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Abstract:

Nanotechnology deals with the production and application of materials with nanoscale dimensions. The nanoscale size
provides nanoparticles with a high surface area to volume ratio, resulting in unique physicochemical properties.
Biosynthesis of nanoparticles is an important area in nanotechnology due to its eco-friendly and cost-effective
advantages over conventional chemical and physical synthesis methods. The present study focuses on the biosynthesis
of zinc oxide nanoparticles (ZnO NPs) using ethanolic extract of the simple ascidian Herdmania pallida as a reducing
and stabilizing agent. The synthesis of ZnO nanoparticles was confirmed using UV—Visible spectroscopy, Fourier
Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and Energy
Dispersive X-ray Analysis (EDX). The synthesized nanoparticles were further applied as photocatalysts for the
degradation of methylene blue (MB) dye under ultraviolet (UV) light irradiation. The results demonstrated that the
degradation efficiency strongly depended on UV illumination time and the concentration of ZnO nanoparticles. The
photocatalytic degradation reaction followed pseudo-first-order kinetics with respect to dye concentration. Cyclic
Voltammetry (CV) analysis was employed to investigate the electrochemical and redox behavior of the ZnO
nanoparticles. The antioxidant activity of ZnO NPs was evaluated using DPPH free radical scavenging and hydrogen
peroxide (H20:) scavenging assays at different concentrations, which revealed significant antioxidant potential. In
addition, the antibacterial activity of the synthesized ZnO nanoparticles was investigated against bacterial strains such
as Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa, demonstrating effective antibacterial activity.
The study highlights the potential application of marine-derived biosynthesized ZnO nanoparticles in environmental and
biomedical fields.
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1. Introduction:

Nanotechnology is emerging as a rapidly growing field with its application in science and technology for the purpose of
manufacturing new materials at the nanoscale level [1]. Nanotechnology has drawn more attention for its cutting-edge
nature and wide application range in almost every field of science and technology, including biomedical sciences [2, 3].
Nanomaterials are of great importance because of their superior physicochemical and biological properties over their
bulk phase. The size of these nanostructured materials (1-100 nm) offers a higher surface -to-volume ratio, which leads
to high surface reactivity. [4]

Ascidians are marine sedentary organisms, and they belong to the biofouling community. They are found in piers,
pilings, harbor installations, materials used in aquaculture operations, etc. Herdmania pallida is a simple ascidian
belonging to the family Ascidiidae. Ascidians are consumed as food in many parts of the world, and there are coastal
aquafarms in Japan as well as Thailand for the culture of ascidians. Microcosmus sulcatus, Styela plicata, and
Polycarpa pomaria are taken as food in the Mediterranean [5]. Ascidians (Chordata, Ascidiacea) are sessile filter-
feeding organisms closely related to vertebrates [6], able to filter even minute particulate matter [7, 8]. They are well
known for their ability to accumulate heavy metals [9, 10] and to thrive in eutrophic (nutrient-rich) and polluted
environments. There are nearly 3000 species of ascidians inhabiting all marine habitats from shallow water to the deep
sea, with some species, in particular invasive species, creating large aggregations on artificial structures [11, 12]. They
occur as the major components of a fouling community settling on all kinds of surfaces: hard rocks, stone, the hull of
ships, branches and roots of trees, algae, floating objects, sand, and muddy surfaces [13, 14]. Marine organisms contain
a significant amount of carbohydrates, proteins, and lipids, which are essential for human beings [15]. There are more
and more reports on the production of nanoparticles from biologically derived materials such as plants, algae, fungi,
bacteria, and animals [16].

ZnONPs, which can exhibit a wide variety of nanostructures, are believed to be biosafe, nontoxic, and biocompatiable
and have been used in various technologies and industries such as optoelectronics, piezoelectric and magnetic sensors,
biodiagnosis, biological labelling, ceramic and rubber processing, environmental protection, biology, and the medicinal
industry [17-19]. Zinc oxide (ZnO), an important semiconductor nanoparticle, has been attracting attention for its wide
range of applications, such as electronics, optics, optoelectronics, and biomedicine [20]. Nanoparticles can be generated
from various materials in numerous shapes, such as wires, spheres, tubes, and rods [21, 22]. Zinc oxide (ZnO) has
fascinated several researchers from different disciplines of science due to its wide applications and unique
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characteristics [23]. ZnO is referred to has received great consideration in striking electronic applications because of its
unique chemical, optical, and electrical features [24]. The present study aims to synthesize ZnO NPs using Herdmania
pallida. Recent research also focused on the synthesized sample, which was characterized using Fourier transform
infrared spectroscopy (FT-IR), UV—visible spectroscopy, scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX), electrochemical studies, photocatalytic properties (particularly in dye degradation), and antioxidant
properties.

