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Abstract

In this study, silver nanoparticles (Ag NPs) were successfully synthesized from neem leaves using the solution combustion method
(SCM). The synthesized Ag was systematically characterized using XRD, SEM, UV-Vis, and FTIR spectroscopy. XRD analysis
confirmed the crystalline nature of the nanoparticles, with an average particle size of approximately 15 nm. SEM images revealed
a spherical morphology with uniform distribution. UV-Vis showed a characteristic absorption peak around 450 nm, corresponding
to an energy band gap of 2.31 eV. FTIR identified the stretching and bending vibrations of metal-oxide bonds, confirming the
formation of Ag. The antioxidant potential of Ag was evaluated using DPPH, ABTS, FRAP, and FICA assays, with ascorbic acid
as the standard. The nanoparticles exhibited significant antioxidant activity, achieving 92%, 94%, 93%, and 95% inhibition at
concentrations of 500 ug/mL. Furthermore, the photocatalytic efficiency of Ag was assessed against various azo dyes, including
Malachite Green (MG), Orange G (OG), Rose Bengal (RB), and Methyl Violet (MV). The degradation efficiencies were 95.15%,
97.02%, 94.41%, and 96.87%, respectively, at an initial dye concentration of 5 ppm within 10 minutes. The reaction kinetics
followed a first-order rate model, with additional investigations into half-life (ti2), pH influence, scavenger effects, and catalyst
recyclability. Overall, the synthesized Ag demonstrated excellent antioxidant and photocatalytic performance, highlighting their
potential for environmental remediation and biomedical applications.
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1. INTRODUCTION

In recent years, various chemical and electrochemical methods have been actively explored for the synthesis of silver
nanoparticles (Ag NPs), aiming to improve their stability, size control, and functional properties [1]. The use of hazardous chemicals
or the generation of unwanted byproducts that require energy-intensive handling pose significant challenges for many of these
techniques, particularly during the purification phase [2]. Nanoparticles can be synthesized using a variety of materials, including
metal oxides, metals, silicates, and non-oxide ceramics. Among the different synthesis techniques, chemical reduction and
electrochemical methods are currently the most widely employed due to their efficiency and scalability [3]. One of the common
challenges researchers face is controlling the size and shape of nanoparticles while achieving monodispersity, which is crucial for
their stability and functional performance [4]. To address these challenges, environmentally friendly techniques have been
developed by incorporating biological principles into the synthesis process, such as utilizing microorganisms or plant extracts [5].
These green approaches offer a sustainable alternative by reducing the reliance on hazardous chemicals while enhancing
biocompatibility [5]. In addition to hard template methods, nanomaterials such as Au, Ag, Pt, and Pd can also be synthesized using
biological approaches, including fungi [7], bacteria [8], and plant extracts [9-10]. These green synthesis methods offer sustainable
and eco-friendly alternatives for nanoparticle production [6]. One key advantage of utilizing plant resources for nanoparticle
synthesis is that it eliminates the need for complex procedures such as chemical purification and the maintenance of microbial cell
cultures, making the process more straightforward and cost-effective [11]. Most environmentally friendly methods reported in the
literature face challenges related to particle aggregation, stability, and controlled crystal growth [12]. However, silver compounds
have been extensively studied since ancient times for their strong antibacterial and inhibitory properties, making them valuable in
the prevention and treatment of infections [13]. Research indicates that biosynthesized silver nanoparticles exhibit a range of
beneficial properties, including antiviral, antibacterial, anti-inflammatory, anti-angiogenic, antioxidant, and anti-platelet effects
[14]. Notably, Fatimah successfully harnessed the natural compounds present in P. speciosa Hassk pods and combined them with
microwave irradiation to synthesize silver nanoparticles specifically for antibacterial applications [15]. In 2018, Yusof et al. used
P. speciosa leaf extract to synthesize and analyze silver nanoparticles (Ag NPs) [16]. The researchers prepared the Ag NPs by
allowing the leaf extract to react at room temperature overnight, enabling a simple and eco-friendly approach for nanoparticle
production and characterization [16]. Both studies demonstrated that P. speciosa can function as a capping and reducing agent in
the synthesis of silver nanoparticles (Ag NPs). Similarly, neem leaves, with their rich phytochemical composition, offer several
advantages for Ag NP synthesis, enhancing stability and providing additional bioactive properties [16].

