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Abstract: Green synthesis offers an eco-friendly and sustainable route to nanoparticle
fabrication by harnessing plant-derived phytochemicals as natural reducing and capping
agents. In the present study, iron oxide nanoparticles (IONPs) were biosynthesized using
Azadirachta indica (neem) leaf extract under varying pH conditions (3, 6, and 11),
demonstrating the profound influence of reaction environment on nanoparticle formation and
stability. Multifaceted characterization using UV—Vis spectroscopy, DLS, zeta potential,
FESEM, FTIR, XRD, and BET confirmed the formation of stable, highly crystalline iron oxide
nanoparticles. pH 6 yielded uniformly dispersed nanorods (50-80 nm broad, 10-20 um long)
with the maximum stability (-28.3 mV). Antioxidant assays showed significant radical
scavenging activity, with ICso values of 78.06 pg/mL (DPPH) and 70.94 pg/mL (ABTYS).
Catalytic studies revealed effective degradation of methylene blue and eosin yellow dyes,
achieving removal efficiencies of ~62% and ~55% without H202, and ~87% and ~83% with
H:0: at room temperature within 60 min. These findings highlight the potential of A. indica-
mediated IONPs as eco-friendly catalysts for wastewater treatment and as promising agents for
biomedical applications.
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Introduction:

Recent developments in nanoscience and nanotechnology have yielded effective nanomaterials
that exhibit remarkable properties in various applications, including drug delivery, soil
remediation, water treatment, and catalysis [1]. The enhanced activity observed with
decreasing nanoparticle size is attributed to the increased surface-to-volume ratio and
pronounced alterations in physicochemical properties at the nanoscale. Iron-based
nanoparticles have attracted considerable attention in contemporary research owing to their
exceptional chemical and thermal stability, minimal toxicity, and unique magnetic behaviour
[2-3].
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Owing to their importance, various approaches, including chemical, physical, and
photochemical methods, have been explored for the efficient and rapid synthesis of
nanoparticles. However, these traditional methods are often costly and depend on toxic
chemicals, harmful organic solvents, and non-biodegradable stabilizers [4-5]. Therefore,
developing and adopting alternative green synthesis methods with minimal or no adverse
effects on the environment and human health is crucial [6-7]. Consequently, researchers
increasingly focus on plant-based green synthesis techniques for large-scale nanoparticle
production, due to the abundance and accessibility of plant materials and their derivatives. This
approach is characterized by its simplicity, environmental friendliness, stability, speed, and
cost-effectiveness, utilizing water as a universal solvent to produce biocompatible
nanoparticles. Notably, plant-mediated synthesis is usually performed at room temperature,
unlike microbe-mediated synthesis, which requires heating of the reaction mixture or culture
medium. Nanoparticles can be synthesized using diverse plant-derived materials, including
leaves, stems, roots, flowers, and fruits, as well as their corresponding extracts [8-12]. Plant
extracts facilitate the quick and easy production of nanoparticles with precise control over size,
shape, morphology, and high yield in a single step [13-15].

Biomolecules or phytochemicals found in plants, such as proteins, amino acids, vitamins,
flavonoids, polyphenols, tannins, terpenoids, alkaloids, polysaccharides, and saponins, are
responsible for reducing metal salts [16]. Moreover, these bioactive compounds act as capping
and stabilizing agents, providing nanoparticles with improved resistance to oxidation and
agglomeration [17-19]. Several studies have shown that the phytochemicals in plants can
function as both reducing and capping agents, allowing the formation of stable nanoparticles
without requiring additional polymers or surfactants [20].

The biosynthesis of iron-based nanoparticles via plant extracts proceeds through a facile
mechanism, wherein bioactive phytochemicals in the extract mediate the reduction of metal
precursors and stabilize the resulting nanoparticles under precisely controlled reaction
parameters (Figure 3). The reaction is finished within minutes or hours and the formation of
nanoparticles can be concluded with the colour change of the reaction solution. Various
synthesis parameters such as type and concentration of phytochemicals, metal salt
concentration, pH, temperature etc [21-24]. Control nanoparticle formation along with their
yield and stability. These parameters can be manipulated to synthesize nanoparticles with
specific application-based properties [25-26].
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Figure 1: Mechanism of Green Synthesis by Plant Extracts.

