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Synthesis of Silver Nanoparticles Using Azadirachta
indica Leaf Extracts for Heavy Metal Sensing

Abidemi Mercy Babatimehin,®** Gabriel Olukayode Ajayi,¢ Oyebola Elizabeth
Ogunbamowo,*d Ali EI-Rayyes,® Lamia A. Albedair," Amnah Mohammed Alsuhaibani,?
and Edwin Andrew Ofudje ?

Silver nanoparticles (AgNPs) were synthesized via a cheap bio-reduction
and green method from leaf extracts of Azadirachta indica. The
techniqgue was optimized for variables such as pH, temperature, and
concentration of the plant extracts. Gas chromatography mass
spectroscopy (GC-MS) results indicated the presence of phytonutrients,
such as piperidine, 2-azacyclooctanone, 4-dibenzofuranamine, lauric
anhydride, cyclododecanol, and sorbic acid as the phytonutrients
responsible for the reduction and resilience process. Fourier transform
infrared results gave absorption bands indicating the presence of -OH, -
NH, and -C=0 functional groups, while particle size analysis revealed an
average particle size that is less than 100 nm, thus confirming the
formation of a nanoparticle. Ultraviolet-visible investigation of the
nanoparticles synthesized with concentration of 12.5 mg/mL produced a
strong plasmon resonance band with an absorbance of 0.223 at 400 nm
after 24 h incubation time. At a minimal concentration of 6.25 mg/mL, the
absorbance further decreased with a bathochromic shift to 600 nm. The
synthesized AgNPs showed excellent optical property towards the
selected heavy metals with color change and a shift in absorbance
towards higher value. Selective detection of Pb?*, Cu?*, and Cd?** was
also confirmed by UV-visible spectra, which is well noticed with Pb?*
having the highest absorbance.
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INTRODUCTION

Elements with atomic density greater than 5 g/cm? are known as heavy metals
(HM). These include Cd, Ag, Co, Fe, Cr, Cu, Hg, Zn, Pb, Zn, As, and Pt-group elements
and they could either be toxic or essential for living organisms (Babel and Kurniawan
2003; Fu and Wang 2015; Zwolak et al. 2019). The agrarian and industrial revolutions,
coupled with rapid increase in population, has led to increasing demands for resources
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from businesses, and this high industrial productivity has resulted in increasing
generation of effluents such as HM and other toxins (Zwolak et al. 2019). This has far-
reaching consequences for the receiving ecosystems and their valuable resources. As a
result, toxic metal pollution has consistently degraded the ecosystem, reducing its ability
to support life and provide fundamental supports (Akinwekomi et al. 2017; Magagane et
al. 2019). Heavy metals (HMs) have been linked to genotoxic, mutagenic, teratogenic,
and carcinogenic effects, making them hazardous to living organisms (Liao et al. 2016;
Hills et al. 2019). While some HMs are essential for biological processes, excessive
exposure can damage cells and tissues, with lead, mercury, and cadmium being
particularly toxic, leading to severe health conditions such as mental retardation and
organ toxicity (Hou et al. 2013; Sun et al. 2015; Kaji 2015; Mitra et al. 2016; Jayamurali
et al. 2021). Industrial activities, such as mining, metal smelting, manufacturing, and
chemical processing contribute significantly to heavy metal pollution, which is often a
point source of contamination (Ali et al. 2013; Badhiwala et al. 2015). Non-point source
pollution, caused by agricultural and urban activities, is harder to control due to its
dispersed nature and diverse contaminants (Tabassum et al. 2017). Additionally, natural
weathering processes can contribute to environmental pollution, making heavy metal
management complex despite their biological importance (Wang et al.2015; Vareda et al.
2019).

It is vital to precisely identify heavy metal concentrations to reduce their presence
in the environment and alleviate the conditions of soil and water resources (Duodu et al.
2016). Several techniques for detecting HMs ions have been reported, which include
Inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma
optical emission spectrometry (ICP-OES) (Duodu et al. 2016), Atomic absorption
spectroscopy (AAS) and flameless atomic absorption spectrophotometry (FAAS) are all
used in the detection of heavy metals (Dasbasi et al. 2016). These processes are highly
responsive and discerning approaches; nonetheless, each of them necessitates the use of
relatively expensive instruments, complex operational processes, and extended detection
periods that often limit their usage (Dasbasi et al. 2016).