2. Materials and Methods:

2.1. Collection of Sample:

Herdmania pallida samples were collected directly from the sea by handpicking from rocks and submerged surfaces in
the intertidal region in Thoothukudi during the month of February 2024, A survey was subsequently undertaken by
SCUBA diving along the shore of the harbor in order to map the distribution of the species, with searches focused at
eight sites within the harbor. A specimen was deposited in the Museum of the Department of Zoology, A.P.C.
Mahalaxmi College for Women, Tuticorin 628002, Tamil Nadu, India.

Fig.1 Herdmania pallida

2.2 SYNTHESIS OF ZINC OXIDE NANOPARTICLES

2.2.1. Preparation of Sample:

The collected samples were rinsed with sterile seawater to remove associated debris and salt. Ten grams of the sample
were weighed and preserved separately in an ethanol mixture (1:2) and brought to the laboratory, and the extract was
filtered using filter paper and used for further studies.

2.2.2. Preparation of Zinc Sulphate:

Zinc Sulphate (ZnSO4) analytical grade was purchased from Merck & Co. and used without further purification.
Double-distilled deionized (DI) water was used throughout the course of this investigation. Whatman No.1 filter paper
was used for filtration. A solution of ZnSO4 was prepared by dissolving the solid ZnSO4 in DI water.

2.2.3. Preparation of ZnO NPs

ZnO NPs were produced from the Herdmania pallida using 0.01 M ZnS0O,4.7H,0 and 0.1 N NaOH as precursors [25]. It
was added dropwise to maintain pH at 8, then the mixture was stirred and heated at 70°C for 30 min for complete
reduction and formation of a white precipitate. The resulting material was then collected via decantation, washed with
distilled water to remove residuals, and oven-dried overnight at 70°C to yield powdered ZnO nanoparticles [26, 27, 28]

Powdered Sarnple 0.01 M ZnSO,.TH:0 Stirred &
Herdmania palide Heated at 70°C

Synthesis of ZnO NPs
ZnO NPs Powder

Fig. 2 Synthesis of ZnO Powder
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3. CHARACTERIZATION:

The use of various analytical techniques, such as UV-visible spectrophotometry, XRD, SEM, EDX, and FTIR, analysis,
in the characterization of biosynthesized ZnO NPs has been extensively reported in this literature. These techniques
provide valuable information on the physical and chemical properties of nanoparticles, including their size, shape,
surface charge, crystallinity, and surface functional groups, for instance.

3.1. UV-Visible Spectroscopy:

The optical properties and formation of biosynthesized zinc oxide nanoparticles (ZnO NPs) were analyzed using UV—
Visible spectroscopy. The synthesized ZnO nanoparticles were dispersed in distilled water and sonicated to obtain a
uniform suspension. The prepared sample was transferred into a quartz cuvette, and the absorption spectrum was
recorded using a UV—Visible spectrophotometer in the wavelength range of 200-800 nm. Distilled water was used as
the blank solution for baseline correction. The appearance of a characteristic absorption peak in the UV region
confirmed the formation of ZnO nanoparticles due to surface plasmon resonance and electronic transitions. The
obtained absorption data were further used to determine the optical properties and band gap energy of the synthesized
nanoparticles.

3.2 XRD Analysis:

X-ray diffraction (XRD) analysis of the synthesized ZnO nanoparticles was performed using an X-ray diffractometer
with Cu-Ka radiation (A = 1.5406 A) operated at 40 kV and 30 mA. Scanning was carried out over a 20 range of 10° to
80° at a rate of 2°/min. XRD analysis enables accurate phase identification, estimation of crystallite size, and structural
characterization of the nanoparticles. XRD analysis provides information on the crystalline structure and phase purity of
nanoparticles. The crystal size of the biosynthesized ZnONPs is generally calculated on the basis of XRD analysis [29].

