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Zinc Oxide Nanoparticles: Applications in Photocatalysis of Dyes
and Pearl Millet Seed Priming for Enhanced Agricultural Output
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ABSTRACT: This research examines the environmentally benign manufacture of zinc oxide nanoparticles employing a crude
extract from Murraya koenigii leaves as a capping and reducing agent. The considerable peak of synthesized zinc oxide nanoparticles
(ZnO NPs) was observed at 335 nm, and the functional groups of plant active metabolites to reduce zinc and evaluate shape and
elemental compositions were analyzed using UV—vis spectroscopy, FT-IR, SEM, and EDX analysis, respectively. The average size of
synthesized zinc oxide nanoparticles (27.26 nm) was validated by XRD using the Debye—Scherrer’s equation. Zinc oxide
nanoparticles were assessed for their efficiency in seed priming, photocatalytic degradation, antibacterial activity, and antioxidant
abilities. The biosynthesized zinc oxide nanoparticles were utilized in seed priming, significantly enhancing germination rate (90%),
shoot length (5.46 cm), and root length (15.13 cm) at a concentration of 150 ppm in comparison to control. Further, the effect of
methyl orange (MO) and methylene blue (MB) dyes on % seed germination and plant growth of hybrid pearl millet was studied in
vitro. MO and MB had shown approximately 15 and 46% reduction in seed germination % in comparison to control. Additionally,
zinc oxide nanoparticles had shown remarkable photocatalytic degradation of 94.45% against methylene blue and 85.99% against
methyl orange. Zinc oxide nanoparticles were also effective against Escherichia coli and Staphylococcus aureus bacteria, with zones of
inhibition of 0.45 and 0.35 cm at a 100 mg/mL concentration. Furthermore, zinc nanoparticles observed higher antioxidant activity
against DPPH at 80 pig/mL. The present finding highlights the potential of biosynthesized zinc oxide nanoparticles as a sustainable
approach to agriculture, environmental remediation, and biological sciences.

1. INTRODUCTION effluent decreased water’s dissolved oxygen content and
Nanotechnology has a promising avenue for the synthesis of populations of aquatic microbes have also been found to be

i . . . . : 3,4 "
nanoparticles, particularly due to its environmentally friendly negatively affected by azo dyes.” Azo dyes can harm soil’s
and sustainable attributes. Owing to their unique features, zinc chemical and biological qualities, threatening agricultural
nanoparticles have received attention, including huge surface output and food security.” The quality of groundwater is

area, excellent stability, and a unique electrical structure. These
characteristics make zinc oxide nanoparticles highly effective in
photocatalysis. The various dyes used in the decoctions are
toxic and nonbiodegradable, which pollutes water bodies,
blocks light from entering the environment, and reduces soil
productivity. The high amounts of dangerous and resistant
compounds discovered in textile-based industrial effluent dyes
are largely caused by the global textile industries." Sugar and
textile industry effluents at pH 7.1—9.1 and 8.1—9.1 have been
shown to negatively impact soil microorganisms.” Textile dye

severely negatively impacted by untreated hazardous waste-
water.® These harmful substances (dyes) accumulated in living
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Figure 1. Biosynthesis of zinc oxide nanoparticles using Murraya koinigii dry leaf extract.

cells, reduced cell activity, slowed down growth, and resulted
in a number of deficiencies and illnesses.”® Whereas, the
phytotoxic effect of MO and MB dyes was shown on wheat’
and Cicer arietinum.'® Reduced seed germination and other
aspects of plant growth are the effects of these dyes on
agricultural crops. Additionally, reports have indicated that
crops like, Country beans,'' lady finger,'* and red amaranth"’
are evaluated using high dyeing industry effluent, which results
in decreased seed germination and plant growth. The
development of seedlings is negatively impacted by the
existence of toxic metals and other detrimental chemicals."*
In contrast, zinc (Zn), an essential micronutrient, plays a
pivotal role in maintaining cellular homeostasis and supporting
various biological functions. Zinc is present in several kinds of
enzymes, including hydrolases, transferases, ligases, oxidor-
eductases, and isomerases.”” It participates in a variety of
functions, including disease resistance, photosynthesis, and the
antioxidant defense system.'””"’ Zinc has recently been
employed as zinc oxide nanoparticles, which have been
reported for enhanced seed germination, destroyed organic
agricultural commodities’ photocatalytic process, and anti-
bacterial activity.'”'® The synthesized zinc oxide nano-
particles reported the highest germination rates (1.25 ug/
mL) of okra seeds, as well as the longest shoot and root lengths
(1 pg/ mL)."” Methylene blue, Congo red, and methyl orange
are three azo dyes that were found to photodegrade 91, 97, and
85% after 120 min of being exposed to sunlight through
biosynthesized nanocomposite.”’ Apart from zinc nano-
particles, the synthesis of Au nanoparticles demonstrated
80% eflectiveness in degrading MB dye in 90 min and FALE@
Au nanoparticles showed strong photocatalytic activity (80%)
efficiency against both methyl orange and methylene blue
dyes.””** Zinc oxide nanoparticles have an effective electrical
structure and are safe for the environment and nontoxic, and
they are frequently utilized in photocatalytic degradation.””**
Whereas, photocatalytic degradation % through zinc nano-
particles was also reported in methyl orange® and methylene
blue.*®

