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ARTICLE INFO ABSTRACT
Keywords: The presence of dyes from industrial effluents (such as textile, paper, and leather industries) in
ZnO NPs water bodies is a significant source of pollution, posing ecological risks that necessitate their

Ethidium bromide
Photocatalytic degradation
remediation

mangrove

removal. The present study demonstrated that the mangrove Sonneratia ovata leaf extract is a
promising resource for the biosynthesis of zinc oxide nanoparticles (ZnO NPs), which have po-
tential applications in biomedical fields and wastewater remediation. X-ray diffraction analysis
revealed that these nanoparticles have a hexagonal wurtzite structure. Optical measurements
indicated the presence of a band gap at 3.19 eV. Morphological studies indicated a mixture of rod-
shaped and small spherical nanoparticles. The observed physicochemical properties of the green-
synthesized ZnO NPs significantly surpassed the chemically prepared ZnO NPs following a similar
synthesis approach. The photocatalytic efficiency of the biosynthesized nanoparticles was tested
under UV light irradiation to degrade ethidium bromide dye. This degradation efficiency was
shown to be dependent on dye concentration, dye pH, and catalyst concentration. The highest
degradation rates of 88.5 %, 98.6 %, and 89.4 % for ethidium bromide dye, respectively, are for
dye concentration, dye pH, and nanocatalyst concentration following a first-order kinetic model.
Furthermore, the stabilized nanoparticles derived from the green synthesis using S. ovata leaves
are potent antioxidants, exhibiting antibacterial activity against Staphylococcus aureus and
Escherichia coli. These findings highlighted the potential of using natural aqueous extracts from
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S. ovata to produce phytochemical-enhanced nanoparticles with significant photocatalytic
degradation of toxic dyes in water bodies and biomedical applications.

1. Introduction

Ethidium bromide (EtBr) is a well-known intercalating agent used extensively in molecular biology laboratories, primarily for
staining nucleic acids in gel electrophoresis. It is an aromatic heterocyclic compound with the chemical formula Cy;H2¢BrNs, and its
structure consists of a tricyclic phenanthridine ring system (Nafisi et al., 2007; Tsuboi et al., 2007). The compound is positively charged
due to a quaternary ammonium group, which facilitates its interaction with the negatively charged DNA and RNA molecules (Li et al.,
2020). EtBr functions by intercalating between the base pairs of double-stranded DNA. Furthermore, this intercalation process involves
the insertion of the planar phenanthridine ring between the stacked bases of the DNA helix. The interaction results in a distortion of the
DNA structure, accompanied by an increase in the fluorescence of EtBr. EtBr exhibits a characteristic orange fluorescence under UV
light when bound to DNA, making it a powerful tool for visualizing nucleic acids in agarose and polyacrylamide gels. Despite its
widespread use, EtBr poses significant safety and environmental concerns due to its mutagenic and toxic properties (Reema et al.,
2024; Song et al., 2020). The improper disposal of EtBr waste usually occurs from several point sources such as laboratories and certain
industries using EtBr; leading to the leaching of the contaminants into adjacent water bodies and soil. The discharge of EtBr into the
ecosystem has been reported to cause significant environmental issues, including water pollution, eutrophication, and disruption of
aquatic life. As an intercalating agent, EtBr can cause mutations by inserting itself into the DNA of living organisms, leading to po-
tential carcinogenic effects (Johnson et al., 2003; Abdel-Salam et al., 2012). Several abnormalities have been reported and arising from
the exposure to EtBr in various organisms. Vacquir et al. have reported the chromosomal abnormalities found in sea urchin eggs when
exposed to EtBr, which resulted in abnormal division of cells (Vacquier and Brachet, 1969). Similarly, Naum et al. have identified that
the EtBr can induce respiratory mutations in cultured human cells by limiting the activity of the mitochondrial enzyme cytochrome
oxidase (Naum and Pious, 1971). Von Wurmb-Schwark et al. have witnessed a mitochondrial DNA breakdown that occurred with the
usage of EtBr, which decreased the mitochondrial DNA content, resulting in cell death (von Wurmb-Schwark et al., 2006). Ouchi et al.
have studied EtBr causes genotoxic effects in Drosophila melanogaster even at the lower concentration, which significantly affects the
productivity and morphology of the species (Ouchi et al., 2007).

Given EtBr’s environmental and health risks, its removal from water bodies and contaminated environments is a subject of
considerable interest. Photocatalytic degradation has emerged as a promising approach for removing organic pollutants such as EtBr,
offering several distinct advantages over traditional chemical and physical methods (Swetha and Balakrishna, 2011; Lavand and
Malghe, 2016; Biswal et al., 2021; Adan et al., 2007). One of the primary benefits is its environmental friendliness. Photocatalytic
processes typically completely mineralize organic contaminants into harmless byproducts such as carbon dioxide and water, unlike
traditional methods that may produce toxic intermediates. Moreover, photocatalysis operates under mild conditions, such as room
temperature and atmospheric pressure, which reduces energy consumption and minimizes the overall environmental footprint.
Several semiconductive photocatalyst nanomaterials have been employed to degrade distinct organic pollutants such as TiO; (titanium
dioxide), ZnO (Zinc oxide), NiO (Nickel oxide), SnO, (Tin oxide), Co304 (Cobalt oxide), FeoO3 (Iron oxide) and CdS (Cadmium sulfide)
(Hitam and Jalil, 2020; Sun et al., 2022; Almenia et al., 2023; Devabharathi et al., 2024; Peiris et al., 2021; Kandasamy et al., 2023).
Notably, photocatalysts like ZnO NPs exhibit strong oxidative power when sufficient light is available, leading to high degradation
efficiency. This process thoroughly removes pollutants by breaking them down entirely into inorganic substances; compared to the
other partial degradation or separation methods that may leave residual contaminants.

The synthesis of ZnO NPs via green chemistry approaches has gained considerable attention as a sustainable and eco-friendly
alternative to conventional synthesis methods (Bandeira et al., 2020; Doan Thi et al., 2020; Hanif et al., 2024). Green synthesis
methods utilize biological materials, such as plant extracts, microorganisms, and other natural resources, to reduce the metal ions and
stabilize the resulting nanoparticles (Subramani et al., 2025). These methods align with the principles of green chemistry, aiming to
minimize the use of hazardous substances, reduce energy consumption, and generate less waste. Sonneratia ovata, commonly known as
mangrove apple, is a species of mangrove plants found in coastal and estuarine environments in Southeast Asia and other tropical
regions (Saenger et al., 2019). It belongs to Lythraceae and is characterized by its ability to thrive in saline and waterlogged conditions.
This unique eco-physiological resilience of Sonneratia makes it an important ecological component within the mangroves, providing
habitats for many organisms and protection against coastal erosion (Zimmer et al., 2022). Interestingly, S. ovata is rich in diverse
bioactive compounds, making it a valuable resource for green chemistry applications (Liu et al., 2023).