Neem is widely recognized for its abundance of bioactive compounds, such as terpenoids, alkaloids, and flavonoids, which serve
as capping and reducing agents in nanoparticle synthesis, enhancing their stability and functionality [17]. These bioactive
compounds not only facilitate the reduction of silver ions into nanoparticles but also impart additional properties to the synthesized
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nanoparticles, including antioxidant, antibacterial, antifungal, and antiviral activities [18]. This dual functionality enhances the
effectiveness of neem leaf-mediated silver nanoparticles across various applications, ranging from biomedical uses in combating
infections and oxidative stress to environmental remediation through photocatalysis [19]. Consequently, neem leaves offer not only
an eco-friendly and sustainable approach to nanoparticle synthesis but also impart diverse biological properties to the nanoparticles,
making them highly suitable for various scientific and technological applications [20].

The unique physical and chemical properties of metallic nanoparticles make them highly versatile, enabling researchers to
explore their applications across various fields, including electronics, biosensors, food preservation, textiles, healthcare,
environmental remediation, and agriculture [21-22]. Due to their excellent catalytic activity, metallic nanoparticles have recently
garnered significant attention for their application in the degradation of hazardous dyes, offering an efficient and sustainable solution
for wastewater treatment [22]. Nanoparticles required for the catalytic degradation of textile dyes can be synthesized using various
physical, chemical, and biological methods, each offering distinct advantages in terms of efficiency, scalability, and environmental
sustainability [23-24]. Biological approaches utilize plants, bacteria, fungi, and algae as raw materials for silver nanoparticle
synthesis, offering a sustainable alternative, whereas physical methods often demand high energy inputs to achieve nanoparticle
formation [25]. However, chemical synthesis of silver nanoparticles is more versatile, enabling precise control over their stability,
size, and shape, making it a widely preferred method for nanoparticle production [25]. Nanoparticles have been extensively studied
for their catalytic activity in the degradation of various toxic dyes, including Auramine O, Thymol Blue, Rhodamine B, Congo Red,
Phloxine B, Methyl Orange, and others [26-28]. Several dyes have been reported to degrade by up to 90-100% upon exposure to
silver nanoparticles. Moreover, the nanoparticle-based dye degradation process is not only rapid but also eliminates the need for
hazardous chemicals commonly associated with traditional chemical and biological wastewater treatment methods [29]. Recently,
green-synthesized AgNPs have demonstrated effective dye degradation capabilities for Methyl Orange, Methyl Red, and Congo
Red individually [30]. In a related study, AgNPs synthesized using Sophora mollis leaf extract achieved 88% degradation of
Methylene Blue within 160 minutes, highlighting their potential for efficient and eco-friendly wastewater treatment [31]. A study
also highlighted the promising potential of AgNPs for degrading Methylene Blue [32]. However, a review of the literature reveals
that most studies focus solely on the catalytic activity of silver nanoparticles for individual dyes, whereas real wastewater typically
contains a complex mixture of multiple dyes. Although only a limited number of studies have explored the catalytic activity of
silver nanoparticles for multiple dyes commonly found in wastewater [33], investigating their degradation potential in complex dye
mixtures is essential for developing more effective and practical wastewater treatment solutions [34-35].