The germination of seeds is a significant issue in the vicinity
of industrial locations, where various dyes are discharged into
agricultural land. This study presents the biological production
of zinc oxide nanoparticles and assesses their efficacy in
promoting seed germination and photocatalytic degradation
activity against methylene blue (MB) and methyl orange
(MO) dyes. Additionally, produced zinc nanoparticles were
examined for both antibacterial and antioxidant properties.
Zinc oxide nanoparticles that have been biosynthesized show
great promise for environmental remediation, especially when
it comes to breaking down dangerous dyes and encouraging
environmentally friendly behaviors in a variety of sectors.
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2. MATERIALS AND METHODS

2.1. Materials Required. Reagents, methyl orange (MO),
methanol, methylene blue (MB), DPPH (2,2-diphenyl-1-
picrylhydrazyl), and nutrient agar were purchased from Hi-
media. Cultures of Staphylococcus aureus (MTCC 96) and
Escherichia coli (MTCC 1652) were procured from the
Institution of Microbiology (IMTECH), Chandigarh, India.
Reagents, sodium hydroxide (NaOH), and zinc nitrate
hexahydrate [Zn(NO,),.6H,0] were from E-Merck. Milli-Q
water was used for the entire experiment. ZnO NPs (used as a
standard) was purchased from Sigma-Aldrich. Pearl millet
(HHB-67 improved) seeds were procured from the Rajasthan
Agriculture Research Institute (RARI), Durgapura, Jaipur,
India.

2.2. Aqueous Leaf Extract Preparation. Murraya koinigii
leaves were taken from the Manipal University Jaipur (MU]J)
campus in Jaipur, Rajasthan, India, in January 2024. The
collected leaf samples were thoroughly cleaned with ultrapure
water to remove any impurities such as dust or debris. After
cleaning, the leaves were carefully cut into small pieces to
facilitate uniform drying. The leaf samples were subjected to
drying in a hot air oven at 50 °C for 48 h to ensure total
moisture removal. The desiccated leaves, now fragile, were
further pulverized with a mortar and pestle. 10 g of powdered
leaves were combined with 100 mL of Milli-Q water and
boiled in a water bath at 70 °C for 30 min. Upon reaching
room temperature, the mixture was subjected to filtration with
Whatman No. 1 filter paper. The filtrate was stored at 4 °C
until needed.

2.3. Zinc Oxide Nanoparticles Biosynthesis. A 50 mL
solution of 0.1 M zinc nitrate hexahydrate [Zn(NO,),-6H,0]
was mixed with 10 mL of Murraya koenigii leaf extract and
subjected to a magnetic stirrer for comprehensive mixing. After
6 h, 1 M (50 mL) NaOH solution was put in the reaction
mixture, and then the mixture was stirred at 60 °C overnight
(Figure 1).

The combination changed to a creamy white. The white
mixture was then spun at 8000 rpm for 20 min. Following
washing with ethanol, the precipitate was rinsed at least three
times with Milli-Q water. The white solid was then dehydrated
in a hot air oven before being pounded into a fine powder with
a ceramic mortar and pestle (Figure 1). Subsequently, the fine
powder was examined using UV—vis (UV—visible spectrosco-
py), FT-IR (Fourier transform infrared spectroscopy), EDS
(energy-dispersive X-ray spectroscopy), SEM (scanning
electron microscopy), and XRD (X-ray diffraction). The
process by which ZnO NPs were biosynthesized using several
equations:

Zn(NO,), < Zn** + 2NO,~ (1)
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H,0 < H" + OH~ (2)
NaOH < Na* + OH™ (3)

In the mixture of reactants, zinc nitrate (Zn(NOj;), breaks
down into zinc ions (Zn?*) and nitrate ions (2NO;”) (eq 1),
the molecules of water decompose into hydroxyl and hydrogen
ions (eq 2), and sodium hydroxide, which serves as a strong
basic, divides into Na+ (sodium) and hydroxyl (OH) ions (eq
3).

Zn’* + 40H™ © [Zn(OH),T*~ 4)

2[Zn(OH),*~ = 2ZnO + 4H, + 30, (s)

In an alkaline mixture, zinc ions (Zn**) combine via
hydroxide ions (OH™) to form a steady zinc hydroxide
complex [Zn(OH),]*” (eq 4). The zinc hydroxyl complex
decomposes under external energy, such as ultrasonic exposure
to radiation, producing zinc oxide and releasing hydrogen (H,)
and oxygen (O,) gases (eq 5).”” There are several biochemical
compounds (alkaloid, phenol, and flavonoid) present in the
extracts of murraya leaves. Different functional groups of these
compounds were in charge of reducing zinc to zinc
oxide 314546

2.4. Characterization of Zinc Oxide Nanoparticles.
2.4.1. UV-Visible Spectroscopy. The ultraviolet—visible
spectroscopy technique was utilized to perform the preliminary
characterization of zinc oxide nanoparticles. For 20 min, the
solution of ZnO NPs (1 mg) and Milli-Q water (1 mL) was
sonicated. The sonicated zinc oxide nanoparticle (10 times
diluted) solution’s spectrum was analyzed between 200 and
600 nm (Shimadzu UV-2600, MU]J).

2.4.2. Fourier Transform Infrared Spectroscopy. FT-IR
technique is used for identifying and characterizing organic and
inorganic materials based on their interaction with infrared
(IR) light. A trustworthy scientific method for determining
functional groups is Fourier transform infrared spectra analysis.
An examination of the infrared absorption spectra reveals the
numerous bonds that are present in the zinc oxide nano-
particles that were manufactured (Model-Bruker Alpha, MUJ).