Plants can accumulate specific concentrations of heavy metals in their tissues, enabling their
use in biosynthetic processes. Consequently, plant-based methods for nanoparticle synthesis
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have gained recognition as simple, efficient, cost-effective, and practical alternatives to
conventional approaches. These methods leverage plant extracts to reduce and stabilize
metallic nanoparticles in a single-step ("one-pot") synthesis process, utilizing a wide range of
plant species.

Similarly, the green synthesis of iron and iron oxide nanoparticles has made use of various leaf,
root, and fruit waste extracts (summarised in Table 1). The creation of metal nanoparticles is
significantly influenced by the quantities and combinations of biomolecules utilised in these
extracts.

Table 1: Reported green synthesis of iron nanoparticles using various plant extracts.

Plants Size(nm) | Types Application References
Green Tea 40-60 Leaves Catalytic Adsorption and [27]
Antibacterial
plantain peel extract | 50 peel Magnetic Properties [28]
Mimosa pudica ~65 root Magnetic Properties [29]
Punica granatum 20-30 Peel Catalytic Adsorption and [30]
and Artocarpus Antioxidant Activity
heterophyllus
Platanus orientalis 78-80 Leaves antifungal activity [31]
watermelon 20 rinds Catalytic Adsorption [32]
Madhuca indica 55-60 plant Cytotoxic, Antioxidant, [33]
Anti-Inflammatory, and
Anti-Diabetic Properties

Common organic pollutants such as 2,4,6-trinitrotoluene (TNT), carbon tetrachloride,
trichloroethene, and many more may be effectively removed by iron oxide nanoparticles
(IONPs), and their use in environmental remediation has become more well-known [34-36].
Pb (II) and Cr (V]) are two heavy metals that may be successfully eliminated from groundwater
[36-39]. To eliminate these contaminants and purify water, a wide range of physical and
chemical techniques have been used in the past, including membrane filtration, electrochemical
treatment, adsorption, chemical precipitation, and oxidation processes [40]. However, most of
these methods are either very costly or ineffective [40-42]. Iron oxide nanoparticles (IONPs)
act predominantly as Fenton-like catalysts, facilitating the oxidative breakdown of various
organic pollutants and dyes. Recent research emphasizes the importance of Fenton-like
processes for the effective removal of organic contaminants under mild reaction conditions
[43]. In contrast to the traditional Fenton reaction, which depends on soluble ferrous ions, this
eco-friendly approach generates hydroxyl radicals in situ through the interaction of hydrogen
peroxide with iron oxide or zero-valent iron nanoparticles, providing a more sustainable and
efficient route for environmental pollutant degradation [44—45].

The present study investigates the eco-friendly synthesis of IONPs utilizing the aqueous extract
of Azadirachta indica (AI). This plant is abundant in various phytoconstituents, including
alkaloids, flavonoids, phenols, gallic acid, polyphenols, and nimbins [46]. A] is notably rich in
polyphenolic compounds, which function as both reducing and stabilizing agents in



nanoparticle synthesis. The resulting IONPs were comprehensively characterized using
advanced techniques, including UV—visible spectroscopy (UV—Vis), dynamic light scattering
(DLS) with zeta potential analysis, field emission scanning electron microscopy (FESEM),
Fourier-transform infrared spectroscopy (FTIR), and Brunauer—-Emmett—Teller (BET) surface
area analysis. These studies confirmed that the green-synthesised IONPs exhibit significant
antioxidant activity, as evidenced by 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assays, highlighting their potential as
effective antioxidant agents. Furthermore, the catalytic activity of the IONPs was evaluated as
Fenton-like catalysts for the degradation of anionic (Eosin Yellow, EY) and cationic
(Methylene Blue, MB) dyes, demonstrating their applicability in environmental remediation.

Materials and Methods:

Materials:

Fresh Azadirachta Indica (Al) leaves were collected from the Uka Tarsadia University campus
in Bardoli, Gujarat, India. The chemicals used in this study, along with their molecular weights,
included Ferric chloride (FeCls, 162.2 g/mol), MB (319.85 g/mol), EY (647.89 g/mol), sodium
hydroxide (NaOH, 40 g/mol), and hydrochloric acid (HCI, 36.50 g/mol) from Loba Chemical
Pvt. Ltd. For antioxidant assays, DPPH (394.32 g/mol) and ABTS (548.68 g/mol), along with
potassium persulfate (K2S20s, 270.32 g/mol), were obtained from Sisco Research Laboratory
Pvt. Ltd. Millipore water was used throughout all synthesis and experimental procedures.