The phytochemical composition of S. ovata includes polyphenols, proteins, amino acids, polysaccharides, vitamins, minerals, sa-
ponins, and terpenoids (Liu et al., 2023; Puspitasari et al., 2022). These compounds play critical roles in reducing and stabilizing metal
ions during nanoparticle synthesis. Polyphenols, such as flavonoids and tannins, possess potent antioxidant properties and are
instrumental in lowering zinc ions (Zn?*) to ZnO NPs. Proteins and amino acids serve as reducing agents and stabilizers, facilitating the
formation of nanoparticles by preventing agglomeration through capping. Polysaccharides, including cellulose, hemicellulose, and
pectin, provide a stabilizing matrix to support nanoparticle formation and molecular stability (Astuti et al., 2023; Nguyen et al., 2024).

Numerous studies have explored the photocatalytic degradation of EtBr under UV irradiation; however, the development of green-
synthesized photocatalysts capable of delivering efficient EtBr degradation remains limited. In the present work, we described a novel
photocatalytic approach using the preparation of controlled morphology ZnO NPs by employing S. ovata (a mangrove species) as a
reducing and stabilizing agent. The synthesized nanoparticles are then characterized using various techniques to assess their properties
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comprehensively. X-ray diffraction (XRD) is employed to determine their crystallographic structure, while the Field emission scanning
electron microscopy (FESEM) is used to analyze their morphological features. Additionally, thermal gravimetric analysis (TGA)
provides insights into their thermal stability, and Fourier-transform infrared spectroscopy (FTIR) identifies the functional groups
present. The specific surface area of the NPs is evaluated using the Brunauer-Emmett-Teller (BET) analysis, and the UV-visible
spectroscopy was harnessed to assesses their optical properties. These detailed characterizations help us to understand the properties
and potential applicationsof the green-synthesized ZnO NPs.

2. Experimental procedure
2.1. Materials and methods

ZnO NPs synthesis was conducted using high-purity reagents and materials to ensure accurate and reliable results. Zinc acetate (Zn
(CH3CO0O0)5) (99 % purity) was used as the zinc source for the synthesis of ZnO NPs. Sodium hydroxide (NaOH) (99 % purity) was used
chemical reducing agent for the chemical method. It was purchased from Loba Chemie, India. Fresh Sonneratia ovata leaves were
collected from Same Sarn Islands, Upper Gulf of Thailand, thoroughly washed, and used to prepare the extracts for the green synthesis
process. The synthesis and washing processes used ethanol (99.9 % purity) and double-distilled water. The voucher specimen of
S. ovata (specimen number: A 17869) has been deposited at the Chulalongkorn University Herbarium (herbarium code: BCU),
Thailand, and serves as the official reference for species identification.

2.2. Preparation of S. ovata leaf extract

The leaves of S. ovata were collected and thoroughly washed multiple times with double-distilled water to remove any surface
contaminants and impurities. After washing, the leaves were shade-dried for 36 h to ensure complete moisture removal. Once dried,
the leaves were finely ground using a domestic blender to achieve a homogeneous powder. A total of 10 g of the powdered leaves were
then dispersed in 100 mL of preheated double-distilled water at 60 °C. The mixture was stirred for 6 h using a magnetic stirrer to
facilitate the extraction of bioactive compounds. After extraction, the mixture was centrifuged at 3000 rpm for 20 min to separate the
solid residue from the liquid extract. The resulting supernatant containing the bioactive compounds was collected and utilized to
synthesize ZnO NPs; the phytochemicals might help reduce the precursor’s metal ions and eventually stabilize the particles.

2.3. Synthesis of ZnO nanoparticles: green and chemical method

To produce ZnO NPs through a green synthesis approach, initially, 100 mL of S. ovata extract was heated to 70 °C. A 0.1 M zinc
acetate (1.834 g) solution was added to this extract, and the mixture was continuously stirred for 3 h. Subsequently, the solution
underwent an ultrasonic probe sonication process for 120 min at a frequency of 40 kHz, with the sonication parameters set to 8 s of
working time followed by a 5-s break. After sonication, the solution was allowed to stand at room temperature for 24 h to facilitate
homogeneous nucleation and growth of the nanoparticles. Following incubation, the solution was centrifuged at 6000 rpm for 15 min.
The resulting pellet was washed multiple times with 40 % ethanol and double-distilled water to remove residual impurities. The

U
Sonneratia ovata leaf Leaf extract Added with Zinc acetate Ultra probe sonication
precursor process

ZnO NPs

Calcination at o O

300°C . .
Hot air oven drying Centrifugation process

- s

Fig. 1. Schematic representation of the ZnO NPs synthesis process using the mangrove Sonneratia ovata.
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washed pellet was then dried in a hot-air oven at 60 °C for 7 h. Once dried, the pellet was finely ground and calcined at 300 °C in a
muffle furnace. The resulting white powder was identified as ZnO-S. A brief schematic representation is provided in Fig. 1 for the whole
synthesis process of ZnO NPs.

The ZnO NPs were produced similarly through a chemical method: 1 M NaOH was dissolved in 100 mL DD water under constant
stirring. Then, 0.1 M of Zinc acetate solution of 100 mL was added slowly to the mixture and continuously stirred for 3 h at 70°. The
solution was then subjected to sonication with as mentioned parameters followed by green synthesis preparation. The nucleation
growth phase, drying, and calcination duration were followed as per the green synthesis procedure. The similarity of the following
methods parallel with green synthesis methodology offers a direct comparison of the physicochemical properties of prepared samples.
The chemical route prepared ZnO NPs were further referred to as ZnO-N.

2.4. Characterization techniques

The crystallographic properties of prepared ZnO NPs were evaluated using Powder X-ray Diffraction analysis (XRD) (X pert pro;
Netherlands). The study was conducted from the 2 6 range 5°-80°, with a step size of 0.02. The morphological properties and chemical
composition of the samples were analyzed using a Field emission scanning electron microscope (FESEM) (Carl Zeiss — Sigma 300,
German). The functional group characteristics were evaluated using Fourier transform infrared spectroscopy (FTIR) (Spectrum 100,
USA). Furthermore, the particle size of the prepared samples was assessed using a Particle size analyzer (PSA) (Nanophox; Germany)
following the Dynamic light scattering technique with a scattering angle of 120°. The optical properties of prepared nanomaterials
were evaluated using UV-Vis spectroscopy (UV-Vis) (Cary 8454; Agilent, Singapore). The measurements were taken between the
wavelength 190-800 nm, and the band gap of the materials was calculated using the Tauc plot method. Further, the surface area and
thermal properties of the prepared ZnO NPs were evaluated using BET (Brunauer Emmett Teller, AMI -Meso 112, USA) and Ther-
mogravimetric analyzer (TGA) (Exstar TG/DTA 6300; Hitachi, Japan). The photocatalytic degradation of EtBr dyes was monitored
using UV-Vis spectroscopy.