2.4.3. Scanning Electron Microscopy and Energy-Dis-
persive Spectrometry. A three-dimensional image of the
morphology of nanomaterials can be obtained using a scanning
electron microscope. It is utilized for the purpose of examining
the external morphology of zinc oxide nanoparticles that have
been synthesized. To conduct the FESEM examination, fine
powder formed from zinc oxide nanoparticles was utilized,
which was performed using the JSM-7610 F-Plus microscope
at MUJ. For EDS, the same materials and equipment were
used. Zinc oxide NP’s elemental composition is analyzed
qualitatively and quantitatively using EDS.

2.4.4. X-ray Diffraction. The crystalline structure and
average size of the produced zinc oxide nanoparticles are
revealed by X-ray diffraction. To determine whether the zinc
oxide nanoparticles made by SMART LAB (MUJ) were
crystalline, the 20 scanning range was adjusted between 20°
and 80°. The produced zinc oxide nanoparticles’ average
crystallographic size was determined by applying the Debye—
Scherrer formula:

D = 091/f cos 6
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where D is the average crystal size of zinc oxide nanoparticles,
B is the full width at half-maximum of the diffraction peak, 4 is
the wavelength, and 6 is the diffraction angle.

2.4.5. (-Potential. A measurement of the stability in
suspension (solution) was carried out with the help of (-
potential. Utilizing a {-potential device (Anton Paar Litesizer
500), the zinc oxide nanoparticles that were produced through
biosynthesis were determined. As a foundation for determining
the {-potential, the trend and velocity of nanoparticles in
response to the action of a known electric field are utilized.

2.4.6. TGA (Thermogravimetric Analysis). To determine
the heat stability, composition, and phase shifting, zinc oxide
nanoparticles are subjected to thermogravimetric analysis
(Shimadzu DTG-60H). Thermogravimetric analysis (TGA)
was conducted to examine the thermal stability and
decomposition characteristics of zinc oxide nanoparticles
produced from the murraya leaf extract. Stability testing was
conducted using the fine powder from room temperature up to
1000 °C.

2.5. Seed Germination Test. A solution of MO and MB
dyes was produced to examine seed germination. Four
different concentrations (0.5, 1, 1.5, and 2%) of both dyes
were prepared. The seeds of pearl millet were sterilized with
sodium hypochlorite (0.1%) for 2 min and then rinsed thrice
with Milli-Q water to eliminate chloride ions. The experiment
of seed germination was conducted through the paper towel
method in petriplates. Twenty seeds were placed in each
petriplate and treated with prepared different concentrations
(0.5—2%) of dye solution. Separately, a S mL solution of each
dye was added to each plate. In contrast, a priming test using
the same category of pear]l millet seed was carried out using
different amounts of plant-mediated zinc oxide nanoparticles
(50, 100, 150, and 200 ppm). All petriplates were incubated at
ambient temperature (28 + 2 °C) for S days in a plant growth
chamber. After incubation for 5 days, germination % and other
physiological parameters (shoot length and root length) of 20
random plants of each set-up pear] millet seedlings were
recorded:

germination percentage (GP)

= seeds germinated/total seeds X 100

2.6. Photocatalytic Degradation. 2.6.1. Methylene Blue.
With minor modifications, MB degradation in ultraviolet (UV)
light was used to assess the photodegradation responses of
produced ZnO NPs.”® In the beginning, a conical flask with a
capacity of 250 mL was used to prepare 100 mL of an MB
solution with a concentration of 20 ppm. After dispersing 10
mg of zinc oxide nanoparticle powder in MB, the mixture was
put into a sonicator for 10 min. Next, the mixture was exposed
to UV radiation for 30, 60, 90, 120, 150, and 180 min at
various intervals. After centrifugation at 8000 rpm (10 min),
the reactivity of effluent was measured in a UV—visible
spectrophotometer at 663 nm.

2.6.2. Methyl Orange. The photocatalytic degradation was
determined by zinc oxide nanoparticles by employing UV light
to examine the breakdown of MO dye. 20 ppm (100 mL)
solution was made of methyl orange and 10 mg of zinc oxide
nanoparticles (photocatalyst) were added to the solution of
methyl orange. To mix the solution of photocatalyst and MO,
both were placed on a shaker incubator in the dark for 1 h to
evaluate the desorption-adsorption equilibrium. After that, the
resulting solution was exposed to UV light for photocatalytic

https://doi.org/10.1021/acsomega.4c10628
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reaction. To remove the photocatalyst, 10 min was spent
centrifuging the reaction mixture at 8000 rpm. After that, at
various time differences (30, 60, 90, 120, and 150 min), the
absorbance was taken of clear solution at 464 nm through a
UV—visible spectrophotometer.

MB/MO dye degradation % was determined by the
following equation:

degradation (%) = [(A, — A)/A,] X 100

where A, = initial absorption of MB/MO dye and A =
absorption of the resulting mixture after UV light exposure.

2.7. Antibacterial Assay. The antibacterial assay was
performed by well diffusion method against S. aureus and E.
coli?® Milli-Q water was utilized as a negative control
(designated by C), and the zinc oxide nanoparticle (sample)
was inoculated in different quantities (1, 10, 50, and 100 mg/
mL). Each petriplate well contained a S0 xL sample. Following
sample loading, the petriplates were incubated for 24 h at 37
°C. A measuring scale was utilized to ascertain the zone of
inhibition.