This study explores the green synthesis of silver nanoparticles (Ag NPs) using neem leaf extract via the solution combustion
method (SCM). Characterization via XRD, SEM, UV-Vis, and FTIR confirmed their crystalline nature (~15 nm size), spherical
morphology, and strong optical absorption at ~450 nm (2.31 eV band gap). Ag NPs exhibited excellent antioxidant activity in
DPPH, ABTS, FRAP, and FICA assays and achieved >94% photocatalytic degradation of azo dyes within 10 minutes. Reaction
kinetics, pH influence, scavenger effects, and recyclability were also examined. These highlight Ag NPs’ potential for
environmental remediation and biomedical applications.

2. MATERIALS AND METHODS
2.1. Chemicals utilized

The chemicals in the experiment were of analytical grade and used without any modifications. There are only two chemicals,
including silver nitrate (AgNQOs3) and deionized water.

2.2. Preparation of Neem powder

The neem leaves were freshly harvested and washed with double-distilled water. They were dried in the sun for one week before
being ground into a powder with a mortar. This powder was then stored in an airtight container for the synthesis of the nanomaterial.

2.3. Green synthesis of Ag nanoparticle

In the synthesis of Ag nanoparticles via the solution combustion method, neem leaves were used as the fuel source. A mixture
consisting of 0.5 g silver nitrate and 0.25 g neem leaf powder in a 2:1 ratio was prepared. This mixture was dissolved in 15 mL of
water, transferred to a silica crucible, and heated at 800 °C for 60 minutes in a muffle furnace [36].

3. RESULTS AND DISCUSSION

3.1. XRD

The XRD pattern of the silver nanoparticle is shown in Fig. 1. The 26 values of 27.81°, 32.16°, 38.12°, 44.3°, 46.21°, 54.83°,
57.39°, 64.42°, and 77.45° correspond to Bragg reflection peaks. These peaks correspond to the (210), (122), (111), (200), (231),
(142), (241), (220), and (311) planes of silver, as indicated by the face-centered cubic structure (FCC) (JCPDS file No. 04-0783)
[37-38]. The XRD measurements conclusively show that the extract results in the formation of solid Ag nanoparticles. The particle
size of the Ag nanoparticle was evaluated using Debye-Scherer’s Eq (1) [39],

p_ 0.9 )
= Beose (D

Here, D represents the crystalline size, A is the X-ray wavelength,  denotes the FWHM of the diffraction peak, and 0 is Bragg’s
angle. The nanoparticle size for the (111) plane was 15 nm [40].
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Fig. 1. XRD of Ag NPs.
3.2.FTIR

The FTIR spectrum of silver nanoparticles is shown in Fig. 2. The metal nanoparticles undergo stabilization, capping, and
reduction due to the plant extracts. The transmission peaks at 558, 1013, 1342, 1627, 2346, and 3248 cm™ were measured [41]. The
peak around 1376 cm™ is attributed to C-N and O-H bending, while the 1042 cm™ band indicates the -C-O stretching vibration of
-OH groups. The peak indicates the C=C group vibration modes at 1605 cm™, whereas the larger peak at 3253.76 cm™ corresponds
to the O-H and C=0 bands, which are characteristic of aliphatic carboxylic acid functional groups [42]. The stretching mode at
1605 cm™ represents the N-H bond, which is characteristic of the amine band. According to FTIR data, silver can attach to biological
molecules containing protein carboxylate groups [43]. The reduction process leads to a decrease in intensity at 3433 cm™, indicating
the participation of a phenolic functional group from neem leaves. These peaks were mostly attributed to the abundance of
flavonoids and terpenoids present in the plant extract [44]. The synthesized silver nanoparticles are bound to alcoholic groups,

proteins, carboxylate groups, and stretching vibration modes [45].
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Fig. 2. FTIR of Ag NPs.
3.3. UV-Vis and Tauc’s plot