Nanotechnology (nanotech) is becoming prominent in technology and is regularly
regarded as a novel industrial innovation dealing with materials in the range 1.0 to 100
nm in length (Nasrollahzadeh et al. 2019). The principles of nanotech are founded on the
notion that the properties of materials vary as the dimensions are reduced to the nano
scale (Singh et al. 2020). Nanoscience, a newly emerging subject, gives a potential to
filter water with low cost, high efficacy in detecting and removing pollutants, and a good
reusability (Baruah et al. 2016). The approved green and environmentally acceptable
method for nanoparticles (NPs) synthesis uses biological materials such as green plants
and microorganisms. Plants are widely available. Various metabolites consisting of
pharmacological components could serve as green-reducing agents in the production of
NPs (Singh et al. 2020). Experts have discovered that nanomaterials are a superior option
for detecting pollutants in effluent, as they have characteristic features that can include
large surface area, high solution mobility, minute size, and high reactivity (Wu et al.
2019). Some of them possess high porosity, dispersibility, hydrophilicity, strong
mechanical properties, and hydrophobicity (Yaqoob and Ibrahim 2019). Moreover, the
chemical synthesis of nanomaterials (NMs) comes with several disadvantages, which
include the utilization of reducing agents and the adsorption of hazardous chemicals on
the NPs' surface, which might have negative consequences in their applications. As an
alternative, synthesis of NPs via green approach has garnered great interest because of its
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environmentally friendly technique (Dhand et al. 2016; Jebril et al. 2020). Metallic NPs’
distance-dependent optical and different size behavior make them ideal for sensing HMs
ions in polluted water (Ahmed and Mustafa 2020). Scientists have explored the potential
applications of metal oxide/metal NPs synthesized using extracts of plants leaf
(Annadhasan et al. 2014). Metal NPs colorimetric application is a function of the size of
the nanomaterial that could be obtained through optimization of the synthetic conditions.

The primary mechanisms involved include surface plasmon resonance (SPR),
nanoparticle aggregation, complex formation, and redox reactions. SPR occurs when
conduction electrons on metallic nanoparticles oscillate in response to incident light,
leading to strong absorption and scattering. When metal ions bind to nanoparticles, they
induce a shift in the SPR band, which can be monitored spectroscopically to detect
specific ions (Alberti et al. 2021). Nanoparticle aggregation further enhances metal ion
sensing. For instance, dispersed gold nanoparticles (AuNPs) exhibit a red color due to
their SPR peak at around 520 nm (Du et al. 2012). However, interactions with certain
metal ions can induce aggregation, altering the SPR properties and causing a visible color
change, such as red to blue or purple. Similarly, complex formation occurs when
nanoparticles functionalized with specific ligands bind to metal ions, leading to optical or
electrochemical changes, as in the case of AgNPs complexing with lead ions (Pb*"),
resulting in a color shift from dark brown to light brown due to aggregation (Du et al.
2012). Redox reactions also play a role in nanoparticle-based metal ion detection. Some
metal ions undergo oxidation or reduction when interacting with nanoparticles, altering
the nanoparticles’ morphology and SPR properties (Maity et al. 2018). This can lead to a
measurable color change, as seen when iron(IIl) ions (Fe**) react with AgNPs, causing a
red shift in the SPR band (Maity et al. 2018). Overall, these mechanisms of SPR shifts,
aggregation-induced color changes, complex formation, and redox reactions enable
highly sensitive and selective detection of metal ions using nanoparticles.