Methods:

Leaves Extract Preparation:

Azardirachta indica (Al) was harvested individually, cleaned many times with water to get rid
of any dirt, and then let dry in the sun to get rid of any moisture before being ground into a
powder. 100 millilitres of Millipore water and five grams of fine powder of dried A/ were
subjected to sonication for 20 minutes. The extract was then passed through Whatman No. 1
filter paper, preserved at 4 °C, and later employed for the synthesis of nanoparticles (Figure 2).

Green Synthesis of IONPs from Leaves Extract:
To synthesize IONPs, a 0.1 M FeCls solution prepared in distilled water was gradually mixed

with the Al leaf extract in a 1:2 volume ratio at room temperature under constant stirring. The
colour changes of the mixture from yellow to black within one hour signified the successful
formation of IONPs, which was subsequently verified using UV—Vis spectroscopy of the
produced iron oxide colloidal solution (Figure 2).
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Figure 2: Schematic diagram of the step-by-step formation of IONP nanoparticles

Methodology of Catalytic Activity:

The catalytic effectiveness of the produced IONPs has been examined for the elimination of
the cationic dye MB and the anionic dye EY, which is commonly utilized in the textile sector.
A total of 10 mg of the synthesized iron oxide nanoparticles were introduced to 40 mL of MB
and EY solutions at concentrations of 30 uM and 25 puM, respectively. The mixture was
incubated for numerous amounts of time (0-70 min) at 298 K (Figure S1). With the
measurement of MB and EY concentration at different time intervals, the adsorption ability of
iron oxide nanoparticles was investigated using the formula [47].

Ag—A
A

catalytic activity (%) = ( ) x100

where Ao (pure Dye) and A remaining Dye (after the addition of iron oxide nanoparticles in the
presence of H>O» and absence of H,O; respectively) were the absorbances at 664 nm for MB
and 520 nm for EY as measured by UV-Vis. spectra.

Antioxidant Studies:

Determination of 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay:
The antioxidant potential of the green-synthesized IONPs was evaluated at varying
concentrations using the DPPH assay [48—49]. Briefly, different doses of IONPs (25—
150 pg/mL) were added to 2 mL of 0.25 mM methanolic DPPH solution and incubated in the
dark at room temperature for 30 min (Figure S2). The reduction of DPPH was monitored
spectrophotometrically by the colorimetric change from purple to yellow, corresponding to a
decrease in absorbance at 517 nm, the characteristic peak of DPPH. This decolourization
indicates effective electron transfer from the IONPs to the DPPH radicals, confirming their
significant free radical scavenging activity [50].

Determination of ABTS radical cation scavenging activity:

Green-synthesized iron oxide nanoparticles (IONPs) were assessed for their radical cation
scavenging ability using the ABTS assay [49, 51]. The ABTS radical cation (ABTS+") was
produced by combining 10 mM ABTS with 3.5 mM potassium persulfate (APS) and allowing
the mixture to react in the dark at ambient temperature for 16 hours. The obtained solution was
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then diluted with methanol to attain an absorbance of 1.40 £+ 0.05 at 745 nm. Subsequently,
varying concentrations of the synthesized IONPs (25—-150 pg/mL) were introduced into 2 mL
of the prepared ABTS solution and incubated in the dark at room temperature for 10 minutes
(Figure S3). The antioxidant activity was evaluated spectrophotometrically by measuring the
reduction in absorbance at 745 nm. The observed colour changes from blue-green to light green
or colourless indicated effective ABTSe" radical quenching. The antioxidant performance of
the IONPs was further compared with the standard antioxidant butylated hydroxyanisole
(BHA), demonstrating their significant radical scavenging potential.

The percentage inhibition for the DPPH and ABTS radical scavenging activity was calculated

using the following formula,
(Control Abs.—Sample Abs.)

x 100
Control Abs.