3.3 SEM and EDX Analysis:

The morphology, size, and elemental composition of the synthesized ZnO nanoparticles were examined using
scanning electron microscopy (SEM) coupled with energy-dispersive X-ray (EDX) analysis (Hitachi 4160). SEM
provided detailed information on particle shape and surface features, while EDX confirmed the presence of the
constituent elements in the nanoparticles.

3.4 Fourier Transform Infrared Spectroscopy (FT-IR):

The FT-IR spectra of the nanoparticles were recorded using a Fourier Transform Infrared Spectrometer (Thermo
Scientific Nicolet iS5 iD5) equipped with a ZnSe (zinc selenide) ATR/Attenuated Total Reflectance accessory. FT-IR
spectroscopy was employed to identify the functional groups present on the surface of the ZnO nanoparticles.

3.5 Electrochemical Study:

From cyclic voltammetry studies, the working electrodes were prepared by grinding the combination of 70% prepared
ZnO powder, 20% graphite, and two drops of silicone oil used as a binder and subsequently pasting on a disk electrode.
A platinum foil was used as a counter electrode, an Ag/AgCl electrode, as a reference electrode and a 3M KOH solution
as an electrolyte.[30]

3.6 Photocatalytic degradation of MB dye by ZnO NPs :

The photocatalytic degradation of MB dye by ZnO NPs was assessed under natural sunlight irradiation. All the
experiments were conducted in a glass container consisting of 100 mL of 20 ppm MB dye with 50 mg of ZnO NPs,
magnetically stirred under sunlight irradiation. Before irradiation, the contents were magnetically agitated in the dark
for thirty min to accomplish adsorption—desorption equilibrium between dye and ZnO NPs. During the process, the
samples were withdrawn and centrifuged, and the dye concentration was monitored by checking the absorbance at 662
nm.

The degradation of MB dye was fitted to a pseudo-first-order reaction and given by -In(Ao-At) = -Kt (1), where Ao and
At are the initial and final concentrations of MB (ppm) after sunlight irradiation, td is the time required for
photocatalytic degradation (min), and kd is the photocatalytic degradation constant (min™"). [31]

4. Application:

4.1. Antioxidant Activity of Synthesized Nanoparticles:

A. DPPH radical scavenging activity:

The free radical scavenging activity of the synthesized nanoparticles of zinc oxide on the stable radical 2,2-diphenyl-2-
picrylhyrazyl (DPPH) was estimated [32]. Synthesized nanoparticles of aqueous ascidian extracts at different
concentrations (12.5, 25, 50, 100, and 200 g/mL) were incubated with 3.0 mL of a DPPH methanol solution (0.1 mM)
in the dark for 30 min at room temperature, followed by measuring the absorbance at 517 nm using a UV-Vis
spectrophotometer (Genesys 10s UV: Thermo Electron Corporation). Ascorbic acid was used as the reference standard.
The capability to scavenge the DPPH radical was calculated by using the following formula. DPPH radical scavenging
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effect = (Ao — A1)/Ao [ 100 % inhibition Where A is the absorbance of the control, and A is the absorbance of the test
samples and reference. All the tested samples were performed in triplicate, and the results were averaged.

B. Hydrogen peroxide radical scavenging activity:

As per the method [33], the hydrogen peroxide (H>0O») scavenging ability of the synthesized ascorbic acid nanoparticles
was established. In phosphate buffer (pH 7.4), a solution of H,O, (40mM) was arranged. Dissimilar concentrations
(12.5, 25, 50, 100, and 200 ng/mL) of nanoparticles of ascorbic acid in 3.4 ml phosphate buffer were added. These are
added to the H,O; solution (0.6 ml, 40 mM). At 230 nm, the absorbance value of the reaction mixture was recorded.
Using equation (1) as mentioned above, the percentage of H>O» scavenging activity was calculated.

4.2 Antibacterial Activity:

The test bacteria was inoculated in peptone water and incubated for 3 — 4 hours at 35 °C. Mueller hinton agar plates
was prepared and poured in sterile petriplates. 0.1 ml of bacterial culture was inoculated on the surface of Mueller
hinton agar plates and spread by using L-rod. The inoculated plates was allowed to dry for five minutes. The disk
loaded with samples concentration 1000 pg/ml was placed on the surface of inoculated petriplates using sterile
technique. The plate was incubated at 37 °C for 18-24 hours. The plate was examined for inhibitory zone and the zone
of inhibition was measured in mm][34]