The UV-Vis and Tauc’s plot spectrum of silver nanoparticles was displayed in Fig. 3. Fig. 3(a) shows that the generation of Ag
NPs is confirmed by the SPR band centered at 442 nm, as observed in the UV-Vis. The observed peak is due to Surface Plasmon
Resonance, a quantum-mechanical phenomenon that depends on nanoparticle size [46]. This phenomenon becomes significant
when the size of the particle is smaller than or equal to the De-Broglie wavelength of the valence electrons. A band at 264 nm,
corresponding to the n-n= transition, appears in the UV-Vis spectra of the leaf extract [47]. In Fig. 3(b), the graph illustrates (hv)?

as a function of photon energy (hv) for Ag NPs. The energy band gap (Eg) was calculated using Eq. (2) from previously published
sources [48].

A(hv — Ey)"/?
a=
hv
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Here, o represents the absorption coefficient, hv stands for photon energy, A is a constant, and Eg denotes the band gap energy.
The band gap of Ag NPs, as seen in Fig. 3(b), is 2.31 eV [49-50].
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Fig. 3. (@) UV-Vis and (b) Tauc’s plot of Ag NPs.
3.4. FESEM

The FESEM analysis of silver nanoparticles is shown in Fig. 4. The image depicts particles with a small, spherical-like form,
exhibiting high uniformity in size and consistent distribution over the area, with surrounding vacuum space shown in Fig. 4(a) [51].
At high magnification, the image reveals particle breakdown, high agglomeration, uniform spacing between particles, and uniform
particle size. At high magnification, the image reveals particle breakdown with high agglomeration, uniform spacing between
particles, and uniform particle size, as shown in Fig. 4(b) [52].

Fig. 4. FESEM image of Ag NPs (a) 20 um and (b) 2 pm.

4. ANTIOXIDANT STUDIES
4.1. DPPH and ABTS assay

SEMHV:100KV | WD:5.07mm n MIRASTESCAN‘
SEM MAG: 10.0 kx Det: In-Beam SE

Antioxidants are molecules that prevent damage caused by free radicals, which are produced by numerous biological systems
and can affect cellular and biological processes [53]. The DPPH and ABTS techniques are commonly used to assess a material’s
antioxidant activity, serving as effective analytical methods for measuring free radical scavenging ability [54]. The ABTS test
generates a blue-green ABTSe* radical, which is used to quantify antioxidant activity. This assay measures the ability of antioxidants
to neutralize the ABTS+" radical, and is effective for assessing both hydrophilic and lipophilic antioxidant systems [55]. Both the
DPPH and ABTS assays depend on a proton to stabilize free radicals, using their redox-active properties to assess antioxidant
activity. The DPPH and ABTS radicals react in water primarily through the SPLET process, which stands for Single Electron
Transfer-Proton Transfer [56]. This process involves transferring a single electron and a proton to neutralize the radicals, thereby
facilitating the measurement of antioxidant activity. In the SPLET mechanism, antioxidants and radicals act together to partially
ionize phenols and alcohols in water and alcoholic solutions [57]. This process involves a single-electron transfer followed by a
proton transfer, thereby facilitating the neutralization of free radicals and the measurement of antioxidant activity.

The reactivity levels of antioxidants can differ among various assays because physical factors like pH, temperature, and solvent
conditions can impact the rates at which antioxidants react in each assay [58]. In Fig. 5(a-b), the DPPH and ABTS radical scavenging
abilities of the synthesized nanomaterials are compared to those of ascorbic acid, a well-known conventional antioxidant, to evaluate
their effectiveness in antioxidant activity. The results indicate that green-synthesized Ag NPs exhibit strong antioxidant properties,
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with DPPH radical-scavenging activity of 92% and ABTS radical-scavenging activity of 94% at a concentration of 500 pg/mL,
demonstrating their effectiveness in neutralizing free radicals. Initially, DPPH exhibited a high absorbance, but this decreased as
the dark violet color faded, reflecting the gradual reduction of DPPH radicals due to antioxidant activity [59]. The Ag NPs produced
through biogenic methods demonstrate significant antibacterial and antioxidant activities, highlighting their potential for application
in the pharmaceutical industry in the development of new drugs aimed at addressing oxidative stress and bacterial infections [60].
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Fig. 5. Antioxidant studies of Ag NPs (a) DPPH, and (b) ABTS.