Percentage inhibition =

Result and Discussion:

The reduction of the metal precursor into IONPs using A/ leaf extracts was observed as its
colour shifts from pale yellow to either dark brown or black. The reaction was completed within
two hours after the metal ions were added to the Al leaf extract. Further solution pH
significantly influences the optical and morphological properties of the nanoparticles because
of the kinetics of nanoparticle formation [52].

Uv-Vis. Spectroscopy:

The UV-Vis spectra for IONPs synthesized at pH 3, pH 6, and pH 11 exhibit absorption peaks
in the UV region around 270-275 nm. This indicates the successful formation of iron oxide
nanoparticles, as metal oxides generally absorb strongly in this region due to electronic
transitions. Higher absorbance intensity at pH 6 suggests greater nanoparticle concentration
and more uniform distribution of particles, (likely due to optimal synthesis conditions at neutral
pH) the broader peaks at pH 3 and pH 11 indicate less uniformity and potential aggregation of
particles due to uneven adsorption of organic groups on particle surfaces, which leads to
irregular shapes and non-uniform distributions.

The band gap of IONPs was also measured through the Tauc plot of the UV-Vis spectra, which
were found to be 3.24ev, 2.53ev, and 3.00ev for 3pH, 6pH, and 11pH, respectively [55]. The
lower band gap at pH 6 reflects larger and more uniformly distributed particles, attributed to
controlled growth conditions at neutral pH.
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Figure 3: (a) UV-Vis spectra of iron oxide nanoparticles synthesized using Azadirachta
indica leaf extract at various pH levels, (b) Tauc plot for optical band gap estimation at pH

3, (c) at pH 6, and (d) at pH 11.

Field Emission Scanning Electron Microscopy (FE-SEM):

FE-SEM images provide detailed insights into the morphology and size of the synthesized
IONPs (Figure 4). At pH 3 and 11, the nanoparticles appear irregularly shaped, a result of
uneven growth in the acidic and basic medium. At pH 6, uniform nanorods are observed, with
dimensions of 50-80 nm in width and 10-20 pum in length, indicating optimal synthesis
conditions where even nucleation and growth, result in consistent morphology. These
morphological differences align with the optical properties and highlight the importance of pH
in controlling nanoparticle shape and size. The differences in particle size and non-uniformity
seen in the FESEM images can be linked to the uneven adsorption of organic groups on the

surface of IONPs.

Dynamic Light Scattering (DLS):

Figure 4: Fe-SEM images of formed AI-IONPs at a) pH 3 b). pH 6 and c). pH 11.



DLS measurements show average particle sizes of 355 nm at pH 3, 198 nm at pH 6, and 275
nm at pH 11 (Figure 5a, 5b, 5c). The sizes obtained through DLS are larger than those observed
in FE-SEM due to nanoparticle agglomeration in solution. At pH 3 and 11 extensive
aggregation results in the largest particle sizes, consistent with the irregular morphology seen
in FE-SEM. At pH 6, the smallest particle size (198 nm) reflects the uniformity of nanorods,
aligning with the FE-SEM observations. These results further emphasize that neutral pH
conditions produce the most consistent particle distribution.
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Figure 5: DLS spectra of AI-IONPs at (a) pH 3 (355 nm), (b) pH 6 (198 nm), and (c) pH 11
(255 nm).
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Zeta-Potential:

The zeta potential measurements indicate the surface charge and colloidal stability of the
synthesized nanoparticles. The values are -21.7 mV at pH 3, -28.3 mV at pH 6, and -27.4 mV
at pH 11 (Figure 6a,6b,6¢). A higher absolute value indicates better stability due to increased
electrostatic repulsion. At pH 6, the highest zeta potential corresponds to the most stable
nanoparticles, as confirmed by their uniform morphology and minimal aggregation. At pH 3
and pH 11, slightly lower stability is observed, which is consistent with the larger and more
irregular particle sizes.
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Figure 6: zeta potential spectra of AI-IONPs at (a) pH 3, (b) pH 6, and (c) pH 11.

X-ray Diffraction (XRD):

The XRD patterns of the synthesized IONPs at pH 3, 6, and 11 provide insights into their
crystalline phases and sizes (Figure 7). The XRD patterns also exhibit well-defined peaks
corresponding to planes (012), (104), (110), (113), (024), and (211), which confirm the stable
rhombohedral structure of a-Fe,O3 (hematite). This identification is supported by the standard
JCPDS card no 00-033-0664. The observed diffraction peaks confirm the crystalline nature of
the nanoparticles.
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Figure 7: XRD spectra of formed AI-IONPs at a) pH 3, b). pH 6 and c). pH 11.