2.5. Antibacterial activity

2.5.1. Preparation of inoculum bacterial culture

The initial bacterial cultures for the antibacterial study, such as Escherichia coli (ATC9677) (E. coli) and Staphylococcus aureus
(ATCCC6538P) (S. aureus), were purchased from the National Collection of Industrial Microorganisms (NCIM) at the National
Chemical Laboratory in Pune, India. The loop of test bacteria was then introduced into the nutrient broth and incubated at 37 °C for 12
h for effective bacterial growth. The increased turbidity of the liquid indicates effective bacterial growth.

2.5.2. Muller Hinton agar method

The antibacterial properties of the synthesized ZnO NPs were assessed using the Mueller-Hinton agar plate method. For this
evaluation, a microbial inoculum was evenly spread (500 pL) over the surface of Mueller-Hinton agar plates to create a uniform
bacterial lawn. Wells were then carefully filled with different concentrations of ZnO NPs suspended in an appropriate solvent. The
plates were incubated at 37 °C for 24 h for bacterial growth and interaction with the nanoparticles. A standard antimicrobial agent,
streptomycin (25 mg/mL), was used as a control to benchmark the antibacterial activity of the ZnO NPs. After the incubation period,
the inhibition zones around the wells containing ZnO NPs were measured. The diameter of these zones was used to evaluate and
compare the antibacterial efficacy of the ZnO NPs against the standard antimicrobial agent.

2.6. Antioxidant activity

The antioxidant potential of the synthesized ZnO NPs was evaluated based on their ability to scavenge free radicals using the DPPH
(2,2-diphenyl-1-picrylhydrazyl) assay. In this procedure, 100 mL of a 0.1 mM DPPH solution was prepared, and varying concentrations
of ZnO nanoparticles (25, 50, and 100 mg/mL) were added. The mixture was incubated in the dark for 45 min to allow for the
interaction between the nanoparticles and the DPPH radicals. Following incubation, the absorbance of the solution was measured at
517 nm using UV-Vis spectroscopy. The degree of free radical scavenging by the ZnO NPs was assessed based on the decrease in
absorbance, which indicates the reduction of DPPH radicals. For comparison, the antioxidant activity of the ZnO NPs was also
evaluated against Sonneratia ovata leaf extract, a natural antioxidant, to determine the relative effectiveness of the nanoparticles in
scavenging free radicals. The free radical scavenging efficiency was estimated using the following formula:

— A[

Free radical scavenging activity (%) :ACT x 100
C

Where A, is the absorbance of the control (DPPH solution without nanoparticles), and A is the absorbance of the DPPH solution with
ZnO nanoparticles.

2.7. Photocatalytic activity

The photocatalytic activity of the synthesized ZnO NPs was evaluated using EtBr as a model pollutant. Several operational pa-
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rameters were systematically studied to optimize the degradation of EtBr. Initially, the photocatalytic performance of ZnO NPs at
different concentrations (100, 200, 300, and 400 ppm) was determined with a fixed concentration of 10 ppm EtBr solution. Before
irradiation, the catalyst was mixed with the EtBr solution in the dark and stirred for 30 min to ensure homogeneous adsorption
equilibrium. Subsequently, the solution was subjected to UV irradiation using a UV chamber (Poshly T4-8 W) equipped with a
magnetic stirrer for a fixed duration of 120 min. The absorbance of the EtBr solution was measured at 285 nm at 15-min intervals to
monitor the degradation progress. In addition to optimizing the catalyst concentration, the effects of varying EtBr concentrations (20,
30, 40, and 50 ppm) and different pH levels (5, 9, 11, and 13) were also investigated. The methodology for these parameters was
similar to that used for optimizing the catalyst concentration. The degradation efficiency was calculated using the following formula:

Co — C;
C

0

Degradation efficiency (%) =

Where Cy is the initial absorbance of the EtBr solution, and C; is the absorbance after a given irradiation time. This formula quantifies
the effectiveness of the ZnO NPs in degrading EtBr under various conditions.

2.8. Statistical analysis

The photocatalytic, antibacterial, and antioxidant activities were all performed in triplicate. The experimental data were statis-
tically analyzed using Origin 8.5.1 software (OriginLab Corporation, USA), and the results are presented as mean + SD.

3. Results and discussion
3.1. X-ray diffraction and refinement analysis

Fig. 2 depicts the powder XRD pattern of the synthesized ZnO-S and ZnO-N NPs, revealing their polycrystalline nature. The major
diffraction peaks observed for ZnO-S are observed at 20 positions of 31.7°, 34.3°, 36.2°, 47.5°, 56.5°, 62.8°, and 67.9°. Similarly, the
peaks observed for ZnO-N NPs are 31.7°, 34.4°, 36.2°, 47.5°, 56.5°, 62.8°, and 67.9°. These peaks correspond to the crystal planes
(010), (002), (011), (012), (110), (013), and (112), respectively, indicating a hexagonal wurtzite crystal structure with a P63mc space
group, following JCPDS card no: 96-900-4182 (Mohammed and Abdul Karim, 2021; Torkamani et al., 2023). The average crystalline
size of the prepared ZnO-S and ZnO-N NPs was calculated using the Debye-Scherrer formula (Nasiri et al., 2023)

D(crystallite size) = ﬁ%‘j: 7]

Where the wavelength of X-rays employed is represented as A, the full-width half maximum of the peaks is denoted as p, 0.63, and 6
represents the diffraction angle. The calculated average crystallite size of the ZnO-S and ZnO-N NPs is 24.6 nm and 35.42 nm, as shown
in Table 1. The relatively smaller crystalline size observed in ZnO-S samples can be attributed to the faster nucleation and growth,
producing a smaller crystalline size using S. ovata as a green reducing and stabilizing agent (Abuzeid et al., 2023). Additionally, the
sonication approach employed during the synthesis promotes the formation of smaller, well-dispersed nanoparticles. This method
enhances the nucleation process while limiting crystal growth, resulting in a reduced average crystallite size. Furthermore, the
dislocation density (8) of the prepared ZnO NPs was estimated using the following equation:

1
D?
The dislocation density, presented in Table 1 for ZnO-S and ZnO-N NPs, was calculated to be 1.65 x 10~ nm ™2 and 0.797 x 1073

5=

ZnO-S
- A j\ A M
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Fig. 2. a) X-ray diffraction graph obtained for prepared ZnO-S and ZnO-N NPs.
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Table 1
The obtained XRD and Rietveld parameters of prepared ZnO nanoparticles.
Samples Crystalline size (nm) Dislocation Density ( x 1073 nm~?2) Lattice parameters Rietveld fit parameters
R, Rup Rexp Chi?
ZnO-S 24.16 1.65 a=b=23.253 1:\, ¢ =5.207 ./:\ 1.276 1.534 2.9 1.6
ZnO-N 35.42 0.797 a=b=3.258A,c=5209A 1.688 1.923 2.54 1.79

nm~2. The low dislocation density obtained for prepared ZnO-S NPs can be associated with high crystallinity and lower crystalline size.
Furthermore, the XRD pattern, which does not possess any additional peaks, shows the absence of impurities in ZnO-S and ZnO-N NPs.