5. RESULT AND DISCUSSION:

5.1 UV-Visible spectrophotometric analysis:

The UV-visible spectrophotometric analysis of the synthesized Zinc Oxide nanoparticles is shown in Fig. 3(a). The
UV-visible spectra of ZnO nanoparticles synthesized using the aqueous extract of Herdmania pallida exhibited a strong
absorption peak at 380 nm, confirming the formation of ZnO nanoparticles. This absorption band is attributed to the
electron transition from the valence band to the conduction band, which is a characteristic feature of ZnO
nanomaterials. The absorption peak around 380 nm corresponds to the intrinsic band-gap absorption of ZnO due to the
excitation of electrons. The presence of this peak indicates the successful synthesis of nanosized ZnO particles. Similar
absorption peaks in the range of 360—380 nm have been widely reported for ZnO nanoparticles synthesized through
biological synthesis methods.[35]

The optical band gap of ZnO nanoparticles was determined using the Tauc Plot derived from the Tauc relation:
(ahv)r=A(hv — Eg) ------------mm-mmm- )

where h is Planck’s constant, v is the photon frequency, o is the absorption coefficient, Eg is the band gap energy, and A
is a proportionality constant. [36] The band gap energy was calculated by plotting (ahv)? versus hv, as shown in Fig.
3(b). By extrapolating the linear portion of the curve to the energy axis, the band gap energy of the synthesized ZnO
nanoparticles was determined to be 3.26 eV.[37]

The slight variation in band gap compared with bulk ZnO may be attributed to the quantum confinement effect, particle
size variation, and surface defects present in the nanoparticles. These results confirm that the synthesized ZnO
nanoparticles possess good optical properties and can be potentially used in applications such as
photocatalysis,antibacterialactivity,andsensordevice
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Fig.3 (a,b) - UV-Vis Spectrum of Zinc Oxide NPs & Tauc plot relation

5.2 XRD (X-ray Diffraction) Analysis )
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The X-ray diffraction (XRD) pattern of zinc oxide (ZnO) nanoparticles synthesized using Herdmania pallida extract is
shown in Fig. The diffraction peaks were observed at 20 = 31.7581°, 34.4832°, 36.6075°, and 47.2076°, which
correspond to the Miller indices (100), (002), (101), and (102) respectively. These diffraction peaks confirm that the
synthesized ZnO nanoparticles possess a hexagonal phase with a wurtzite crystal structure, which is in good agreement
with the standard JCPDS card No. 89-7102. [38,39] The sharp and well-defined peaks indicate that the prepared ZnO
nanoparticles exhibit good crystallinity, and the absence of additional peaks suggests that the synthesized nanoparticles
are phase pure without detectable impurities.

Among the observed peaks, the (100) plane shows the highest intensity, indicating a strong preferential orientation of
ZnO nanocrystals along this plane. The crystallite size of the ZnO nanoparticles was estimated using the Debye—
Scherrer equation, given by:

D=kA/P cos O ------ )

where D is the average crystallite size, k is the shape factor (0.94), A is the X-ray wavelength (1.5421 A), P is the full
width at half maximum (FWHM) in radians, and 0 is the Bragg angle. The average crystal size has been calculated from
XRD analysis using the Debye—Scherrer equation, which in this study was approximately equal to =45 nm..[40]
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Fig. 4 XRD Analysis of ZnONPs

5.4 Scanning Electron Microscopy (SEM)

The morphology of the synthesized ZnO nanoparticles was examined using Scanning Electron Microscopy (SEM). The
SEM images recorded at different magnifications (Fig. 5 a,b) reveal the formation of ZnO nanoparticles with irregular
and agglomerated structures. The particles appear as clustered aggregates composed of smaller nanosized grains
distributed across the surface.

In the SEM The higher magnification image with a 20 um scale clearly shows rod-like and irregular nanostructures,
suggesting that the nanoparticles are formed through nucleation and growth processes during biosynthesis.micrograph
with a 50 pm scale, the particles appear densely packed with flake-like and granular structures, indicating the formation
of crystalline ZnO particles. The SEM images further indicate that ZnO nanoparticles synthesized using Herdmania
pallida extract exhibit different morphologies, including spherical and rod-like shapes with some degree of
aggregation.[41] This variation in particle shape may be attributed to the presence of different biomolecules in the
extract acting as reducing and capping agents, which influence the nucleation and growth of nanoparticles.[42] The
observed aggregation may also result from the high surface energy of nanoparticles and interactions between particles
during the drying process. the SEM analysis confirms the successful formation of ZnO nanoparticles with irregular,
spherical, and rod-like aggregated morphology, which is commonly reported for biologically synthesized ZnO
nanoparticles. The observed morphology also supports the structural results obtained from other characterization
techniques.
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Fig. 5 (a,b): SEM Image of Zinc Oxide NPs