4.2. FRAP and FICA assay

The FRAP test measures the reduction of ferric to ferrous ions by nanoparticles, which serves as an indicator of their antioxidant
capacity. This method evaluates how effectively the nanoparticles can neutralize free radicals. Researchers frequently use the FRAP
test to measure the antioxidant activity of foods and nutritional supplements containing polyphenols [61]. This test is preferred
because it relies on the electron-transfer mechanism to assess antioxidant capacity, unlike methods based on hydrogen atom transfer.
The FRAP assay involves the reduction of ferric ions to ferrous ions, resulting in a blue solution. The intensity of this blue color,
measured at 594 nm, correlates with the sample's activity [62]. In the FRAP test, the potential of the nanomaterial is assessed by
measuring the intensity of the blue color that results from the reduction of ferric to ferrous ions. Greater blueness signifies higher
antioxidant activity. Researchers favor the FRAP test for its versatility, high-throughput capabilities, and sensitivity in detecting
antioxidant activity at concentrations as low as 0.3 mM Fe?*, making it a reliable method for antioxidant assessment [63]. The FRAP
test is an essential tool for studying antioxidants and ROS-induced stress, providing a reliable and straightforward method for
quantifying antioxidant levels across a wide range of nanomaterials. This test is valuable for both research and practical applications
in oxidative stress studies. The FRAP test measures antioxidant activity by reducing the colorless [Fe(III)(TPTZ):2]** complex to
the intensely blue [Fe(II)(TPTZ):]*>" complex in an acidic environment [64]. This color change is used to determine the sample's
antioxidant capacity. A deep blue hue emerges after the reduction process, and its intensity can be quantitatively measured at 595
nm using spectrophotometry. This measurement is used to assess the antioxidant capacity of the sample. According to the results
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of this investigation, the ferric-reducing antioxidant power showed increased activity with higher sample concentrations, indicating
a direct relationship between concentration and antioxidant effectiveness. The absorbance of the ascorbic acid (0.78-1.32) and Ag
NPs (0.52-0.63) samples showed a proportionate rise in FRAP activity when the solution concentration rose in both samples from
100 to 500 pug/mL, as shown in Fig. 6(a) [65].

Nanoparticles in solution interact with Fe2* ions, demonstrating their ability to chelate ferrous ions and indicating their potential
for metal ion sequestration. The ability of nanoparticles to chelate metal ions makes this interaction crucial for a variety of
applications, including biological uses, water filtration, and protection against metal poisoning. The chelating assay is a method
used to evaluate a material's binding affinity for ferrous ions [66]. This assay assesses the ability of compounds to inhibit the
formation of potentially dangerous hydroxyl radicals, making it crucial for evaluating antioxidant properties and understanding
their potential to protect against oxidative damage. The assay measures the absorbance of complexes generated by using a chelating
agent, such as ferrozine. EDTA is frequently utilized as a positive control in FICA tests due to its well-documented ability to chelate
ferrous ions in a dosage-dependent manner, providing a reliable benchmark for assessing chelating efficiency [67]. Fig. 6(b)
illustrates that bio-genic Ag NPs effectively chelate metal ions, particularly converting ferric to ferrous ions, showcasing their
potential for diverse applications. The solution, EDTA, exhibited the highest concentration of Fe2* ions and the highest chelating
activity. In contrast, Ag NPs showed chelating activity of 80% at a concentration of 100 pg/mL, highlighting the substantial yet
comparatively lower efficiency of the nanoparticles [68].
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Fig. 6. Antioxidant studies of Ag NPs (a) FRAP, and (b) FICA.