The Rietveld refinement analysis was conducted using FullProf analytical software to estimate the difference between the calcu-
lated and observed XRD patterns. This analysis optimized several operational parameters, including background, preferred orienta-
tion, and occupancies (Mandal et al., 2020; Arrasheed et al., 2021). The refinement process involved iterative parameter adjustments
to best match the experimental data and the theoretical model. The obtained refinement parameters for the synthesized ZnO NPs are
summarized in Table 1. The lattice parameters determined for the hexagonal crystal structure of ZnO-S area = b = 3.253 A and ¢ =
5.207 A. Similarly, the obtained lattice parameters for ZnO-N samples are a = b = 3.258 A and ¢ = 5.209 A. These values are consistent
with those reported in the literature for high-purity ZnO, confirming the successful synthesis of the desired crystalline phase (Nath
etal., 2018; Zandi et al., 2011). The goodness of fit values (GoF) of the prepared ZnO NPs represent the optimal fit with the calculated
data compared to previous findings. The GoF value is a vital indicator of the refinement quality and demonstrated an excellent match
between the experimental and calculated XRD patterns. The reduced residual values and superior fit suggest that the refinement
precisely depicts the crystal structure of the synthesized ZnO NPs. Moreover, the precise determination of lattice parameters and the
goodness of fit values indicated that the green synthesis method using S. ovata as a reducing agent, coupled with the sonication
approach, produces high-quality ZnO NPs with well-defined crystallographic properties. These results support the structural integrity
of the synthesized nanoparticles and underscore the effectiveness of the environmentally friendly synthesis route.

3.2. Morphological and elemental composition analysis

The morphology of the synthesized ZnO NPs was examined using FESEM microscope. The FESEM images of ZnO-S sample, depicted
in Fig. 3(a-b), reveal a predominance of spherical nanoparticles alongside partially formed hexagonal nano-rod structures. The high-
resolution FESEM images indicate that these spherical nanoparticles are well-dispersed, with minimal agglomeration, suggesting
effective stabilization by the green reducing agent, S. ovata. The bioactive compounds in the mangrove plant likely contribute to this
stabilization, capping the nanoparticles and preventing excessive growth and aggregation. In addition to the spherical nanoparticles,
the FESEM images also show hexagonal nano-rod structures. The formation of these hexagonal nano-rods alongside spherical particles
suggests a mixed growth mechanism influenced by the synthesis conditions (Wang et al., 2014; Al-Mulla et al., 2024). In conjunction
with the green reducing agent, the sonication process promotes the nucleation and growth of different morphological structures under
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Fig. 3. FESEM images of prepared ZnO-S (a-b) and ZnO-N (c-d) nanoparticles at various magnifications.
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specific conditions (Karthikeyan et al., 2023a). The coexistence of spherical and hexagonal structures can be attributed to the dynamic
nature of the sonication approach, which provides varying energy inputs that facilitate the formation of multiple morphologies. The
hexagonal nano-rods indicate anisotropic growth, a characteristic feature of ZnO crystallization under specific synthesis parameters.
The morphological diversity observed in the FESEM analysis can have significant implications for the functional properties of the ZnO
NPs.

Similarly, the FESEM image of ZnO-N as depicted in Fig. 3(c—d) revealed non-uniform spherical and cubical structures of ZnO NPs.
The morphology included well-dispersed structures effectively due to the reducing role played by NaOH. However, minor agglom-
eration observed in the sample can be attributed to either the absence of a stabilizing agent or the sonication approach, creating a high
surface charge over the particles. In addition, the FESEM image corresponded with the increased particle size observed in PSA analysis,
possibly due to the chemical reducing agent. In comparison, the green synthesis sample produces well-structured nanoparticles with
reduced particle size.

3.3. Functional group analysis

FTIR was employed to characterize the synthesized ZnO NPs functional groups and bonding environments. As seen in Fig. 4, the
FTIR spectrum of ZnO-S samples exhibited distinct peaks at wave numbers 3474, 1624, 1449, 1110, and 618 cm_l, each providing
insights into the nanoparticles’ chemical composition and surface characteristics. The peak observed at 3474 cm™! corresponds to the
O-H stretching vibration, indicating hydroxyl groups (Raj and Lawerence, 2018). This peak suggested the presence of hydroxyl groups
on the surface of the ZnO-S NPs, likely resulting from adsorbed water or surface hydroxylation during the synthesis process. The
presence of this peak highlighted the hydrophilic nature of the nanoparticles’ surface, which can influence their interaction with
aqueous environments and their overall stability. At 1624 cm™!, the spectrum showed a peak associated with C=C stretching vi-
brations commonly found in organic compounds or carbon residues (Jha et al., 2023; Pham et al., 2022). This peak may arise from
residual organic material originating from the S. ovata extract used in the nanoparticle synthesis. This observation suggested that the
ZnO-S NPs may interact with organic components in the extract, indicating potential surface modifications or capping effects. The peak
at 1449 cm™! represents C-H bending vibrations, characteristic of aliphatic hydrocarbons (Pham et al., 2023). The presence of this
peak suggested that there may be residual aliphatic carbon components from the phytochemical residues or capping agents used
during synthesis. This further implied that the extract may play a role in stabilizing the nanoparticles through organic interactions.
Another notable peak at 1110 cm ™! is attributed to C-O stretching vibrations, which could be related to carboxyl or ester groups (Doan
Thi et al., 2020). This peak indicated possible interactions between the ZnO-S NPs and the organic moieties from the S. ovata extract,
reinforcing the extract’s role in stabilizing and capping the nanoparticles. Finally, the peak at 618 cm™ is characteristic of Zn-O
stretching vibrations, confirming the presence of ZnO in the nanoparticles (Ramesh et al., 2015; Tan et al., 2023). This peak vali-
dated the successful synthesis of ZnO-S NPs through the green synthesis approach.