The exceptional opto-electronic characteristics coupled with tiny surface
properties of silver nanoparticles (AgNPs) have made its sensing application even at low
detection limits feasible, which is a unique feature. Similarly, the toxicity caused to the
environment by the usage of chemicals as reducing and stabilizing agents as well as the
cost of purchasing chemicals have been reduced with the adoption of a green synthesis
method, which necessitated this current study. Neem (Azadirachta indica) is widely used
in the synthesis of silver nanoparticles (AgNPs) due to its rich composition of bioactive
compounds. The plant contains flavonoids, tannins, terpenoids, and alkaloids, which act
as natural reducing and stabilizing agents. These phytochemicals facilitate the conversion
of silver ions (Ag") into silver nanoparticles (Ag®) without the need for toxic chemical
reagents, making the synthesis process safer and more sustainable (Kumari et al. 2022;
Bhatl et al. 2019). In addition to being eco-friendly and cost-effective, neem-mediated
synthesis eliminates hazardous chemicals commonly used in conventional nanoparticle
production (Kumari et al. 2022; Bhat1 et al. 2019). The presence of phytochemicals such
as proteins, polysaccharides, and phenolic compounds in neem extracts have been
reported to help cap and stabilize AgNPs, preventing aggregation and ensuring long-term
stability; this property enhances the efficiency and reliability of AgNP applications,
particularly in medicine and environmental science (Kumari et al. 2022; Bhatl et al.
2019).

This study aimed to synthesize silver nanoparticles (AgNPs) using Azadirachta
indica (neem) leaf extract through a green, cost-effective, and eco-friendly method. To
enhance the synthesis process, key parameters such as pH, temperature, and plant extract

Babatimehin et al. (2025). “AgNPs using extract,” BioResources 20(2), 3342-3366. 3344



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

concentration were optimized. The synthesized AgNPs were then characterized using
UV-Vis spectroscopy, Fourier transform infrared (FTIR), X-ray diffraction (XRD), and
scanning electron microcopy/ energy dispersive X-ray (SEM/EDX) analysis to confirm
their structural, optical, and morphological properties. Their optical behavior, particularly
surface plasmon resonance (SPR), was investigated to assess their potential as optical
sensors. Furthermore, the AgNPs were evaluated for their ability to detect heavy metal
ions, including Pb**, Cu?**, and Cd?**, through observable colorimetric changes and shifts
in absorption spectra. A selectivity study was also conducted to determine which metal
ions induced the most significant response, highlighting the potential application of these
biosynthesized AgNPs in heavy metal sensing.

EXPERIMENTAL

Materials

Reagents used, such as PbClz, CuSOs, FeSOas, NaCl, LiCl, Cl, and CdClz, were of
high purity and were purchased from Sigma Aldrich in Cape Town, South Africa. All
glassware was cleaned with distilled and deionized water and dried in an oven.

Extract from Plant Source Preparation

Leaves of Azadirachta indica (Neem) were collected from a matured tree within
Lagos State University Zoological Garden, Nigeria (GPS N-06°28.214 E-00311.864).
The authentication of the plant species was done by subject experts at the Botany
Department, Lagos State University, Nigeria. The collected leaves were cleaned many
times using distilled water to remove dirt and were dried at room temperature for 10 days.
Each of the samples was reduced into smaller sizes and pulverized into its powdery form.
A total of 5 g of the powdered Azadirachta indica was soaked in 100 mL of H20 for 24 h.
Subsequently, the mixture was sieved, and the obtained extract solution was kept and
thereafter used for nanoparticle synthesis.

Phytochemical Analysis of Plant Extract

The plant extract above was analyzed using GC-MS analysis to examine the
phytochemicals available in the plant extract using 7820 A gas chromatography coupled
to 5975C inert mass spectrometer and electron impact source (Agilent Technologies).
Scanning of potential phytochemicals was done at 2.62 s/scan rate within m/z 30 to 550
amu.

Qualitative analysis
The qualitative assessment of phytonutrients in neem leaf extract was conducted
following the methodology outlined by Mudhafar et al. (2020).