2.8. Antioxidant Assay. The synthesized zinc nano-
particles were tested against DPPH with slight modification.”
At different concentrations (10 and 80 ug/mL), aliquots of the
extracted material (samples) were incorporated into 0.1 mM
DPPH methanolic solutions. The reaction mixture was
thereafter kept for 30 min in darkness at ambient temperature.
The optical density (OD) of the resultant mixture was assessed
by UV—visible spectroscopy at 517 nm. Ascorbic acid was used
as control for this experiment. The subsequent formula was
employed to calculate the % inhibition:

inhibition (%)

absorbance of control — absorbance of sample

X 100

absorbance of control

2.9. Statistical Analysis. Most of the experiments were
carried out in laboratories with mean + standard deviation
(SD) in triplicates. Data on mechanical characteristics were
subjected to ANOVA analysis using SPSS (IBM, SPSS
Statistical software, 29.0). The p-value was less than 0.0S,
and the differences were confirmed using Duncan’s test.

3. RESULTS AND DISCUSSION

Zinc oxide nanoparticles were successfully synthesized utilizing
Murraya dry leaf extract, and their characteristics were
described. The amount of leaf extract must be sufficient to
ensure the availability of the bioactive ingredient, which will
enable effective stabilization and nanoparticle reduction. In this
investigation, 10 mL of leaf extract was utilized for the
manufacture of zinc nanoparticles. There are numerous studies
indicating that 10 mL of flant extract was sufficient for
reducing the zinc ion.”"?” The synthesized zinc oxide
nanoparticles demonstrated antioxidant and photocatalytic
degradation potential uses as well as the environmental effects
of dye toxicity on seed germination.

3.1. pH Analysis. The pH analyses of the different
components in the reaction mixture are shown (Table 1).

3.2. UV-Vis Spectroscopy Analysis. Ultraviolet—visible
spectroscopy was utilized to carry out early characterization of
zinc oxide nanoparticles that were produced through biosyn-
thesis. The sonicated sample of zinc oxide nanoparticles was
placed between the light source and photodetector and the
peak was observed at 335 nm (Figure 2).
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Table 1. Analyzed pH Reactants

components pH
50 mL of Zn(NO,),-6H,0 (0.1 M) 5.67
Murraya dry leaf extract 5.46
1 M NaOH (50 mL) 14.20
leaf extract + NaOH + Zn(NO;), 13.73
3.0
| Zn NPs
2.5 -
Z 20-
Fl
=
S 154
H
2
< 10+
0.5 |
0.0 T T T T T T T
200 250 300 350 400 450 500 550 600
Wavelength (nm)
Figure 2. Biosynthesized zinc oxide nanoparticles’ UV—visible
spectrum.

This peak indicates that biosynthesized zinc oxide nano-
particles absorb light at a particular wavelength. Our findings
are consistent with previously published articles of synthesized
zinc oxide nanoparticles through callus extract of Ziziphus
spina-cristi and leaf extract of Cassia alata.”>** Biosynthesized
zinc oxide nanoparticles derived from the seed of Nigella sativa
L. showed a peak at 230 nm,* which differs from our findings.
This variation may be attributed to different experimental
conditions, methods, and materials.

3.3. FT-IR Analysis. Murraya leaf extract was used to find
functional groups that reduce and cap zinc oxide nanoparticles
using FT-IR. Significant peaks in the spectra of normal zinc
oxide, plant-derived extract, and biosynthesized zinc oxide
nanoparticles indicate essential functional entities that
participate in the chemical reaction process (Figure 3).

The Murraya leaf extract spectrum displayed prominent
peaks corresponding to O—H stretching vibrations at 3850,
3742, and 3220 cm™!, attributed to phenols and alcohols,
indicating their potential role as reducing agents.***” The
peaks at 2353 cm ™' (C—O stretching), 1518 cm™ (O=C=0

Standard ZnO
Murraya leaf Extract
Biosynthesized ZnO

Transmittance (%)

.

N
O-H
O-H O-H
(3850) (3742)  (3220) 2(;"; / \ T
(2353) 0=C=0 c-0
as518) (1030) Zno
(701, 525
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 3. FT-IR spectrum of standard zinc oxide, Murraya leaf extract,
and biosynthesized zinc oxide nanoparticles.
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stretching), and 1030 cm™ (C—O stretching) represent
characteristic functional groups of organic compounds that
may contribute to nanoparticle stabilization (Table 2).”%*’

EDS spectra showed element detection. The standard ZnO
and synthesized zinc nanoparticles were in zinc oxide form due
to the presence of Zn (zinc) and O (oxygen) (Figure S).