5. PHOTOCATALYSIS ACTIVITY
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The synthesized Ag compound was used to photodegrade MG, OG, RB, and MV dyes under UV light. The experiment was
conducted at room temperature using a 150 W Philips UV lamp for the photocatalytic process, with 20 mg of catalyst dispersed in
100 mL of dye solution to evaluate its degradation efficiency. The dye concentration was monitored over time by measuring the
maximum wavelength at consistent 10-minute intervals, revealing a significant decrease as the reaction progressed. The percentage
of dye degradation was then calculated using Eq. (2) [69-70],

Cp
%D =C, ——+100....(2)
Ca
Here, Cy and Cy, are the initials. and final dye conc.
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Fig. 7. UV spectrum of (a) MG, (b) OG, (c) RB, and (d) MV dye using the prepared Ag.

The degradation of MG, OG, RB, and MV dyes using Ag nanoparticles under UV light is illustrated in Fig. 7. The catalytic
experiments were conducted in a standard 100 mL beaker with an approximate surface area of 50 mm, utilizing a 150 W Philips
UV lamp as the irradiation source [71]. The UV-Vis spectrometer used in the study operated without any filters, with an emission
wavelength range of approximately 400—-800 nm in the UV spectrum and a scanning range of 190-800 nm. A 15-cm light source
was employed to facilitate the reaction at room temperature (RT), and double-distilled (DD) water was used throughout the
experiment. Following the standard procedure, a 5 ppm dye solution was prepared and mixed with 100 mL of 20 mg catalyst, and
the mixture was continuously stirred at 500 rpm using a magnetic stirrer to ensure uniform dispersion [72-73].
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Fig. 8. % Degradation of (a) MG, (b) OG, (c) RB, and (d) MV dye using the prepared Ag.

For all measurements, the same catalyst, time intervals, dye concentration, and dye volume were used to ensure consistent
conditions during the analysis of the degradation of MG, OG, RB, and MV dyes [74]. During the Ag nanoparticle photocatalytic
experiments, approximately 3 mL of dye solution was collected every 10 minutes to monitor dye decolorization under the UV light
source [75]. Non-environmentally friendly dyes such as MG, OG, RB, and MV can contribute to water pollution, each exhibiting a
distinct maximum wavelength, as shown in Fig. 7(a-d). Initial experiments conducted in the dark during the early stages of the
photocatalytic study showed no significant dye degradation, confirming that light is a crucial factor for effective photocatalysis
[76]. The degradation of MG, OG, RB, and MV dyes using the synthesized Ag nanoparticles is illustrated in Fig. 8(a-d), with
corresponding degradation efficiencies of approximately 95.15%, 97.02%, 94.41%, and 96.87%, respectively. Photocatalytic
investigations were conducted under UV light, with measurements taken at 10-minute intervals to monitor the degradation pathway
of each dye [77]. In an ideal scenario, when photons with energy greater than or equal to the band gap strike the nanomaterial, they
induce charge separation, initiating the photocatalytic process. For all measurements, the same catalyst, time intervals, dye
concentration, and dye volume were maintained, and the experiment was conducted in a dark room using a consistent setup [78].
The kinetic study plot illustrates the progressive degradation over time and confirms that the degradation process follows first-order
kinetics, as analyzed using Eq. (3) displayed in Fig. 9(a-b) [79-80],

Kt = —1n(C£0) o (3)

Here, K is the rate constant, t is the time (min) in the UV studies.
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Fig. 9(a, b) Kinetic plot of dye degradation, (c-f) half-life period of dye using Ag nanoparticle.