Similarly, the ZnO-N samples show prominent functional group peaks at 3426, 1614, 1395, and 638 cm-1. The presence of peaks at
1614 and 3426 cm™! can be attributed to the stretching and bending vibrations of O-H groups, possible due to the adsorption of
moisture by KBr or samples. The additional peak at 1395 cm ™ is attributed to the strong stretching vibration of C=0, possibly due to
the CO2 adsorption on the surface of the molecules. Furthermore, a strong peak at 638 cm-1 confirms the presence of ZnO, corre-
sponding to the Zn-O peak. The presence of this peak serves as a definitive marker of the ZnO phase in the synthesized material.
Following XRD, the absence of additional peaks in the FTIR spectrum indicates that the synthesis process has yielded high-purity ZnO
NPs.
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Fig. 4. FTIR spectra of prepared ZnO NPs.
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3.4. Particle size analysis

The particle size distribution of the synthesized ZnO NPs reveals their size characteristics and uniformity, as seen in Fig. 5. The
particle size data are represented by the d-values, which denote the diameters at which 10 %, 50 %, and 90 % of the particles fall below,
respectively. For ZnO-S samples, the particle size d;, dso, and dgg values are 4.05, 33.84, and 119.79 nm. In contrast, the particle size
dj0, dso, and dgg values for the prepared ZnO-N sample are 15.96, 81.2, and 612.54 nm, respectively. The smaller average particle size
of the prepared ZnO-S sample than ZnO-N can be attributed to the faster nucleation and growth, and reduced particle size through the

green reducing agent. The smaller particle size of the prepared ZnO-S sample comparatively increases the surface area of particles,
improving higher reactive sites for catalytic applications.

3.5. UV-Vis absorbance analysis

The optical properties of the synthesized ZnO NPs were investigated using UV-Vis spectroscopy, as shown in Fig. 6 (a). The UV-Vis
spectrum displays a distinct absorption peak at 369 and 378 nm for ZnO-S and ZnO-N NPs, indicating the characteristic absorption
edge of ZnO nanoparticles. The maximum absorbance observed can be attributed to the electronic transition from the valence band to
the conduction band, corresponding to the prominent ZnO’s broadband gap semiconductor properties (Bu and Huang, 2015). This
absorption peak is consistent with the band gap energy of ZnO, affirming the successful synthesis of ZnO NPs with desired optical
properties. A slight blue shift of ZnO-S compared with ZnO-N NPs can be ascribed to the lower particle size, which significantly in-

creases the material’s band gap. The optical band gap (Eg) was calculated using the Tauc plot method to analyze the optical properties
further. The Tauc plot equation is given by (Santika et al., 2024):

(ahv)>=A (hv - Ey)

Where a is the absorption coefficient, hv is the photon energy, A is a constant, and Eg is the optical band gap. By plotting (ahv) against
hv and extrapolating the linear portion of the curve to the photon energy axis, the direct band gap energy of the ZnO-S and ZnO-N NPs
was determined to be 3.2 eV and 2.89 eV, as shown in Fig. 6 (b). The increased band gap of the ZnO-S NPs can be attributed to the

observed blue shift in absorption spectra due to the lower particle size effects leading to quantum confinement effects (Debanath and
Karmakar, 2013; Hadi et al., 2014; Kumar and Rao, 2015).

3.6. Thermogravimetric analysis

The TGA curves of prepared ZnO NPs are shown in Fig. 7. The TGA curves of prepared ZnO-S NPs show a two-stage weight loss.
Initial stage weight loss occurs between 30 and 400 °C, possibly due to the degradation of volatile organic compounds and attached
surface groups. The sample remains stable till 800 °C, and a prominent weight loss was observed after 800 °C, possible due to the
decomposition of inorganic molecules. The total weight loss for the ZnO-S is 10.31 %. Similarly, for ZnO-N NPs, the first stage weight
loss for the ZnO-N sample occurs between the 30-300 °C temperature range, eliminating volatile molecules and surface-attached water
molecules. The stability of the particle remained till 800 °C, and inorganic decomposition occurred between 800 and 1000 °C. The total
weight loss with the prepared ZnO-N samples is 12.91 %. A slight increase in the thermal stability can be observed with the green
synthesized samples. This can be attributed that the bioactive compounds in these extracts, such as polyphenols and flavonoids, act as

stabilizing and capping agents, preventing aggregation and enhancing the nanoparticles’ resistance to high temperatures (Jayasimha
et al., 2024).
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3.7. BET surface analysis

The surface area of ZnO NPs plays a significant role, adding photocatalytic and antimicrobial activities to the surface properties of
the particles. Brunauer-Emmett-Teller (BET) gas sorption measurements were applied on ZnO NPs, where the nitrogen adsorption-
desorption process characterized the specific surface area and mesoporous features of the ZnO-S and ZnO-N NPs at 77 K. As shown
in Fig. 8, ZnO NPs exhibit a type IV isotherm. After utilizing the Barrett-Joyner-Halenda (BJH) method, nitrogen desorption deter-
mined mesopore sizes, while the cumulative volume of pores was calculated as pore volume. As shown in Fig. 8 (a), the bio-fabricated
Zn0-S NPs show surface area, pore volume, and pore diameter of 72.367 m?/g, 0.391 cc/g, and 14.415 nm, respectively. Similarly, for
ZnO-N NPs, the observed surface area, pore volume, and pore diameter are 84.251 mz/g, 7.498 cc/g, and 8.24 nm. The increased
surface area of ZnO-N nanoparticles can be ascribed to the observed spherical and cubic morphology, offering a slightly higher surface
area than the nanorod morphology of ZnO-S samples. However, larger pore diameters observed in ZnO-S samples generally increase
the surface area available for reactions, improve the diffusion of reactants and products, allow deeper light penetration to activate
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more sites, enhance the adsorption of reactant molecules, reduce the electron-hole recombination rate, and induce photocatalytic
activity.

3.8. Antioxidant activity

This study investigated the antioxidant, antibacterial, and photocatalytic activities of the NPs. Key parameters such as crystallite
size, particle size, morphological structure, surface area, and band gap are recognized as critical determinants influencing their po-
tential applications. The green-synthesized ZnO NPs (ZnO-S) demonstrated superior performance when compared to their chemically
synthesized counterparts. Specifically, XRD analysis revealed a reduced crystallite size, while FESEM confirmed the formation of
distinctive nanorod-like structures. Furthermore, the ZnO-S samples exhibited enhanced thermal stability. Notably, the increased band
gap observed in ZnO-S is associated with a lower electron hole recombination rate, thereby promoting higher reactive oxygen species
(ROS) generation, an essential mechanism for antibacterial and photocatalytic activities. Additionally, incorporating functional groups
from S. ovata significantly enhanced the antioxidant potential of the ZnO-S samples. Consequently, the application-based in-
vestigations in this study were conducted exclusively on the green-synthesized ZnO NPs.