Table 2. Different Functional Groups Involved in the
Biosynthesis of Zinc Oxide Nanoparticles Represent
Various Wavenumbers

wavenumber (cm™") functional group

assignment

3850, 3742, 3220 O-H hydroxyl group

2353, 1030 C-0 alcohol and ester group
1518 0=C=0 carbonyl group

701, 525 Zn—0 zinc oxide

The spectra of zinc oxide nanoparticles had analogous peaks
with slight variations in their locations and intensities,
suggesting the participation of functional components from
the plant aqueous leaf extract in relationships with the
nanoparticle surface. The existence of a significant band at
525 cm™! validated the Zn—O stretching vibrations, signifying
the successful synthesis of zinc oxide nanoparticles. The
stretching vibrations of metal—oxide (M—O) bonds were
detected in the hallmark range between 400 and 700
em™.* 7" The resemblance among peak frequencies of the
biosynthesized zinc oxide nanoparticles and those of ordinary
zinc oxide verified that the biosynthesized nanoparticles were
generated successfully with analogous properties. The bonding
of several other nanoparticles, such as Ag nanoparticles, was
supported by the bands at 525 cm™ in the FT-IR spectra.*>**
The unidentified peaks in the murraya leaf extract’s FT-IR
spectra are thought to have no role in capping and reducing
agents.

3.4. FESEM and EDS Analysis. The morphology of
biosynthesized zinc oxide nanoparticles was revealed by
FESEM. The picture shows zinc nanoparticles with different
aggregates (Figure 4).

100nm MUJ-JEOL 7/6/2022

SEM WD 10.0mm 15:30:28

Figure 4. SEM picture of zinc oxide nanoparticles synthesized
biologically.

The fine powder was used to characterize the zinc oxide
nanoparticles. The biosynthesized zinc oxide nanoparticles
were observed to have a spherical shape and were
predominantly present in clustered formations. This clustering
of nanoparticles can be attributed to various factors, including
synthesis conditions, surface properties, and interparticle
interactions. The synthesized zinc oxide nanoparticles were
consistent with those already reported.*”**
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Figure 5. EDS graph and elemental composition table of (A)
biosynthesized zinc oxide nanoparticles and (B) standard zinc oxide.

The EDS graph displayed three peaks corresponding to zinc
and one peak corresponding to oxygen. One peak of zinc and
two peaks of oxygen were present between 0 and 1.3, and two
additional zinc peaks appeared between 7.8 and 10.4. The
peaks of standard and biosynthesized zinc oxide nanoparticles
were identical; therefore, our investigation indicated that
biosynthesized nanoparticles are present in the form of zinc
(Zn) and oxygen (O). The pattern of Ig)eaks of zinc and oxygen
were similar to the published reports.”"*’

3.5. X-ray Diffraction Analysis. The dried powder was
analyzed using XRD characterization, revealing distinct peaks
in the XRD graph at 26 values of 32.02, 34.66, 36.48, 47.78,
56.84, 63.08, and 68.20°. These peaks corresponded to the
diffraction planes (100), (002), (101), (102), (110), (103),
and (112), respectively (Figure 6).

The 26 values of typical (standard) zinc oxide nanoparticles
were practically the same as in biosynthesized nanoparticles,
indicating that the produced zinc nanoparticles have a highly
crystalline nature. The peaks also demonstrated the purity of
the biosynthesized nanoparticles. Biosynthesized zinc oxide
nanoparticles were found to have an average crystalline size of
27.26 nm. Multiple studies substantiate the application of leaf
extracts to forecast the crystalline characteristics of zinc oxide
nanomaterials of Calotropis gigantea and Murraya koenigii.”""”

3.6. ¢-Potential. The {-potential (ZP) provides insight into
the stability and surface charges of biosynthesized zinc oxide
nanoparticles (Figure 7).

The zinc oxide nanoparticles have a {-potential value of
—27.0 mV demonstrating stability. The extract from murraya
leaves may contain hydroxyl groups that are more capable of
binding to metal ions. As a result, these compounds may coat
the zinc nanoparticles to keep them from accumulating and
remain charged negatively. The zinc oxide NRs with —13 mV
revealed a strong negative charge.”” Some additional studies
were also consistent with our findings regarding the {-potential
of produced zinc nanoparticles.”">”
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Figure 6. XRD graph of (A) biosynthesized zinc oxide nanoparticles
and (B) standard zinc oxide nanoparticles.
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3.7. TGA (Thermogravimetric Analysis). The TGA
curve showed an initial weight loss below 200 °C, which is
due to the removal of moisture and contaminants on the
nanoparticle surface. A significant weight loss was seen
between 200 and 600 °C due to the degradation of organic
molecules and volatile employed in the biosynthesis process
(Figure 8).

Beyond 600 °C, the weight remained steady, indicating the
production of thermally stable zinc oxide nanoparticles. At
temperatures exceeding 600 °C, the residual mass was around
70%, indicating that the zinc oxide structure was pure and
thermally stable. Thus, the thermograph suggested that
biosynthesized zinc oxide nanoparticles are thermally stable,
with all volatile and organic components eliminated at
increasing temperatures, making them suitable for high-
temperature applications.éo_62

3.8. Band Gap (UV—Vis). The amount of energy necessary
for an electron to move through the valence to the
conductivity band in the manufactured zinc oxide nano-
particles was measured by examining its absorption by UV—vis
spectroscopy (Figure 9).

