and D = 300 ug/mL.

antibacterial effect on gram-negative bacteria than
gram-positive bacteria [72]. However, it has been
found that ZnO NPs have a stronger effect on gram-
positive bacteria than gram-negative bacteria. This
argument emphasizes the significance of compre-
hending the mechanism underlying ZnO NPs anti-
bacterial action. Additionally, the efficiency of the
functional groups that helped produce ZnO NPs
during their biogenesis. Previous studies have
described the mechanism of ZnO NPs antimicrobial

37 -
32 -+
27 -~
22 A

17 -~

Zone of inhibition (mm)

12 -
S. aureus

E. coli

E. faecalis
Microbial strains

activity, and they claimed that ZnO NPs exhibit
antimicrobial activity by damaging cell membranes
as a result of direct or electrostatic contact between
ZnO NPs and cell surfaces, cellular internalization
of ZnO NPs, and the production of active oxygen
species like H,O; in cells as a result of metal oxides
[73].

Figure 17 Shows a comparison of 25 pL of (250 pg/
mL) ZnO NPs, 25 pL of (275 ng/mL) Ciprofloxacin,
DMSOQO, and onion extract. In the inhibition zone

W 300 pg/ml
m 275 pg/ml

250 pg/ml
M 225 pg/ml

S. typhimurium

Fig. 16. The antibacterial activities of zinc oxide nanoparticles, E.coli, S.aureus, E. faecalis, and S.typhimurium.
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Fig. 17. The antimicrobial activity of 250 ug/mL zinc oxide nanoparticles against (1) E. coli (2) S. aureus (3) E. faecalis, and S. typhimurium (4), the
letters A, B, C, and D refer to DMSO and onion extract, 250 ug/mL zinc oxide nanoparticles and 275 ug/mL of Ciprofloxacin, respectively.

that was visible from each plate, the data demon-
strated that the biosynthesized ZnO NPs worked
better than the Ciprofloxacin employed as a positive
control, but there was no inhibition zone in the
controlled wells treated with red onion extract and
DMSO. The highest inhibitory zone against E.coli
and S.aureus was seen, and it was followed by
E.faecalis and S.typhimurium, showing that the bac-
teria were more averse to nanoparticle production.
ZnO NPs may be more successful at inactivating a
human infections than regular antibiotics, according
to the antibacterial activity, which demonstrated
that they are more harmful to bacterial cells.

3.6. Conclusions

The biosynthesis of ZnO NPs using red onion
extract was the main focus of our study, and we also
looked at how well these NPs removed the MB dye
from water using adsorption-photocatalysis pro-
cedures as well as their antibacterial activities. The
phytoconstituents play a major role in the synthesis
of NPs, as evidenced by the presence of these
compounds in FT-IR analyses for both aqueous
onion extract and ZnO NPs. The XRD results

showed that the hexagonal wurtzite structure of
ZnO NPs was what all of the measured peak in-
tensity profiles were. According to SEM and TEM
examinations, the ZnO NPs had a spherical form, a
cluster of agglomerated particles, and a particle size
range of 2.83—15.35 nm. The elemental composi-
tions of the ZnO NPs were validated by the EDX
analysis. NPs demonstrated the greatest outcomes
for the photocatalytic and adsorption processes used
to remove MB dye. The best removal efficiency for
the adsorption and degradation process was
pH = 7.8. The effectiveness of the procedure di-
minishes as the dye concentration of the MB in the
process rises, as shown by altering the dye con-
centration from 10 to 40 mg/L. When using NPs
photocatalyst at a dosage of 25 mg/L and a dye
concentration of 10 mg/L, the degradation of dye
efficiency was at its highest. The results of the
adsorption investigations indicated that the Lang-
muir isothermal model, with a maximum adsorp-
tion capacity of 10.8 mg/g and R* = 0.9989, was the
most appropriate one. On the other hand, the ki-
netic analysis supported the adsorption reactions
pseudo-second-order behavior. Overall, the results
showed that the photocatalytic and adsorption
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approaches removed the dye up to 95.2% more
efficiently than in earlier research, resulting in the
most environmentally beneficial system. The bio-
produced ZnO NPs were also applied for antimi-
crobial purposes. The ZnO NPs appeared to have a
more toxic effect on bacterial cells, and they may
also be more effective at inactivating some human
pathogens than the conventional antibiotic Cipro-
floxacin, according to the antimicrobial activity.
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