The average size of the highly crystalline Fe-Os nanoparticles was determined using the full
width at half maximum (FWHM) and calculated via the Debye—Scherrer equation, providing a

precise estimation of nanoparticle dimensions:
08921
" Bcos6

Here, 0 represents the Bragg diffraction angle, B denotes the line broadening at half maximum
intensity (FWHM) in radians, A is the X-ray wavelength, and 0.89 corresponds to the shape
factor [59]. Using this formula, the calculated average crystalline size for a-Fe2O3
nanoparticles was approximately 30—40 nm. This size range indicates that the nanoparticles are
well-ordered and fall within the nanoscale regime, confirming their suitability for various
applications.

The lattice constants of the synthesized a-Fe2O3 nanoparticles were found to be a=b = 5.034
A and ¢ = 13.746 A, consistent with the rhombohedral hematite structure. The shift in peak
positions and uniformity of these lattice parameters across different pH values suggest minimal
variation in the fundamental crystalline framework, even as other properties, Characteristics
such as particle size and morphology, are governed by the synthesis parameters.

Table 3: Size calculation from XRD data of IONPs at pH values of 3, 6 and 11.

20 FWHM size d (nm)
Sr.no | 3pH | 6pH | 11pH | 3pH | 6pH | 11pH 3pH 6pH 11pH
2237 | 22.31 | 22.33 | 0.125] 0.118 | 0.093 | 64.78484 | 68.62091 87.07039
25.59 | 25.56 | 25.57 0.14 | 0.101 0.07 | 58.18985 80.65441 116.3751
29.65 | 29.71 | 29.69 0.15| 0.15| 0.153 | 54.78564 | 54.79324 53.71638
31.63 | 31.69 | 31.69 | 0.101 | 0.101 | 0.072 | 81.75087 | 81.76301 114.6953
41.02 | 41.05 | 41.05 0.25| 0.25 0.46 | 33.9278 | 33.93113 18.44083
4541 | 4551|4544 | 0.097| 0.13| 0.094 | 88.77994 | 66.26529 91.62338
56.42 | 56.51 | 56.51 0.12 | 0.17 0.08 | 75.12578 | 53.05233 112.7362
Average size 65.33496 | 62.72576 84.95109
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Fourier Transform Infrared (FTIR) spectroscopy:

The synthesized iron oxide nanoparticles (IONPs) were characterized using FTIR spectroscopy
in the scanning range of 500—4200 cm™ to identify surface functional groups involved in metal
interactions. Furthermore, the presence of surface functional groups in metal interactions can
be attributed to the high content of polyphenols, flavonoids, phenols, gallic acid, and nimbins
found in A7 extract. Figure 8 illustrates the FTIR spectra of the Al leaf extract and Al-mediated
IONPs synthesized at various pH levels. The graphs demonstrated that the band of various
intensities across various wavenumbers. A significant peak was found in the 3325-3700 cm’!
range, which corresponds to the polyphenolic group's O—H stretching vibrations. The peak at
2927 cm’! is assigned with the C-H stretching vibration of the methyl or methoxy group which
disappears in the acidic medium suggesting that certain functional groups are unstable or
undergo modification at lower pH levels. Peaks in the region of 1509-1615 cm™ correspond
to carboxylate (C—O and C=0) functional groups, highlighting the potential role of carboxylic
acids in reducing and stabilizing the nanoparticles. A distinct peak at ~785 cm™ represents the
bending vibration of C=C groups, characteristic of aromatic systems in the extract. The Fe-O-
Fe stretching vibrations were observed at 699, 679 and 622 cm™ at the pH of 11, 3 and 6,
respectively [60-61].