Fig. 9(c-f) illustrates the half-life (T:/2) of the dyes, representing the time required for 50% degradation. Using the synthesized
silver nanoparticles, the half-life values were approximately 20.42 minutes for MG, 14.41 minutes for OG, 26.62 minutes for RB,
and 39.65 minutes for MV dye, highlighting the varying degradation efficiencies for different dye molecules [81]. The half-life data
confirm the high efficiency of Ag nanoparticles in rapidly degrading 50% of the dyes within a relatively short duration, showcasing
their excellent photocatalytic performance. Additionally, the rate constant (k) values from the kinetic plot further validate the strong
catalytic activity of Ag nanoparticles. A comparative analysis of silver nanoparticles, along with findings from previous studies, is
presented in Table 1, providing insights into their effectiveness relative to other reported photocatal ysts [82].
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Fig. 10(a) Recyclability of the catalyst, (b) pH studies, (c) Scavenger studies.

The excellent performance of the photocatalytic degradation experiments highlights the effectiveness of Ag nanoparticles in
dye decolorization. The catalyst used in this study efficiently facilitated the breakdown of azo dyes in solution, making a significant
contribution to the field of photocatalytic research [83]. This process is further enhanced by the generation of reactive oxygen
species, which occurs when surface oxygen interacts with conduction-band electrons, thereby playing a crucial role in the
degradation mechanism. Preventing the recombination of electrons and holes is essential for achieving high photocatalytic
efficiency [84]. Additionally, an increased presence of hydroxyl ions on the catalyst’s surface indicates enhanced photocatalytic
activity. The results of the photodegradation experiment evaluating catalyst reusability are presented in Fig. 10(a). After each cycle,
the catalyst was successfully recovered using Whatman filter paper, enabling its reuse for up to five consecutive cycles without
significant loss of efficiency [85]. As shown in Fig. 10(b), the pH of the adsorption medium plays a crucial role in influencing the
adsorption rate. To investigate this effect, a 100 mL dye solution containing 20 mg of adsorbent at a 5 ppm concentration was
prepared, and the impact of different pH levels (3, 5, 7, 9, and 11) on dye adsorption was studied. The experiment was carried out
at room temperature with continuous agitation to ensure uniform mixing and adsorption efficiency. As illustrated in Fig. 11(b), the
percentage of dye removal remains stable at lower pH values but decreases as the pH increases from 9 to 11, indicating reduced
dye removal efficiency in more alkaline environments. This pH dependence is likely due to decreased adsorbent polarization under
acidic conditions, thereby enhancing adsorption performance [86]. The photocatalytic process begins when photons (hv) with
energy greater than or equal to the bandgap energy (Eg) of the photocatalyst strike its surface, exciting electrons (e7) to the
conduction band and generating holes (h*) in the valence band, thereby initiating the degradation mechanism.

In the photocatalytic process, 3 mM concentrations of AO, IPA, or BQ were used as scavengers to target h**OH, and Oz species,
respectively. The results indicate that h* and O2~ species are the primary contributors to dye degradation. Since IPA had no
significant effect on dye removal, it is evident that *OH radicals play a secondary role, as shown in Fig. 10(c). Furthermore, the
photodegradation process is strongly influenced by the valence and conduction band potentials, which are determined by the energy
gap [87]. The conduction and valence band potentials of Ag, calculated empirically from the energy gap values in Fig. 3(b), are
presented in Eq. (4-5),

Ecg =X —E®—0.5E;....(4)
EVB == ECB + Eg (5)
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Here, X represents the electronegativity of Ag (X = 4.439 eV), E° is the energy of free electrons on the NHE scale (4.5 eV), and
E and E correspond to the valence- and conduction-band potentials, respectively. Given that the band gap energy of Ag is Eq=2.31
eV, the valence and conduction band potentials of Ag are calculated to be 1.0994 and -1.216 eV.