The TAUC method was used to conduct the band gp
investigation. The band gap energy was estimated with eq 6.>
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Figure 8. TGA (thermogravimetric analysis) of biosynthesized zinc
oxide nanoparticles.
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1/2
ahv = A(hv — Eg) / (6)

The spectrum of radiation (UV, visible, or infrared) that zinc
oxide nanoparticles can absorb to produce photoinduced pairs
of electrons—holes is determined by their band gap.
Synthesized zinc nanoparticle has a 2.90 eV band gap (Figure
8). A prominent band gap has the ability to improve
photocatalytic degradation. This demonstrates their potential
for application in photocatalysis procedures to remove
impurities from water. There have been prior reports of
similar numbers in the literature.”* Most likely, the electrical
and optical properties of several zinc oxides with band gap
energies (Eg) ranging from 2.100 to 3.760 eV were
investigated previously for specific applications, such as
photocatalysis.>

3.9. TON (Turnover Number) and TOF (Turnover
Frequency). The efficacy and endurance of catalysts, such as
zinc oxide nanoparticles, in the photocatalytic breakdown of
dyes are assessed using two crucial parameters: turnover
number (TON) and turnover frequency (TOF).

3.9.1. Turnover Number (TON). The efficacy of the catalyst
(zinc oxide nanoparticles) was measured in dye degradation
through turnover number.*® The number of moles of degraded
dye per catalyst molecule throughout the reaction is commonly
estimated using the turnover number (TON).

number of moles of degraded dye
TON =

number of moles of catalyst
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According to the results of the treatment with zinc oxide
nanoparticles, methylene blue and methyl orange dyes were
destroyed by 94.45 and 85.99%, respectively. Based on
degradation and catalyst, the turnover numbers of methylene
blue and methyl orange were 0.048 and 0.041.

3.9.2. Turnover Frequency (TOF). The reaction rate is often
studied by counting the number of reaction cycles that occur in
a specific amount of time.””

TON

time

TOF =

Based on the degradation in the particular time period, the
turnover frequency was calculated. The turnover frequencies of
methylene blue and methyl orange were 4.44 X 10~° and 4.56
x 107® 57!, The TON and TOF values have demonstrated the
effective photocatalytic activity of biosynthesized zinc oxide
nanoparticles. TON and TOF values are performed by the
catalyst, but there is some variance from previous results due to
different experimental setups.”®>’

3.10. Seed Germination Test. The process of priming
involves pretreating seeds with certain solutions to improve
germination and seedling development. Different treatments
(50, 100, 150, and 200 ppm) of zinc oxide nanoparticles were
used to assess pearl millet seed germination, root length, and

shoot length (Table 3).

Table 3. Effects on Pearl Millet Seed Germination, Shoot
Length, and Root Length of Varying Concentrations of
Plant-Mediated Zinc Oxide Nanoparticles”

treatments % germination shoot length (cm)  root length (cm)
control 71.88 + 1.34° 443 + 0.20° 11.63 + 0.41°
50 ppm 7722 + 2.52° 4.83 + 0.15° 13.03 + 0.68"
100 ppm 85.44 + 3.24° 4.90 + 0.10° 13.26 + 0.32°
150 ppm 90.55 + 1.38 5.46 + 0.25° 15.13 + 0.35°
200 ppm 83.99 + 3.21° 4.84 + 0.32° 13.50 + 036

“Duncan’s test shows that there is a significant difference (P < 0.05)
between means + SD shown in the column with the same letter. The
variation in treatment is implied by the use of several letters.

Pear] millet primed seeds demonstrated higher root length,
shoot length, and germination % at 150 ppm zinc oxide NP
concentration. In comparison to the controlled treatment, the
% seed germination was around 90.55%, the shoot length was
546 cm, and the root length was 15.13 cm at 150 ppm
concentration (Table 3). A related study found that seed
priming at 150 ppm zinc oxide nanoparticles increased the
vigor index by 51% and the germination rate of pearl millet

seeds by 20% in comparison to control (without treated).**
Pearl millet seed germination and other physiological features
were also studied using dyes (MB and MO) to determine how
they affect pearl millet seeds.

MO- and MB-dye-treated pearl millet (Pennisetum glaucum)
seedlings showed effects on seed germination and physiological
reactions (Figure 10).

Pear] millet seeds were treated with MO and MB at various
concentrations (0.5, 1.0, 1.5, and 2.0%). In the case of MO-
treated seeds (2.0%), the germination % (15%), shoot length
(5.13 cm), and root length (9.47 cm) were decreased
compared with the control. Whereas, in MB-treated seeds at
2.0% concentration, the germination % (46%), shoot length
(6.9 cm), and root length (10.4 cm) (Table 4).

A common basic dye used in biological staining techniques
is methylene blue. Additionally, it may be harmful to plants,
particularly in higher doses (2%). High levels of methylene
blue, such as methyl orange, can harm seeds or interfere with
cellular functions to prevent seed germination. Exposure to
methylene blue and methyl orange can also have an effect on
root growth and shoot length. But lower concentrations (0.5%)
of both dyes have fewer effects on plant growth and seed
germination %. In past reports, the toxic effects of various dyes
were reported on wheat,” lettuce, wheat, and tomato seeds on
plant growth and seed germination.”> MB and MO are used in
a variety of industries because of their varied qualities.
However, because of their possible toxicity and negative
effects on the environment and plant growth, their usage needs
to be strictly regulated. These dyes most likely have an impact
on germination-related enzymes.