As illustrated in Fig. 9, the antioxidant activity of the ZnO-S NPs synthesized using S. ovata was evaluated based on their ability to
scavenge free radicals, with results indicating varying degrees of effectiveness at different concentrations. The data demonstrated a
concentration-dependent increase in antioxidant activity for ZnO-S NPs and S. ovata powder. At the lowest concentration tested (25
pg/mL), the ZnO-S NPs exhibited about 2-fold higher free radical scavenging percentage (53.88 %) than S. ovata powder (25 %). This
suggested that the nanoparticles have a relatively higher antioxidant effect at this concentration. As the concentration increased to 50
pg/mL, the antioxidant activity of the ZnO-S NPs improved significantly to 78.15 %, while the S. ovata showed a scavenging percentage
of 69.75 %. This demonstrated that the ZnO-S nanoparticles become increasingly effective at neutralizing free radicals at higher
concentrations, outperforming the natural extract. At 100 pg/mL concentration, the ZnO-S NPs demonstrated an impressive scav-
enging percentage of 92.12 %, slightly higher than the 89.45 % observed for the S. ovata. The finding underscored the enhanced
antioxidant efficacy of ZnO-S NPs at higher concentrations, rivaling and potentially surpassing that of the natural extract. The anti-
oxidant activity of ZnO-S NPs significantly surpasses that of S. ovata across all tested doses, indicating the nanoparticles’ considerable
potential as effective free radical scavengers. The concentration-dependent enhancement in antioxidant activity underscores the ef-
ficacy of ZnO-S NPs in combating oxidative stress. It suggests their potential utility in various applications, including biomedical and
environmental contexts.

3.9. Antibacterial activity

The antibacterial activity of the synthesized ZnO-S NPs was evaluated against E. coli and S. aureus at concentrations of 25, 50, and
100 mg/mL. The zones of inhibition were measured to assess the effectiveness of the ZnO-S NPs, and the results were compared with
the standard antimicrobial agent, streptomycin (S25), at 25 mg/mL. The observed results are illustrated in Fig. 10 and summarized in
Table 2. For E. coli, the ZnO-S NPs exhibited increasing antibacterial activity with higher concentrations. At 25 mg/mL, the zone of
inhibition was 15 mm, which improved to 18 mm at 50 mg/mL and increased to 20 mm at 100 mg/mL. Streptomycin (25 mg/mL)
demonstrated a zone of inhibition of 12 mm, serving as a reference.

Similarly, for S. aureus, the inhibition zones increased with the concentration of ZnO-S NPs. At 25 mg/mL, the inhibition zone was
19 mm, growing to 21 mm at 50 mg/mL and reaching 23 mm at 100 mg/mL. Streptomycin (25 mg/mL) produced a zone of inhibition
of 15 mm. The data reveal that ZnO-S NPs exhibit more pronounced inhibition against S. aureus (Gram-positive) than E. coli (Gram-
negative). This is attributed to the structural differences between bacterial types. Gram-positive bacteria have a thick peptidoglycan
layer in their cell walls, which is more susceptible to the penetration and antimicrobial effects of ZnO-S NPs. (Azam et al., 2012).

In contrast, Gram-negative bacteria possess an additional outer membrane that acts as a barrier, reducing the penetration of
nanoparticles and antimicrobial agents (Azam et al., 2012). ZnO-S NPs exhibit potent antibacterial activity, which is primarily
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Fig. 9. DPPH scavenging potential of S. ovata and ZnO-S NPs at various concentrations and decolorization of DPPH i) S. ovata plant powder, and ii)
ZnO-S NPs.
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Fig. 10. Antibacterial activity of prepared ZnO-S NPs against a) S. aureus and b) E. coli.

Table 2
The zone of inhibition formed by ZnO-S NPs.
Sample Zone of inhibition (mm)
Staphylococcus aureus Escherichia coli
S25 25 50 100 S25 25 50 100
ZnO-S NPs 15 £+ 0.075 19 +1.05 21 +1.05 23 +1.15 12 £ 0.6 15+ 0.75 18 +£ 0.9 20+1

attributed to their ability to generate reactive oxygen species (ROS) such as hydroxyl radicals, hydrogen peroxide, and superoxide
anions. These reactive molecules induce oxidative stress in bacterial cells, damaging cellular components such as lipids, proteins, and
DNA, ultimately leading to cell death. Additionally, ZnO-S NPs can directly interact with the bacterial cell membrane, causing
structural disruptions due to their sharp edges and high surface-to-volume ratio. This interaction can lead to increased cell perme-
ability, resulting in the leakage of vital cellular contents (Agarwal et al., 2018). Furthermore, ZnO-S NPs can disrupt bacterial
metabolic processes by releasing zinc ions, which can interfere with enzymatic systems inside the cell, inhibiting growth and pro-
liferation. Combining these mechanisms makes ZnO-S NPs highly effective as antibacterial agents against many bacterial pathogens.
(Yin et al., 2020; Shi et al., 2014). In Gram-positive bacteria, the damage to the peptidoglycan layer and cytoplasmic membrane results
in cell lysis and death. The ROS can also disrupt the outer membrane of Gram-negative bacteria, leading to increased permeability and
subsequent bacterial cell death.

3.10. Photocatalytic activity

Optimizing various parameters, including catalyst concentration, dye concentration, and pH levels, was employed to investigate
the photocatalytic degradation of EtBr loaded with synthesized ZnO-S nanocatalyst. UV-Vis spectroscopy was employed to measure
the absorbance of the model pollutant solution containing the ZnO-S nanocatalyst within the wavelength range of 190-600 nm. The
maximum absorbance was observed at 285 nm. For absorbance measurements, 5 mL aliquots of the dye solution were sampled,
centrifuged, and analyzed at 15-min intervals over 120 min.

3.10.1. Effect of the catalyst

The effect of catalyst concentration on the degradation of a 10-ppm EtBr solution was studied using ZnO-S nanocatalyst loadings of
100, 200, 300, and 400 ppm. As shown in Fig. 11(a—d), the absorbance of the EtBr solution loaded with ZnO-S nanocatalyst signifi-
cantly decreased over time, indicating the degradation of EtBr molecules. The degradation efficiencies for ZnO-S catalyst concen-
trations of 100, 200, 300, and 400 ppm were 73.4 %, 76.8 %, 89.4 %, and 84.73 %, respectively. The observed increase in degradation
efficiency from 100 to 300 ppm can be significantly attributed to the increased photon absorption by the catalyst at higher concen-
trations. This phenomenon enhances the photocatalytic activity as more photons are available to excite the electrons in the catalyst,
leading to greater generation of ROS (Saber et al., 2024). With increasing catalyst loading, there is a corresponding rise in the number
of photon absorption centers and active sites on the catalyst surface, significantly enhancing the degradation of EtBr molecules (Ye
et al., 2018). However, the degradation efficiency decreased at a catalyst concentration of 400 ppm. The drop in efficiency at higher
catalyst concentrations is likely due to the agglomeration of nanocatalyst particles, which diminishes the effective surface area
essential for catalytic activity and limits the exposure of reactive sites necessary for catalytic reactions.