Alkaloids test
Wagner’s reagent (iodine in potassium iodide) was added to the extract. The
formation of a reddish-brown precipitate confirmed the presence of alkaloids.
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Flavonoids test

A few drops of sodium hydroxide (NaOH) solution were introduced into the
extract. A yellow coloration that faded upon adding a dilute acid indicated the presence
of flavonoids.

Phenols test
The extract was treated with a few drops of ferric chloride (FeCls) solution. A
blue-green or violet color indicated the presence of phenols.

Saponins test
The extract was vigorously shaken with distilled water. The formation of stable
foam confirmed the presence of saponins.

Tannins test
A gelatin solution was added to the extract. The formation of a white precipitate
signified the presence of tannins.

Terpenoids test
The extract was combined with chloroform and concentrated sulfuric acid
(H2S0s). A reddish-brown coloration at the interface indicated the presence of terpenoids.

Quantitative analysis
The quantitative determination of phytonutrients was carried out using
spectrophotometric methods.

Total phenolic content (TPC)

The Folin-Ciocalteu reagent was used to determine TPC. The extract was mixed
with the reagent and sodium carbonate (Na.COs), and absorbance was recorded at 765
nm.

Total flavonoid content (TFC)
The aluminum chloride (AICl3) method was used for flavonoid quantification.
The extract was mixed with AICIs solution, and absorbance was measured at 510 nm.

Total alkaloid content (TAC)

Determination of alkaloids was performed using the bromocresol green (BCG)
method. The extract was mixed with BCG solution, and absorbance was measured at 470
nm.

Total saponin content (TSC)

The vanillin-sulfuric acid method was employed for saponin quantification. The
extract was treated with vanillin reagent and sulfuric acid, and absorbance was measured
at 544 nm.

Total terpenoid content (TTC)

The extract was mixed with chloroform and sulfuric acid, and total terpenoid
content was determined by measuring absorbance at 538 nm, with linalool as the
standard.
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Silver Nanoparticles Synthesis

The preparation was done by adopting the method described by Ahmed and
Mustafa (2020) but modified using sustainable green method with no toxic capping or
reducing agents. 100 mL of 1 mM silver nitrate salt were added to 10 mL of plant
extracts stock solutions with increasing concentrations of the plant extract (0.2 to 50
mg/L) and incubated at varying temperatures (25 to 100 °C) and placed on a shaker at
120 rpm. After 1 h of shaking, absorbance was taken using a UV-Vis spectrophotometer
(SM 7504, Shanghai, China) ranging from 300 to 600 nm. This same method was
repeated using different values of pH (2.0, 4.0, 6.0, 8.0, and 10.0), temperature (30, 40,
50, 70, and 100 °C), and plant extract concentration (100, 50, 25, 12.5, and 6.25 mg/mL.).

Characterization

The UV-Visible spectrophotometer (SM 7504, Shanghai, China) was utilized to
characterize and sense the prepared AgNPs.

The shapes of the produced AgNPs powders were studied using a scanning
electron microscope (SEM) equipped with a Hitachi (Japan) S-3000H electron
microscope operating at 15 kV.

The chemical analysis of the produced AgNPs powders was determined using
the equipped EDX.

The X-ray crystallography of the AgNPs were conducted with a Rigaku Miniflex
machine. This was done to study the crystalline features of the AgNPs produced at the
range of 26 = 10° to 70°.

Particle size distribution of the prepared AgNPs was investigated using Nanotrac
coupled with Microtrap FLEX 10.5.2 software.

The FTIR analysis for both the neem leaf and synthesized AgNPs was performed
using Thermo Fisher Scientific Instrument model CARY630 NBY. The KBr pellet
approach was used, which involved mixing of the synthesized AgNPs powder and KBr
in a mortar and pestle and compressing it to produce a 2 mm diameter pellet. All FTIR
spectra data were obtained in the region of 400 to 4000 cm™ at a resolution of 4 cm™
and 64 times scanning.