3.11. Enzymes Involved in Seed Germination. In pearl
millet seed germination, it involves different types of
biochemical reactions catalyzed by various enzymes. Protein,
lipid, and starch-containing spare food material in seeds are
soluble in the actions of enzymes, including lipase, amylase,
and protease. These enzymes also provide essential nutrients
and energy to developing embryos (Figure 11).5%95

MB dye is more toxic than MO, but both synthetic dyes can
inhibit seed germination. The inhibition of seedling growth
and seed germination may vary with concentrations of dyes.
Inhibition of seed germination by MB and MO can involve a
combination of factors: change in pH, toxicity, and cellular
damage. It was discovered that the textile dyes had a negative
impact on the germination of pea, gram, and lentil seeds.® In
our conducted experiment, both dyes (MO and MB) were
shown to be toxic due to pearl millet seed germination and
plant growth were affected (Table 4). These issues were

{ v

0.5% 1% L5% 2%

Figure 10. Pear] millet seedlings treated with (A) methyl orange (MO) and (B) methylene blue (MB).
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Table 4. Effect of MO and MB Dyes on Pearl Millet % Seed Germination, Shoot Length, and Root Length®

seed germination %

shoot length (cm)

root length (cm)

treatments MO MB MO MB MO MB
control 74.66 + 2.08" 74.66 + 2.08 8.01 + 0.89* 8.01 + 0.89* 10.79 + 2.74° 10.79 + 2.74*
0.5% 74.33 + 2.88* 73.33 + 4.16 7.93 + 0.70° 2.76 + 0.38° 10.13 + 2.21° 0.99 + 0.42°
1.0% 71.66 + 3.05" 65.00 + 4.00° 520 + 1.88° 1.65 + 0.26" 275 + 1.83° 0.61 + 0.24°
1.5% 70.00 + 3.60" 41.00 + 2.64° 475 + 0.67° 1.24 + 0.39° 1.44 + 0.49° 0.44 + 0.24°
2.0% 59.66 + 5.50° 28.66 + 3.05¢ 2.88 + 0.51° 1.11 + 0.38" 1.32 + 0.24° 0.39 + 0.11°

“Duncan’s test (P < 0.05) was used to determine the statistical significance. The resulting data were mentioned as mean values together with the
relevant standard deviation (SD). The usage of multiple letters suggests substantial treatment variation.
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Figure 11. Various enzymes are involved in activation, whereas MO and MB dyes cause a reduction in pearl millet seed germination.

resolved using zinc nanoparticles to break down these dyes
(MB and MO).

3.12. Photocatalytic Degradation. The process of
breaking down a chemical into simpler, less hazardous
compounds with the help of light and a photocatalyst is
known as photocatalytic degradation (Figure 12). This method
is frequently used for water purification, environmental
cleanup, and the breakdown of contaminants in air and water.

Electrocatalysis and photocatalysis are two examples of
advanced oxidation processes in which zinc nanoparticles can
function as catalysts. Under UV light conditions, the dye

UV light
xF > |

ﬂ

ZnONPs —>. 02,
P— H,0 — -OH

Dye solution \_j

A & 0 4
£ N

Figure 12. Mechanism of MO/MB dye degradation using zinc oxide
nanoparticles under UV light conditions.
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solution (MB or MO) was mixed with zinc oxide nano-
particles, which act as photocatalysts. The excited zinc oxide
nanoparticles produce ROS (reactive oxygen species) such as
hydroxyl radicals (¢OH) and superoxide radicals (O,"~) when
they are exposed to oxygen and water. The mechanism of
photocatalytic degradation was followed by different equations.

ZnO + hv — ZnO + ¢ (CB) + h*(VB) (7)
h'(VB) + H,0 —» OH® + H* (8)
K"+ OH™ — OH’ )

Electrons in the valence band (VB) of zinc oxide are
stimulated into the conduction band (CB) when the valence
band is stimulated by light energy that is greater than the band
gap of zinc oxide.”” The oxygenation of the water molecules
and surface hydroxyl groups rapidly converted to a hydroxyl
radical (eqs 8 and 9).

e (CB) + O, » 05~ (10)

(11)

Superoxide radicals were produced when dissolved oxygen
reacted with the electron conduction band (eq 10). Various
types of ROS, such as hydroxyl radicals and superoxide anions,
target and degrade dye (MB and MO) molecules in the form
of carbon dioxide, water molecules, and inorganic ions (eq
11).5%°%% Because of the higher reactivity of ROS, it degrades
dye into simpler molecules or less harmful compounds

dye + ROS — CO, + H,O + inorganic ions
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Figure 13. UV—visible spectra of (A) methylene blue and (B) methyl orange, showing photocatalytic degradation at different time intervals.
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Figure 14. Degradation % of (A) MB and (B) MO with respect to time by biosynthesized zinc oxide nanoparticles.

(organic pollutants).”” The UV—visible spectrum showed the
degradation % of MB and MO at various time periods (Figure
13).

3.12.1. Methylene Blue. Nanoparticles are widely used in
the efficient photocatalytic destruction of methylene blue.
Owing to its wide band gap semiconductor and strong
photocatalytic capabilities, zinc oxide nanoparticles can be
used to degrade organic contaminants when exposed to UV or
visible light (Figure 14).