5.5 Energy Dispersive X-Ray Spectroscope (EDAX):

The elemental composition of the synthesized ZnO nanoparticles was analyzed using Energy Dispersive X-ray Analysis
(EDAX). The EDAX spectrum (Fig. 6) confirms the presence of zinc (Zn) and oxygen (O) as the major elements,
indicating the successful formation of ZnO nanoparticles. The spectrum shows a characteristic absorption peak of
oxygen (O) at around 0.5 keV and prominent peaks of zinc (Zn) at approximately 1.0 keV and 8.68 keV, which
confirms the presence of ZnO in the prepared sample [43].

The quantitative analysis reveals that oxygen (O) has a weight percentage of 44.43 wt% and an atomic percentage of
76.57 at%, while zinc (Zn) exhibits 55.57 wt% and 23.43 at%, respectively. The total normalized weight percentage of
the detected elements is 100%, indicating the purity of the synthesized sample without the presence of significant
impurity elements.The slightly higher atomic percentage of oxygen compared to zinc may be attributed to the surface
adsorption of oxygen-containing biomolecules from the Herdmania pallida extract used during the green synthesis
process. These biomolecules may act as reducing, capping, and stabilizing agents, which contribute to the formation and
stabilization of ZnO nanoparticles.The obtained EDAX data are in good agreement with previously reported studies,
which confirm that Zn and O are the main elemental components of ZnO nanoparticles synthesized using biological
extracts [44]. Overall, the EDAX analysis clearly verifies the successful biosynthesis and elemental purity of the ZnO
nanoparticles, supporting the results obtained from other characterization techniques such as XRD and SEM.
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Fig.6. EADX Analysis of Zinc Oxide NPs
Table 1 EADX Analysis of Zinc Oxide NPs
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Element Unn (Wt %) C.Norm C.Atom 1 Sigma
(Wt %) (at %) wt %)
(0] 8 K-series 36.66 44.43 76.57 6.28
Zn 30 K -series 45.85 55.57 23.43 1.25
Total 82.51 100.00 100.00

5.3. Fourier Transform Infrared Radiation Spectroscopy (FTIR) Analysis

Fourier Transform Infrared Radiation Spectroscopy (FTIR, Nicolet iS5) was conducted in the spectral array from 400 to
3500 cm-! for the prediction of major functional groups that may act as a capping, reducing, or stabilizing agent during
nanosynthesis of ZnO NPs. FTIR spectroscopy was utilized to predict the surface adsorption of the functional groups
present on the ZnO NPs. FTIR spectra of the ZnO NPs are in the spectral range of 400-3500 cm-!, as shown in Figure
3. The absorption peaks were observed in the regions of 466 cm-!, 673 cm-!, 890 cm-', 1019 cm-!, 1384 cm-!, 1466
cm-!, 1626 cm-!,2923 cm-!, and 3434 cm-!, respectively. A characteristic band predicted at 673 cm—1 and 466.95 cm
-1 corresponds to it. The peak intensity at 890 represents the C-H of the aromatics, [45, 46] 1019 cm-! corresponds to
the C-O stretch , and 1466 cm-! corresponds to the CN stretch of amide I in protein [47]. The peak at 1384 cm-!
suggests the presence of organic molecules or functional groups associated with specific chemical bonds. It could be
related to C-H bending vibrations in aliphatic compounds [48], and 1626 cm-' corresponds to the C=O stretch [49] ,
and 2923 cm-' corresponds to the C-H stretch bond [50]. The peak at 3434 cm-! corresponds to the OH group [51,52].
Zn-O stretching bond, as ZnO NPs were reported in the region of 650-400 cm-! These results demonstrate the
significant importance of biological molecules in ZnO NP fabrication.