Metal lons Recognition Ability of the AgNPs Synthesized from Neem Leaf
Extract

The synthesized AgNPs were used to sense metals in water by the method
described by Koduru et al. (2018). 1.0 mL of the prepared nanoparticles was combined
with 1.0 mL solution of 100 uM metal salts (NaCl, PbClz, FeSOs, CuSOas, CdCl2, ZnCl,
NiCl2) at 35 °C, and the colorimetric responses and absorption intensity changes was
checked using UV-VIS spectroscopy at the wavelength range of 300 to 600 nm. The
readings were taken in duplicate and the average value recorded for a period of 24 hrs.

RESULTS AND DISCUSSION

Neem Leaf Phytochemical Analysis

Preliminary tests were carried out to determine qualitatively and quantitatively the
phytochemicals present in the plant extract and the results obtained are presented in
Tables 1 and 2.

Babatimehin et al. (2025). “AgNPs using extract,” BioResources 20(2), 3342-3366. 3347



bioresources.cnr.ncsu.edu

PEER-REVIEWED ARTICLE

Azadirachta indica (Al) leaf extract was screened for phytoconstituents. It was
found that the aqueous extract contained different secondary metabolites, including
sugars, amino acids, triterpenes, and phenols with the absence of phlebotomine, which is
in line with the report of Dash et al. (2017) as depicted in Table 1. Table 2 displays
guantitative screening results for alkaloids, flavonoids, terpenoids, and saponins in the
leaf of Azadirachta indica.

The highest percentage was noticed with tannin (90.3 mg/mL), followed by
flavonoids (64.9 mg/mL), phenol (61.6 mg/mL), reducing sugar (49.8 mg/mL), cardia
glycoside (27.8 mg/mg), alkaloid (8.29 mg/mL), while the least value was observed with
saponin (7.82 mg/mL). The presence of such compounds is responsible for the reduction
of Ag* to Ag®, and the compounds can also function as capping and stabilizing factors for
green produced AgNPs (Raja et al. 2014; Choi et al. 2018). Plant-based capping agents
may be responsible for the stability of AgNPs in solution, as no indication of
agglomeration was seen 6 h after their synthesis.

Table 1. Qualitative Analysis of Neem Leaf Extract
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Table 2. Quantitative Analysis of Neem Leaf Extract (mg/mL)
. . . Reducing | Cardiac .
Tannin Phenol | Saponin | Alkaloid Sugar Glycoside Flavonoid
Leaf
90.32 61.65 7.82 8.29 49.81 27.77 64.88
(mg/mL)

GC-MS Analysis

The GC-MS of the neem leaf extract is represented in Fig. 1, which depicts the
mass spectra, while the bioactive compounds with their molecular formulae, retention
time (RT), peak area (%), and structures are shown in Table 3. The fragmentation
patterns of the mass spectra were matched to those of recognized compounds from the
National Institute of Standards and Technology (NIST) research collection, Nigeria.
Results show the presence of tridecane, 4-dibenzofuranamine, dodecane, 5-iodononane,
dodecanoic acid, dodecanoyl chloride, 2-azacyclooctanone, 2,5-dimethyl-5-ethyl-4,5-
dihydro-1,3-oxazole, cyclododecanol 1-aminomethyl, and many more.

The compounds identified through GC-MS analysis play vital roles in the
synthesis and functionality of AgNPs. Phenolics, alkaloids, terpenoids, and fatty acids act
as reducing agents, facilitating Ag" reduction, while flavonoids, aromatic compounds,
and fatty acids serve as capping and stabilizing agents, preventing nanoparticle
aggregation (Koduru et al. 2018; Ahmed et al. 2020).

Furthermore, the functional groups present in these compounds enable the AgNPs
to act as effective colorimetric sensors for detecting heavy metal ions (Annadhasan et al.
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2014). These multifunctional properties make neem leaf extract an excellent natural
source for green nanoparticle synthesis with potential applications in environmental
monitoring and biomedicine.
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Fig. 1. GC-MS of neem leaf extract

Table 3. GC-MS Analysis of Neem Leaf Extract Indicating Retention Time (RT)

RT % Area Compounds Structures
N
13.76 10.31 Tridecane ( )k >
N
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Silver Nanoparticles Preparation