Additionally, excessive catalyst loading can increase light scattering and shielding effects, thereby reducing light penetration
through the solution and decreasing the overall photocatalytic activity (Zhang et al., 2020). Therefore, optimizing the catalyst loading
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Fig. 11. Absorbance spectra of EtBr solution loaded with various concentrations of ZnO-S nanocatalyst a) 100, b) 200, c¢) 300, and d) 400
ppm—Pseudo first-order degradation kinetic outcomes e) C/CO curve and d) kinetic rate curve.

concentration is crucial to avoid catalyst wastage and prevent degradation loss due to catalyst agglomeration. Furthermore, a
pseudo-first-order kinetic model was employed to determine the EtBr solution’s degradation rate using the synthesized ZnO-S
nanocatalyst. The C/Cy curve, depicting the effect of catalyst concentration on the degradation of the EtBr solution, is provided in
Fig. 11(e). As shown in Fig. 11(f), the kinetic relationship between catalyst concentration and degradation of the EtBr solution is
observed to increase linearly with time. The degradation rates of the EtBr solution with different concentrations of ZnO-S nanocatalyst
are provided in Table 3. These rate constants offer insight into the efficiency of the photocatalytic process at varying catalyst loadings.

The optimal ZnO-S nanocatalyst concentration of 300 ppm was selected for further optimization, including determining the effects of
dye concentration and pH levels.

Table 3
Rate of EtBr degradation with different concentrations of ZnO-S nanocatalyst at dye concentration (10 ppm).

Sample concentration (ppm)

Degradation efficiency (%) Rate of the reaction (x min™ 1) R?
ZnO-S (100 ppm) 73.43 1.11 x 1072 0.998
ZnO-S (200 ppm) 76.82 1.14 x 1072 0.992
ZnO-S (300 ppm) 89.43 1.81 x 1072 0.964
ZnO-S (400 ppm) 84.73 1.46 x 1072 0.978
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3.10.2. Effect of dye concentration

The effect of dye concentration on the fixed ZnO-S catalyst concentration (30 ppm) was studied with different dye concentrations
such as 20, 30, 40, and 50 ppm. The absorbance graphs of varying dye concentrations are shown in Fig. 12(a-d). The degradation
efficiency of 20, 30, 40, and 50 ppm concentrations was 88.54, 86.98, 83.45, and 79.79 %, respectively. The degradation efficiency
gradually decreased with the increase in dye concentration. This can be associated with different factors initially; the ZnO-S catalyst
has a finite number of active sites available for photocatalytic reactions. At higher EtBr concentrations, the number of EtBr molecules
exceeds the number of available active sites on the catalyst surface, decreasing relative degradation efficiency (Daneshvar et al., 2003).
There are insufficient active sites to accommodate all the EtBr molecules, resulting in less efficient degradation. Higher concentrations
of EtBr can lead to the accumulation of intermediate degradation products. These intermediates can compete with EtBr molecules for
active sites on the catalyst surface, reducing the overall degradation efficiency. The C/Cy curve, represented in Fig. 12 (e), shows the
gradual decrease in the pollutant over an increase in time and comparison of different dye concentrations employed. Additionally, the
pseudo-first degradation kinetic relation, as seen in Fig. 12 (f), clearly illustrates the reaction rate for various concentrations of dyes.
The response rate from Table 4 demonstrated that the degradation rate of 50 ppm dye concentration is reduced by 1.32 times compared

to 20 ppm dye concentration. To perform optimal degradation, a 30-ppm dye concentration was selected to analyze the change in
degradation concerning different pH levels.

3.10.3. Effect of pH
To study the effect of pH on the degradation of an EtBr solution, an optimized dye concentration of 30 ppm and a ZnO-S
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Table 4

Degradation kinetic rate of different concentrations of EtBr over constant ZnO-S catalyst concentration (300 ppm).
Dye Concentration (ppm) Degradation efficiency (%) Rate of Reaction (x min~') R?
EtBr (20 ppm) 88.54 1.81 x 1072 0.995
EtBr (30 ppm) 86.98 1.69 x 1072 0.990
EtBr (40 ppm) 83.45 1.53 x 1072 0.994
EtBr (50 ppm) 79.79 1.35 x 1072 0.995

nanocatalyst concentration of 30 ppm were employed. Initially, the pH of the 30 ppm EtBr dye solution was 7.1. The pH of the solution
was first adjusted to 5. The absorbance graph for the pH 5 solution, as seen in Fig. 13, shows a degradation efficiency of 75.7 %, which
is lower than that at pH 7.1. This reduction in efficiency can be attributed to the surface charge effects of EtBr and the ZnO-S
nanocatalyst. Previous literature shows that EtBr and ZnO-S nanoparticles exhibit positive surface charge characteristics
(Bhattacharya and Mandal, 1997; Heibati et al., 2016; Kim et al., 2014; Baek et al., 2011). In an acidic solution, the positive charge of
the ZnO-S nanocatalyst is enhanced, leading to repulsion between the ZnO-S nanocatalyst and EtBr molecules, thereby reducing the
degradation efficiency.

The pH levels of the solution were subsequently adjusted to 9, 11, and 13. The absorbance graphs for these pH levels are provided in
Fig.s 13(b), 13(c), and 13(d), respectively. The degradation efficiency significantly increased to 87.6 % at pH 9 and 98.6 % at pH 11.
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Fig. 13. Absorbance of EtBr degradation at different pH levels such as a) pH = 5, b) pH =9, ¢) pH = 11, and d) pH = 13. Further, e) C/CO curve and
f) Kinetic curve for the different pH operational parameters of EtBr solution with ZnO-S nanocatalyst.
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This improvement can be attributed to the change in surface charge characteristics of the ZnO-S catalyst from neutral to negative,
which enhances the attraction between the ZnO-S nanocatalyst and EtBr molecules, thereby increasing degradation efficiency.
However, the degradation efficiency decreased to 91.74 % at pH 13. This reduction can be attributed to the partial dissolution of the
ZnO-S nanocatalyst at higher pH levels, which inhibits its effective performance and consequently reduces the degradation efficiency
of EtBr. The C/Cy curve and kinetic relation of ZnO-S nanocatalyst with EtBr solution at different pH levels are provided in Fig.s 13 (e)
and X(f), respectively. As shown in Table 5, the kinetic rate of the EtBr solution at pH 11 is approximately 1.9 times higher than that of
the solution at pH 7.1, with both having an EtBr concentration of 30 ppm and ZnO-S nanocatalyst concentration of 30 ppm.

Several key factors, including the concentration of the catalyst, the concentration of the dye, and the pH of the solution significantly
influence the efficiency of EtBr degradation. By carefully optimizing these parameters, the photocatalytic degradation process can be
markedly enhanced, leading to improved performance of the ZnO-S nanocatalyst in environmental remediation applications. This
optimization ensures that the nanocatalyst operates under ideal conditions, maximizing its ability to break down contaminants
effectively and contributing to more efficient pollution control. The comparative analysis of various pollutant and green synthesis
agents is provided in Table 6.