When aqueous dye solutions containing Ag photocatalysts are exposed to UV light, electron-hole pairs are generated, as
described by Eq. (6). The excitation process allows electrons to transition from the valence band (VB) to the conduction band (CB),
leaving behind holes in the VB. Upon photo-excitation, a portion of these electrons migrates to the CB, while others become trapped
in localized defect states below the Ag band. This charge separation plays a crucial role in facilitating the photocatalytic degradation
process. The electrons in the conduction band (CB) are rapidly transferred to the Ag nanoparticles, where they interact with the
oxygen present in the dye solution to generate superoxide radicals (O2¢), as described by Eq. (7). Additionally, the oxygen vacancies
in Ag nanoparticles facilitate the movement of trapped electrons to the surface, where they accumulate. These surface-accumulated
electrons react with dissolved oxygen in solution, forming O.* radicals that play a crucial role in the degradation of dye molecules.
At this stage, Ag acts as an electron acceptor, effectively reducing the recombination rate of photogenerated electron-hole pairs in
AQ. As illustrated in Egs. (8) and (9), the holes in Ag’s valence band (VB) interact with water molecules, generating hydroxide ions
(OH"), which subsequently form hydroxyl radicals (OH¢). These hydroxyl radicals are highly reactive and play a crucial role in the
breakdown of dye molecules. Additionally, dye photosensitization is a vital factor in the photodegradation process. When the
adsorbed dye molecules are exposed to light, they undergo photosensitization, thereby exciting electrons [88]. These excited
electrons transition to a higher energy state and can be injected into the conduction band of Ag nanoparticles, further enhancing the
photocatalytic degradation efficiency [97]. As Ag nanoparticles receive electrons, the generation of reactive species, such as
superoxide radicals (O2¢"), is enhanced, thereby significantly accelerating the breakdown of dye molecules. Additionally, when Oz~
radicals interact with protons (H*), hydrogen peroxide (H-0:) is formed at the surface. These H-0. molecules further react with
electrons, producing additional hydroxyl radicals (OHe), which play a crucial role in dye degradation [89]. The Coulomb
interactions between O»*~ and OHe radicals enable them to target the functional groups of RB dye molecules efficiently adsorbed
onto the photocatalyst surface. This interaction results in the breakdown of complex dye structures into smaller, environmentally
benign byproducts, such as CO2, SO+>", NOs~, and Hz0, as represented in Eq. (10-11) [90, 98-100],

Ag+hv - Ag (h™) + Ag (e7) (6)
Ag (ecp) + Ag > Ag(e7) + Ag (7
Ag(e7) +0;, — Ag+0; ®)
Ag (h‘J}B) +OH™ - Ag+ OH 9
05 +2H,0+e” - 30H™ + OH (10)
O35 + OH' + Dye — CO, + H,0 (11)
Table 1. Comparative study of the previously reported literature on the catalytic degradation.
Nanoparticle Dye Time % D Referecne
Ag MB 72h 95 [91]
Ag MB 6 min 82 [92]
Ag MB 150 min 97.57 [93]
Ag MO 3h 100 [94]
Ag MB 1h 99.6 [95]
Ag MB 180 min 82.8 [96]
Ag MG 90 95.15 Present work
oG 70 97.02
RB 110 94.41
MV 190 96.87
CONCLUSION

This study successfully demonstrated the green synthesis of silver nanoparticles (Ag NPs) from neem leaves via the solution
combustion method, offering an eco-friendly and cost-effective approach to nanomaterial fabrication. The structural,
morphological, and optical characterizations confirmed the formation of highly crystalline, uniformly distributed Ag NPs with a
band gap of 2.31 eV. The synthesized nanoparticles exhibited remarkable antioxidant activity, achieving over 90% inhibition across
multiple assays, indicating their potential for biomedical and pharmaceutical applications. Additionally, their exceptional
photocatalytic performance against a range of azo dyes, achieving over 94% degradation efficiency within 10 minutes, underscores
their viability for environmental remediation. The Kkinetic studies, recyclability, and scavenger analysis further validated their
stability and efficacy. These findings establish Ag NPs as a promising multifunctional nanomaterial for sustainable environmental
and healthcare applications, paving the way for future research in scalable production and real-world deployment.
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