ABESE

aTam™

I
L]k L]

e

& Tranamiksnce
¥
8
1526 52 'L
10g.TE

1488 52

N
!
—
13084 03

[
-
',
i

MMOD b

4000 .:Ii.;r:l. o ..:I:;:I:. ’ .::'I:.'. o 00 o .15.I):I. o l:lél:l ' 112;:-
Wimaruamberns [cm-1

Fig. 7: IR spectrum of Herdmania pallida extract

5.4. Cyclic Voltammetry Analysis:

The representative CV curves for ZnO are shown in Fig. 8.{a} with different scan rates. The increased scan rate from 10
to 100 mV increases the redox peaks for ZnO samples. The CV curve shows a quasi-rectangular shape, indicating good
capacitive behavior. These effects specify that the charge and discharge process of the ZnO pasted electrode displays
good electrochemical reversibility of the electrodes. The oxidation and reduction peak currents are directly proportional
to the scan rates, which means that the reaction is surface confined. Valuable information to categorize the process as
diffusion-controlled or adsorption-controlled can be obtained by relating peak current and scan rate.Figure 8{b} shows
the voltammetric behavior at differing scan rates in the range of 10—100 mV/s was studied using cyclic voltammetry. A
plot of log current versus log scan rate was made to obtain a straight line indicating a completely diffusion-controlled
[53] Additionally, the anodic peak potential shifted toward more positive values and the cathodic peak potential shifted
toward more negative values as the scan rate increased, indicating quasi-reversible electron-transfer kinetics. These
results demonstrate that the ZnO nanoparticles possess good electrochemical activity and allow efficient ion diffusion
during the redox process.
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Fig. 8 (a) CV curves of ZnO particle &(b) calibration graph of current response vs.scan rate for the cathodic
and anodic peak

5.5. Photocatalytic Activity:

The photocatalytic performance of ZnO nanostructures was investigated through the degradation of methylene blue
(MB), a common organic pollutant dye. The degradation process was monitored by measuring the visible light
absorbance of MB at Amax = 662 nm [54] at different irradiation time intervals under UV light, as shown in Fig. 10.
The absorption spectra display a prominent peak around 660—670 nm, which corresponds to the characteristic
absorption band of MB dye. A gradual decrease in the absorbance intensity with increasing irradiation time confirms
the progressive degradation of the dye molecules, indicating the effective photocatalytic activity of the synthesized ZnO
nanoparticles.

Time Interval {min)

G600 fo0

Wave length (nmj)

Fig. 9.Incubuation Time on Photocatalytic Activity

5.6.1 Pseudo-first-order kinetic

At the initial stage (10 min), the absorbance peak is relatively high, indicating a higher concentration of MB dye in the
solution. As the irradiation time increases (20, 30, 40, 50, 60, 70, and 80 min), the absorbance intensity steadily
decreases, demonstrating the continuous degradation of the dye in the presence of ZnO nanoparticles. The decline in
absorbance occurs due to the photocatalytic activity of ZnO under UV irradiation. The photocatalytic degradation
kinetics of MB is illustrated in Fig. 10(a). The degradation data were analyzed using the pseudo-first-order kinetic
model, which can be expressed as:

-In (4o /At) =kt
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where Ao and A, represent the initial absorbance and absorbance at time ¢, respectively, and k is the apparent rate
constant. The plot of In (Ai/Ao) versus time exhibited good linearity, confirming that the photocatalytic degradation
follows pseudo-first-order kinetics. The degradation rate constant was calculated as k = 0.03047 min,[55] with a good
linear correlation coefficient (R* =~ 0.94557), indicating efficient photocatalytic activity of the synthesized ZnO
nanoparticles.

5.6.2.Degradation Efficiency:
The degradation efficiency increased progressively with increasing irradiation time, as shown in Fig. 10.(b) Initially, the
degradation efficiency is relatively low due to limited interaction between the dye molecules and the catalyst surface.
As the reaction proceeds, the degradation efficiency increases significantly because of the enhanced formation of
reactive oxygen species and the availability of active catalytic sites.