3.11. Degradation mechanism

The possible photocatalytic degradation mechanism of ZnO-S NPs with an EtBr solution involves several key steps: light absorption,
generation of electron-hole pairs, formation of ROS, and the eventual degradation of EtBr molecules (Majumder et al., 2020; Kar-
thikeyan et al., 2023b). As seen in Fig. 14, when the ZnO-S nanoparticles are exposed to UV light with energy greater than or equal to
their bandgap energy (~3.37 eV for ZnO-S), electrons (e™) in the valence band (VB) are excited to the conduction band (CB), leaving
behind holes (h™) in the VB (Silva et al., 2016). The photoexcited electrons and holes migrate to the surface of the ZnO-S NPs,
participating in redox reactions. Effective charge separation is crucial for high photocatalytic efficiency, as recombination of e~ and h™
can lead to energy loss without generating reactive species. The electrons and holes generated can react with molecular oxygen (O3)
and water (H»0) to form ROS, such as superoxide radicals (O3 ), hydroxyl radicals (-OH), and hydrogen peroxide (H203) (Bechambi
etal., 2015). The S. ovata leaf extract used in this study contains phytochemicals such as flavonoids and polyphenols, which are rich in
hydroxyl, carbonyl, and carboxyl groups. These functional groups not only assist in the green synthesis of ZnO by reducing and capping
zinc ions, but also remain adhered to the nanoparticle surface, modulating its electronic and surface properties. During photocatalytic
degradation, these phytochemicals can enhance the adsorption of EtBr molecules through hydrogen bonding or n-r interactions.
Furthermore, they may facilitate better separation of photoinduced electron-hole pairs by acting as surface electron sinks, thus
increasing the generation of ROS such as ¢OH and O3, which are crucial for oxidative degradation of EtBr.

The ROS generated (especially hydroxyl radicals) are highly reactive and can degrade EtBr through oxidative reactions; breaking
down its complex structure into smaller, less harmful molecules. The combined effect of direct oxidation by holes and indirect
oxidation by ROS resulted in the degradation of EtBr. The overall reaction can be summarized as follows,

ZnO +hv— e (CB) + h*(VB) (UV irradiation)

ecz +0,;—0; (Superoxide radical formation)

hiz + H,0 — - OH + H' (Hydroxide radical formation)
h* + EtBr—Degraded products (oxidation by holes)

-OH + EtBr—Degraded products (Oxidation by hydroxyl groups)

3.12. Cyclic stability

The cyclic stability of the ZnO-S nanocatalyst was rigorously assessed under optimized conditions: a dye concentration of 300 ppm,
a catalyst concentration of 30 ppm, and a pH level of 11. This evaluation was conducted over five consecutive cycles to determine the
photocatalytic durability of the catalyst, with the results detailed in Fig. 15. After the completion of five cycles, the photocatalytic
degradation efficiency exhibited a slight reduction of 6.9 %. This modest decrease indicated the high stability and minimal loss in
activity of the ZnO-S nanocatalyst, reinforcing its suitability for repeated use in environmental remediation. The retention of pho-
tocatalytic efficiency over multiple cycles underscored the robustness of the ZnO-S nanocatalyst, making it an economically viable
option for long-term applications. Furthermore, the results suggested that the ZnO-S nanocatalyst possesses excellent structural and
chemical stability under alkaline conditions, which is crucial for maintaining effectiveness in the continuous degradation of organic
pollutants. This study confirmed the potential of the ZnO-S nanocatalyst to be a sustainable solution in water treatment technologies,
providing a reliable method for the efficient and repeated removal of contaminants.

4. Conclusion

In this study, ZnO-S NPs were successfully synthesized using Sonneratia ovata extract; a green chemistry approach that offers an eco-
friendly and sustainable method for nanoparticle production. The synthesized ZnO-S NPs were characterized through various
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Table 5

Biocatalysis and Agricultural Biotechnology 69 (2025) 103759

Kinetic degradation rate of different pH levels of EtBr solution (300 ppm) with catalyst concentration of 30 ppm.

Solution pH Degradation efficiency (%) Rate of Reaction (x min™!) R?
pH=5 75.75 1.17 x 1072 0.994
pH=9 87.68 1.75 x 1072 0.983
pH =11 98.61 3.16 x 102 0.912
pH =13 91.74 1.87 x 1072 0.938
Table 6
Comparative analysis of various green synthesis agents and pollutants using photocatalytic process.
Synthesis method Photocatalyst ~ Pollutant Irradiation Time (min)  Efficiency (%)  References
Sargassum muticum ZnO Methylene blue 60 96 Subramanian et al. (2021)
Ulva lactuca ZnO Methylene blue 120 95 Ishwarya et al. (2018)
Padina tetrastromatica ZnO Drimarene Turquoise Blue 180 99 Pandimurugan and Thambidurai (2016)
Mussaenda frondosa ZnO Methylene blue 100 20 Jayappa et al. (2020)
Chemicals FeO Ethidium bromide 240 98 Xie et al. (2021)
Chemicals Mn - ZnS Ethidium bromide bromide 360 98.1 Saruchi et al. (2020)
Chemicals C - Fe - TiO2 Ethidium bromide 120 90 Lavand and Malghe (2016)
Chemicals Zn0O Ethidium bromide 150 76 Biswal et al. (2021)
Sonneratia ovata leaves  ZnO Ethidium bromide 120 98.61 This work
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Fig. 14. The proposed degradation mechanism of EtBr pollutant involving the prepared ZnO-S NPs.
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Fig. 15. Cyclic photocatalytic activity of the optimized system degradation efficiency for five cycles.
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techniques to confirm their crystallographic, morphological, thermal, functional group, surface area, and optical properties compared
to chemically prepared ZnO NPs. The XRD analysis confirmed the hexagonal wurtzite structure of ZnO-S NPs, with an average
crystalline size of 24.6 nm. FTIR spectra showed the characteristic ZnO-S peaks, confirming the purity of the nanoparticles. FESEM
images revealed predominantly spherical structures with occasional hexagonal nanorods, indicative of the morphology of the syn-
thesized nanoparticles. TGA/DT analysis indicated a two-stage thermal decomposition, with a total weight loss of 10.6 % (up to
1000 °C), suggesting the thermal stability of the ZnO-S NPs. The superior physicochemical properties of the prepared ZnO-S NP were
obtained successfully through the green reducing agent. The ZnO-S NPs exhibited significant antibacterial activity against Escherichia
coli (Gram-negative) and Staphylococcus aureus (Gram-positive). The antibacterial activity was concentration-dependent, with higher
concentrations of ZnO-S NPs showing larger inhibition zones. The results also revealed a more pronounced inhibition against Gram-
positive bacteria, which can be attributed to their cell wall structure, which is more susceptible to nanoparticle penetration and
damage. The photocatalytic degradation of EtBr was optimized by varying operational parameters such as ZnO-S NPs concentration,
EtBr concentration, and pH levels. The ZnO-S NPs demonstrated excellent photocatalytic efficiency, with the highest degradation
observed at a concentration of 300 ppm ZnO-S NPs, 30 ppm EtBr solution, and a pH of 11. The UV-Vis spectroscopy measurements
showed a significant decrease in absorbance at 285 nm, confirming the effective degradation of EtBr under UV irradiation.
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