The intensity and position of O—H, C—H, and carboxylate peaks vary with pH, indicating that
these groups are actively involved in stabilizing nanoparticles and are sensitive to the synthesis
environment. Fe—O—Fe vibrations confirm the formation of iron oxide nanoparticles at all pH
values.
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Figure 8: FT-IR spectra of formed AI-IONPs at a) pH 11 b). pH 3 and c). pH 6.
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Brunauer-Emmett-Teller (BET):

BET analysis was used to examine the surface characteristics of the green-synthesised IONPs,
such as surface area, pore size, and volume. Figures 8a, 8b, and 8c show the sample's nitrogen
adsorption-desorption isotherm. The adsorption-desorption curves exhibit a type IV isotherm
with an H3 hysteresis loop, characteristic of mesoporous materials with slit-shaped pores.
Additionally, the data analysis revealed that the mesoporous IONPs had noticeably larger pore
widths, pore volumes, and surface areas.
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Additionally, the N2 isotherm presented in Figure 9 and Table 4 indicated consistent channels
with properly sized pores, alongside a high surface area and pore diameter. The highest surface
area (4.31 m?/g) Pore volume (0.0303 cm?®/g) and pore size at pH 6 (28.129 nm) compared to
samples synthesized at pH 3 and 11, suggesting enhanced nanoparticle dispersion and
optimized pore formation under neutral conditions.

The lower surface area and smaller pore size suggest limited pore development due to the acidic
environment where as a balance in the oxidation and aggregation processes happens at pH6,
promoting uniform pore formation. The alkaline environment leads to larger voids but reduced
surface area, possibly due to excessive oxidation and particle aggregation, which reduces the
overall porosity. The variation in pore size indicates that pH affects the growth mechanism and
the arrangement of mesopores during synthesis.
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Figure 9: shows N2 absorption isotherm curve mesoporous AI-IONPs obtained in a) pH 3 b).
pH 6 and c). pH 11 respectively

Table 4: Experiment results of BET.

Sample Surface area (m2/g) | Pore size (nm) | Pore Volume (cm3/g)
3 pH 2.32 19.897 0.0116
6pH 4.31 28.129 0.0303
11 pH 1.75 24.016 0.0105

The catalytic activity of AI-IONPs for dye degradation:

The catalytic performance of 4/-IONPs was thoroughly evaluated using two model organic
dyes with contrasting ionic properties, Methylene Blue (MB), a cationic dye, and Eosin Yellow
(EY), an anionic dye, under varying pH conditions through a Fenton-like oxidation process.
This comparison provides insight into the pH-dependent surface interactions and radical
generation efficiency of 4/-IONPs during oxidative degradation. In dilute aqueous media, MB
and EY exhibit principal absorption maxima (A_max) at 664 nm and 520 nm, respectively. MB
additionally shows a secondary shoulder near 610 nm, while EY presents one around 485 nm,
corresponding to a 0—1 vibronic transition between their ground and excited electronic states.
These optical signatures are sensitive to molecular aggregation and electrostatic interactions,
which can influence the degradation kinetics. Hence, A_max values of 664 nm (MB Figure S5)
and 520 nm (EY-Figure S6) were selected to monitor their degradation profiles [54,63].

MB degradation:
The degradation efficiency of 4-IONPs toward MB was examined at pH 3, 6, and 11 (Figures
10 and 11). In the absence of H:0:, the removal efficiencies were 56.87%, 61.86%, and
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48.07%, respectively. When H20- was added, these values increased significantly to 73.93%,
86.60%, and 67.30%. The superior degradation observed at pH 6 can be attributed to the
optimal generation of hydroxyl radicals (*OH) and the favourable electrostatic attraction
between the positively charged MB molecules and the negatively charged AI-IONP surface.
This condition promotes rapid dye adsorption and enhances electron transfer between Fe**/Fe**
redox couples during the Fenton-like reaction. The kinetic analysis further confirmed that A/-
IONPs exhibited the highest rate constant at pH 6, highlighting the efficient catalytic
conversion of H20: into reactive radicals.
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Figure 10: Histogram of catalytic activity a) without H>O>, b) with AI-IONPs against MB
dye at pH 3, 6, and 11.
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Figure 11: Kinetics of dye degradation rate with time, b) without H>O: d). With H>0:. C) of
AI-IONPs against MB dye at pH 3, 6, and 12.