The degradation of MB was noticed at various time periods
(30, 60, 90, 120,150, and 180 min.). After 30, 60, 90, 120, 150,
and 180 min, the average degradation percentage of MB had
shown 35.67, 51.98, 67.00, 78.98, 91.76, and 94.45 (Figure
14). The result showed a higher degradation % of MB at 180
min. The average percentages of MB degradation at various
time intervals show that degradation increases gradually with
time. This pattern implies that the rate of degradation is time-
dependent. The finding that the MB deterioration % exhibits
approximately similar at both the 150 and 180 min periods and
stays comparatively steady is particularly noteworthy. This
plateauing effect raises the possibility that the equilibrium of
deterioration may have reached a point beyond which more
degradation is constrained. Additionally, a number of reports
are in support, where MB dye % deteriorated at a higher level
after treated zinc oxide nanopaﬂicles.”’72 Besides, Ag NPs
showed photocatalytic prospective degrading methylene blue
dye with an efficiency of 79% in 80 min, while EDLE@Au
nanoparticles showed enhanced photocatalytic activity with
96.5% destruction.*””
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3.12.2. Methyl Orange. When zinc oxide nanoparticles are
exposed to light, their breakdown usually results in the
production of ROS, such as superoxide radicals (O,e”) and
hydroxyl radicals (¢OH). These highly unstable ROS has the
ability to oxidize MO. The photocatalytic (PC) activity of zinc
oxide nanoparticles was tested against MO with respect to time
(Figure 14).

The average degradation efliciencies were found to be 32.78,
45.39, 69.78, 78.90, and 85.99% after various time periods of
30, 60, 90, 120, and 150 min. The best result was found at 150
min after exposure to UV light, that was 85.99%. After 150
min, the degradation potential was not found for MO. The
findings demonstrate how well UV light degrades MO, with
the best degradation occurring after 150 min of exposure
(Figure 13). Subsequent research endeavors might look into
the fundamental mechanisms accountable for the noted
degradation kinetics and examine approaches that address
possible obstacles in accomplishing the total breakdown of
MO. Zinc oxide nanoparticles have been used in a number of
investigations to photocatalytically degrade methyl orange
(MO), with differing degrees of efficiency reported depending
on the characteristics of the nanoparticles, the production
techniques, and the reaction circumstances.”>”* Due to catalyst
activation and the production of reactive species, methyl
orange (MO) demonstrated 85% photodegradation in 120 min
when exposed to sunlight.”” There were further reports of dye
degradation that were compared with the present study (Table
S).

3.13. Antioxidant Assay. The antioxidant assay was
performed to scavenge free radicals through biosynthesized
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Table 5. Comparison Table of Photodegradation Efficiency
of Synthesized Zinc Oxide Nanoparticles

degradation
photocatalyst dyes (%) time (min) ref.
zinc oxide MB 37 120 75
biosynthesized zinc MO 84 120 25
oxide
biosynthesized zinc ~ MB and 75 and 87 180 39
oxide MO
biosynthesized zinc ~ MB and 84 and 88 60 and 76
oxide MO 150
biosynthesized zinc ~ MB and 94 and 85 180 and present
oxide MO 150 work

zinc oxide nanoparticles. The solution containing zinc oxide
nanoparticles and DPPH exhibited a gradual color change in
the dark. Nanoparticles can donate the electron to the DPPH
free radicals and neutralize it (Figure 15).

80
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Figure 15. Inhibition (%) of DPPH through zinc oxide nanoparticles
at different concentrations.

The % inhibition rose as the concentration of zinc oxide
nanoparticles increased, indicating that the antioxidant action
of Zn nanoparticles was dose-dependent. The maximum
inhibition % was recorded as 62.39 at 80 yg/mL concentration.
Our findings are supported by numerous published research
that demonstrate the antioxidant activity varied at different
doses.”” ="’ zinc oxide nanoparticles demonstrated antibacterial
action in addition to their excellent antioxidant capacity.

3.14. Antibacterial Assay. Zinc nanoparticles at varying
concentrations were tested for their antibacterial activity

against E. coli and S. aureus bacteria. In E. coli, the zone of
inhibition was detected to be 0.2, 0.35, and 0.45 cm at
concentrations of 10, 50, and 100 mg/mL, respectively (Figure
16).

In contrast, at concentrations of 1 and 10 mg/mL, no
inhibitory zone was seen for S. aureus. Whereas, the zone of
inhibition was detected to be 0.25 and 0.35 cm at
concentrations of 50 and 100 mg/mL (Figure 16). The
minimum inhibitory concentration (MIC) of zinc nano-
particles against E. coli and S. aureus was determined to be
10 and 50 mg/mL, respectively. The antibacterial effectiveness
of zinc oxide nanoparticles against S. aureus and E. coli at
varying doses has been assessed in recent reports.””"'

4. CONCLUSIONS

Biosynthesized zinc oxide nanoparticles exhibited a number of
encouraging properties, such as crystalline structure and
photocatalytic activity. MB and MO showed toxicity effects
on seedling growth and seed germination (46 and 15%) on
pearl millet, whereas the MB dye was more toxic than MO.
Various industries released such dyes, which polluted the
environment. Zinc oxide nanoparticles have a higher
proportion of seed germination (a concentration of 150
ppm) and the capacity to degrade MB (94.45%) and MO
(85.99%) dyes. It also demonstrated high antibacterial activity
against E. coli and S. aureus (100 mg/mL). Additionally, the
zinc oxide nanoparticles have high antioxidant activity
recorded at 80 pg/mL. The future aspects of this research
may lead to fully realize the potential benefits for society,
particularly in the areas of wastewater treatment (due to dye
degradation), agriculture (due to improved seed germination),
biological sciences (due to antioxidant activity), and
application in food science (due to antibacterial activity).
Safety and sustainable ZnO NP manufacturing and usage
should also be prioritized to reduce environmental and health

risks.
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