Furthermore, the degradation efficiency was calculated using the following equation:

Degradation (%) = ( Ao — At/ Ag) x 100

The maximum degradation efficiency achieved in the present study was 77.58%, [56]demonstrating the strong
photocatalytic capability of the biosynthesized ZnO nanoparticles., where ZnO nanoparticles synthesized using
Herdmania pallida extract showed approximately 80% degradation of MB within two hours. The photocatalytic
efficiency of nanoparticles is largely influenced by factors such as particle size, surface area, and the presence of
structural defects, which enhance the generation and separation of charge carriers.[57,58] Therefore, the results of the
present study confirm that the biosynthesized ZnO nanoparticles exhibit significant photocatalytic activity and hold
potential for applications in wastewater treatment and environmental remediation.
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Fig. 10(a) Pseudo—first-order kinetics for MB by ZnO & Fig..10( b). Degradation % for MB by ZnO

5.6.3 Effect of dye concentration

The effect of the concentration of MB (50, 100, 150, and 200 ppm) in Fig. 11 was studied by keeping the catalyst in
different concentrations.While increasing the dye concentration from 50 to 100 ppm, the rate of degradation also
increases, but with further increase of concentration, the degradation rate decreases. This may be due to the inability of
light to reach the catalyst surface at high dye concentrations [59].
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Fig. 11 Effect of Dye Concentration Using Photocatalytic Activity
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6.APPLICATION:

6.1.Antioxidant Activity of Synthesized Nanoparticles:

A. DPPH radical scavenging activity:

The antioxidant activity of ZnO nanoparticles synthesized using Herdmania pallida extract was evaluated and
compared with the standard Ascorbic acid. The percentage of radical scavenging activity increased gradually with
increasing concentration from 25-125 mg/mL.At 25 mg/mL, ZnO nanoparticles showed 29.76 £ 0.08% inhibition,
whereas the standard showed 13.21 + 0.11%. With increasing concentration, the scavenging activity of ZnO
nanoparticles increased significantly to 79.21 + 0.14% at 125 mg/mL, while ascorbic acid exhibited 66.52 + 0.19%
inhibition at the same concentration.The ICso value represents the concentration required to inhibit 50% of free radicals.
The ICso value of ZnO nanoparticles was 63.42 mg/mL, whereas the ICso value of ascorbic acid was 78.26 mg/mL. The
lower ICso value of ZnO nanoparticles indicates higher antioxidant potential compared with the standard.[60]The
enhanced antioxidant activity may be attributed to the large surface area of ZnO nanoparticles and the presence of
bioactive compounds from the Herdmania pallida extract, which can effectively donate electrons to neutralize free
radicals. These results demonstrate that the biosynthesized ZnO nanoparticles possess significant free radical
scavenging ability, suggesting their potential application in biomedical and pharmaceutical fields.

Table.2 A.Antioxidant Activity of ZnO NPs by DPPH radical scavenging activity:

Concentration
Ascorbic acid

25 29.76 + 0.08 13.21 £0.11

50 42,70+ 0.17 28.46 + 0.09

75 56.58 £0.12 39.14 £0.18
100 68.32£0.17 52.36+0.24
125 79.21£0.14 66.52 £0.19
1Cso 63.42 78.26
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-
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o=
=

o
=

L
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Fig. 12 DPPH Scavenging Assay Activity of ZnO

B. Hydrogen peroxide radical scavenging activity:

The hydrogen peroxide scavenging activity of ZnO nanoparticles synthesized using Herdmania pallida extract was
evaluated and compared with the standard antioxidant Ascorbic acid. The scavenging activity increased progressively
with increasing concentration (25-125 mg/mL), indicating a concentration-dependent antioxidant effect. At 25 mg/mL,
ZnO nanoparticles showed 25.26 + 0.09% inhibition, whereas ascorbic acid exhibited 12.14 + 0.08% scavenging
activity. With increasing concentration, the inhibition efficiency gradually increased. At the highest concentration (125
mg/mL), ZnO nanoparticles demonstrated 82.26 + 0.12% scavenging activity, while ascorbic acid showed 63.24 +
0.22%.The ICso value, which represents the concentration required to scavenge 50% of hydrogen peroxide radicals, was
calculated to be 66.35 mg/mL for ZnO nanoparticles and 71.26 mg/mL for ascorbic acid. The lower ICso value of ZnO
nanoparticles indicates higher hydrogen peroxide scavenging efficiency compared with the standard antioxidant.The
enhanced activity may be attributed to the large surface area of ZnO nanoparticles and the presence of bioactive
compounds from the Herdmania pallida extract, which facilitate electron transfer and neutralize reactive oxygen
species such as H.0:. Hydrogen peroxide is a weak oxidizing agent but can generate highly reactive hydroxyl radicals
in biological systems. Therefore, the ability of ZnO nanoparticles to effectively scavenge H2O- suggests their potential
role as protective antioxidant agents in biomedical applications.
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Table:3 B.Antioxidant Activity of ZnO NPs by H20: radical scavenging activity:

Concentration
Ascorbic acid
25 25.26 +£0.09 12.14 £ 0.08
50 40.16 £0.17 25.26+0.13
75 55.32+0.11 38.28 +£0.18
100 69.11 £0.14 46.72 £ 0.14
125 82.26 £0.12 63.24+0.22
ICso 66.35 71.26
a0
—f—Znd IC50
&0 ~—#— Ascorbic acid
=+ 100
70 [
2 a0
E &0 BS
£
= .
g s . .26
E 40 =
i .
8 = . I
g + p
o 20 / ) ng Ascobic acd
o
10 | L]
20 40 [={u] a0 100 120 140
Concentration [PgsmL ]

Fig. 13 H:0: Scavenging Assay Activity of ZnO

6.1 Antibacterial Activity:

The antibacterial activity of ZnO nanoparticles was evaluated against Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa using the agar well diffusion method. The zone of inhibition was measured in millimeters
(mm), and the results are presented in Table.4 .The synthesized ZnO nanoparticles exhibited a clear concentration-
dependent antibacterial activity against all tested bacterial strains. The standard antibiotic (control) showed inhibition
zones of 21 mm, 22 mm, and 23 mm against E. coli, S. aureus, and P. aeruginosa, respectively.

At lower concentration (50 pl), ZnO nanoparticles showed moderate inhibition with zones of 12 mm (E. coli), 10 mm (S.
aureus), and 8 mm (P. aeruginosa). As the concentration increased, the antibacterial activity also increased gradually.
At 100 pl and 150 pl, a steady rise in inhibition zones was observed, indicating enhanced interaction between
nanoparticles and bacterial cells.The maximum antibacterial activity was recorded at 250 pl, with inhibition zones of 19
mm for E. coli, 14 mm for S. aureus, and 20 mm for P. aeruginosa. Among the tested organisms, P. aeruginosa showed
the highest susceptibility, followed by E. coli, while S. aureus exhibited comparatively lower sensitivity.The higher
susceptibility of Gram-negative bacteria (E. coli and P. aeruginosa) compared to Gram-positive bacteria (S. aureus)
may be attributed to differences in cell wall structure. Gram-negative bacteria possess a thinner peptidoglycan layer,
which facilitates easier penetration of ZnO nanoparticles, whereas Gram-positive bacteria have a thicker cell wall that
restricts nanoparticle entry.

Table:4 Antibacterial Activity of ZnO NPs:

Inhibition zone (mm) E.Coli S.aureus P.aeruginosa
Abs 21 22 23

50 pl 12 10 8

100 pl 13 11 11

150 pl 13 12 13

200 pl 14 13 15

250 pl 19 14 20
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Fig.14. Antibacterial Activity of ZnO Np’s
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Fig.15 Zone of inhibition graph against bacterial strains

7. Conclusion:

In the present study, Zinc Oxide (ZnO) nanoparticles were successfully biosynthesized using Herdmania pallida extract
through an eco-friendly and cost-effective green synthesis approach. The synthesized nanoparticles were characterized
using UV—Visible spectroscopy, XRD, SEM, EDAX, FTIR, and cyclic voltammetry analyses, which confirmed their
successful formation, crystalline nature, purity, surface morphology, functional groups, and excellent electrochemical
behavior. The ZnO nanoparticles exhibited a characteristic absorption peak at 380 nm with a band gap energy of 3.26
eV and possessed a hexagonal wurtzite crystal structure with an average crystallite size of approximately 45 nm.
Morphological studies revealed irregular, spherical, and rod-like nanostructures, while FTIR analysis confirmed the
involvement of biomolecules in nanoparticle stabilization and capping.

Furthermore, the synthesized ZnO nanoparticles demonstrated significant photocatalytic activity toward methylene blue
dye degradation, achieving a maximum degradation efficiency of 77.58%, indicating their potential application in
wastewater treatment and environmental remediation. The nanoparticles also exhibited remarkable antioxidant activity
with efficient free radical and hydrogen peroxide scavenging ability, along with strong antibacterial activity against
both Gram-positive and Gram-negative bacterial strains. Overall, the findings of this study highlight that biosynthesized
ZnO nanoparticles possess excellent optical, structural, electrochemical, photocatalytic, antioxidant, and antibacterial
properties, making them promising candidates for biomedical, environmental, and nanotechnological applications.
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