EY degradation:

A parallel investigation was conducted for EY (Figures 12 and 13). Without H2O-, removal
efficiencies were 42.97%, 55.32%, and 44.60% at pH 3, 6, and 11, respectively. In the presence
of H20-, degradation markedly improved to 75.19%, 82.98%, and 73.59%. Similar to MB, the
optimum degradation was achieved at pH 6, demonstrating the universal catalytic capability of
AI-IONPs under near-neutral conditions. However, the slightly lower overall degradation of
EY compared to MB can be explained by electrostatic repulsion between the negatively
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charged EY molecules and the 4/-IONP surface, which reduces adsorption efficiency. Despite
this, the presence of H.O: effectively compensated for this limitation by generating sufficient
*OH radicals to oxidize EY into smaller, less toxic intermediates.
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Figure 12: bar graph of catalytic activity, a) without H20,, c) with H>O> and the kinetics of
dye degradation rate with time of AI-IONPs against EY dye at pH 3, 6, and 12.
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Figure 13: kinetic of dye degradation rate with time, a) without H>O>, b). With H>O:. C) of
AI-IONPs against EY dye at pH 3, 6, and 12.

The comparative analysis of MB and EY degradation confirms that A/-IONPs exhibit efficient,
broad-spectrum catalytic activity toward both cationic and anionic dyes. The higher efficiency
for MB indicates the role of electrostatic attraction in enhancing dye adsorption, while the
improved EY degradation with H:0. highlights the dominance of *OH radical-driven
oxidation. Overall, 4I-IONPs function as sustainable Fenton-like catalysts with optimal
performance at pH 6, demonstrating strong potential for wastewater treatment and

environmental remediation.

Antioxidant activity:

As antioxidants, metallic nanoparticles (NPs) can effectively neutralize free radicals such as
DPPH, thereby mitigating oxidative damage. In the DPPH assay, the mechanism involves the
reduction of the purple-coloured DPPHe radical to its non-radical yellow-coloured DPPH-H
form through electron or hydrogen atom donation from antioxidant species such as the
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synthesized AI-IONPs [50]. The UV-Vis spectra (Figure 14a) clearly depict this
transformation, as evidenced by the gradual decrease in absorbance intensity at 517 nm with
increasing nanoparticle concentration.
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Figure 14: a). Uv-Vis. Spectra antioxidant activity of AI-IONPs, b). The Histogram of
antioxidant activity of AI-IONPs against DPPH at pH of 3, 6 and 11 compared with BHA.

The corresponding plot (Figure 14b) demonstrates a concentration-dependent increase in
radical scavenging efficiency, confirming the strong antioxidant potential of A/-IONPs.
Furthermore, as presented in Table 5, the antioxidant activity varied with synthesis pH, where
IONPs prepared at pH 6 exhibited the highest DPPH scavenging activity compared to those
synthesized at pH 3 and 11, indicating that the optimal pH enhances surface reactivity and
electron-donating capacity.

Table 5: Antioxidant activity of AI-IONPs against DPPH assay with SD

Antioxidant activity with SD in (%)
3pH 6 pH 11 pH BHA
Time (min) (%) SD (%) SD (%) SD (%) SD
25 13.6148 | 0.78 | 28.1372 | 1.02 | 22.1620 0.77 | 29.7573 1.18
50 21.7456 | 1.31 | 37.8484 | 0.76 | 34.3476 0.56 | 44.8936 1.82
75 29.0445 | 1.09 | 48.2715 | 0.73 | 47.9053 0.56 | 53.3454 0.94
100 38.3493 | 1.44 | 62.0646 | 1.11 | 56.2180 0.84 | 64.3388 1.41
125 47.7727 | 1.29 | 70.9740 | 0.64 | 64.6576 0.72 | 73.6065 0.87
150 60.3852 | 1.69 | 78.6983 | 0.73 | 69.4401 1.24 | 79.5129 0.69

AI-IONPs synthesized at pH 6 showed the highest antioxidant activity with an ICso of 78.06
pg/mL, lower than those at pH 3 (129.63 pg/mL) and pH 11 (88.64 pg/mL). This value is
comparable to the standard antioxidant BHA (69.68 ng/mL) (Figure 15), confirming the strong
DPPH radical scavenging ability of IONPs prepared at the optimized pH.
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Figure 15: a). The IC50 Value of antioxidant activity of AI-IONPs against DPPH at a). pH
3,b).pH 6 and c). pH 11.
A similar trend was observed in the ABTS assay, which evaluates the ability of antioxidants to
quench the blue-green ABTSe<* radical cation. The reduction of ABTSe" by AI-IONPs resulted
in a noticeable decline in absorbance at 745 nm, as shown in Figure 16a, indicating efficient
radical scavenging. The graphical representation in Figure 16b confirms that the antioxidant
efficiency of AI-IONPs increases proportionally with their concentration.
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Figure 16: a). Uv-Vis. Spectra antioxidant activity of AI-IONPs, b). Curve graph of
antioxidant activity at pH 3, 6 and 11 compared with BHA against ABTS.

As summarized in Table 6, the nanoparticles synthesized at pH 6 exhibited superior ABTS
scavenging activity relative to those prepared at pH 3 and 11. This enhanced activity at pH 6
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can be attributed to the improved crystallinity, smaller particle size, and greater surface
availability of active sites, facilitating effective electron transfer to the ABTSe* radicals.

Table 6: Antioxidant activity of 4I-IONPs against ABTS assay with SD

Antioxidant activity with SD in (%)
3pH 6 pH 11 pH BHA
Time (min) (%) SD (%) SD (%) SD (%) SD
25 18.8029 | 0.66 | 24.1185 | 1.03 | 23.3250 | 1.1473 | 28.8705 | 1.11
50 32.3877 | 0.40 | 37.3489 | 0.68 | 34.1535 | 0.5545 | 44.4351 | 0.55
75 50.1035 | 0.57 | 52.4272 | 0.57 | 51.5746 | 0.7920 | 59.0045 | 0.43
100 60.9416 | 0.63 | 62.6249 | 0.13 | 63.2433 | 0.9805 | 63.7611 | 0.86
125 69.3325 | 1.35 | 74.2949 | 091 | 71.9511 | 1.0554 | 72.1550 | 0.99

Similarly, IONPs synthesized at pH 6 exhibited superior ABTS radical scavenging activity
with an ICso of 76.21 pg/mL, compared to 82.70 pg/mL (pH 3) and 77.33 pg/mL (pH 11),
(Figure 17). This performance is close to that of BHA (60.62 pg/mL), demonstrating excellent
antioxidant efficiency of the green-synthesized A/-IONPs.
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Figure 17: The graph IC50 Value of antioxidant activity at a). 3 pH b). 6 pH and c). 11 pH
and d). Standard BHA.
Although these activities are nearly similar compared to butylated hydroxyanisole (BHA),
which is attributed to bioactive compounds from plant extracts [65]. Utilizing natural
antioxidants can mitigate the risk of cancer, heart disease, and chronic disorders. The findings
indicate that IONPs are effective in scavenging ROS production and hold promise for
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biomedical applications. Therefore, biogenic IONPs could serve as an alternative antioxidant
agent [66].

Conclusion:

The IONPs synthesized from A7 Leaf extract using a green approach are eco-friendly and easy
to use without heavy instrumentation and conditions. FT-IR results showed that the active
phytochemicals were present in A/ Leaf extract which effectively works as a reducing and
capping agents. Uv-Vis, DLS and Zeta potential results revealed that the IONPs were stable,
whereas the XRD showed the orientations of IONPs were rhombohedral with the size of
62.71nm, 65.33nm and 84.95nm at an extract pH of 6, 3 and 11, respectively. Further
confirmed by FE-SEM. Synthesized IONPs could efficiently remove the anionic (EY) and
cationic (MB) dye with H>0O> and without H>O,. Additionally, the result shows that H>O; also
increase both the kinetics and the degradation of dye up to a certain concentration, because of
the scavenging of the hydroxyl radicals by the H2O,. The UV-vis graphs for the dye removal
efficiency at pH values 6 both with MB and EY dyes, 61.86% and 55.32% without adding
H>0O». Similarly in the presence of H2O> where the removal efficiency of the dye increases
compared to without H>O, with the removal efficiency of 86.60% and 82.98% respectively at
room temperature. Prominent antioxidant activities were proven with DPPH and ABTS free
radical scavenging activity is 78.66% at 150ug/mL and 69.74% at 125pg/mL. Although these
activities are nearly similar compared to butylated hydroxyanisole (BHA), which is attributed
to bioactive compounds from plant extracts. Also, the IC50 values for DPPH and ABTS assay
are 78.057ug/ml and 70.94pug/ml respectively.
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