The formation of silver nanoparticles (AgNPs) was visually confirmed by a
noticeable color change in the reaction mixture appearing golden yellow to golden brown
within 60 min indicating the production of AgNPs (Shankar et al. 2004). After about 60
min, the reaction mixture’s color changed completely and did not change again. This
shows that all the possible reduction had been achieved, and that the reducing ability still
remained in excess. According to Krishnaraj et al. (2010), Acalypha indica leaf extract
contains compounds, such as caffeine and theophylline, that function as reducing agents.
However, in neem leaves extract, natural reducing agents include the presence of
terpenoids, flavanones, among others, which reduces silver salt to AgNPs. According to
Shankar et al. (2004), the yellowish-brown color of AgNPs in aqueous solution is due to
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the surface plasmon vibrations. The main sign of AgNPs formsation is because of the
change in color from gold to dark brown as indicated in Fig. 2.

Fig. 2. Different color change indicating neem leaf extract (NM), neem leaf extract with AgNOs
after 1.0 h (NL1), and after 6 h (NL2)

Characterizations

The AgNPs formed was determined by obtaining their absorption spectra using
UV-Vis spectroscopic techniques (Fig. 3). Silver nanoparticles have unique optical
characteristics that generate strong interactions with distinctive wavelengths of light. In
AgNPs, electrons travel easily due to a minimal difference between the valence and
conduction bands, and these free electrons generate a surface plasmon resonance (SPR)
absorption band. The SPR band is formed when AgNPs collectively oscillate, and
electrons resonate with light waves (Krishnaraj et al. 2010). The measurement of the UV-
Vis spectra confirmed the formation of the AgNPs with maximum absorbance between
350 nm and 400 nm (Fig. 3), with higher energy levels as were achieved by Shankar et al.
(2004) and Khalil et al. (2014) using olive leaves. The SEM/EDX analyses were used to
assess the morphology and elemental compositions in the newly produced nanoparticles.
The SEM examination revealed that most of AgNPs consist of agglomerated small
particles (Fig. 4), while the EDX (Fig. 5) spectra of AgNPs synthesized from neem leaf
extract verified the presence of elemental silver in the sample in addition to other
elements. The presence of carbon is likely from the organic compounds present in neem
leaf extract, while the identification of oxygen suggests the presence of oxygen-
containing functional groups, such as phenolics and flavonoids, which may play a role in
reducing and stabilizing AgNPs. The presence of N could be from proteins and alkaloids
involved in the capping process, while the detection of silver confirms the formation of
silver nanoparticles. Silicon, phosphorus, potassium, magnesium, and aluminum were
present in minor quantities, possibly originating from the neem extract or as
environmental contaminants. The AgNPs synthesized were characterized using XRD to
establish their crystal structure. Figure 6 shows three distinct XRD peaks of AgNPs at
38.8° (111), 45.0° (200), and 65.2° (220) as observed for the AgNPs synthesized (Ahmed
and Mustafa 2020). Only single-phase nanoparticles were formed.
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Fig. 3. UV-Vis spectra of: Leaf = neem leaf extract alone, AgNOs = silver nitrate solution alone,
and NP = synthesized AgNPs

Fig. 4. SEM of AgNPs synthesized at (a) 100 mg/mL, (b) 50 mg/mL, and (c) 25 mg/mL of the
neem leaf extract
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Element | Element | Element Atomic | Weight
Number | Symbol | Name Conc. | Conc.
@ 6 C Carbon 47.07 48.16
CC> 8 0 Oxygen 34.19 | 39.30
7 N Nitrogen 9.22 6.36
47 Ag Silver 9.19 5.66
14 Si Silicon 0.12 0.24
15 P Phosphorus 0.08 0.19
19 K Potassium 0.06 0.04
12 Mg Magnesium 0.04 0.03
13 Al Aluminium 0.03 0.02
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Fig. 6. XRD spectrum of AgNPs at 50 mg/mL of the neem extract
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Figures 7 to 9 reveals the particle size investigation of the synthesized AgNPs at
100 mg/mL (Fig. 7), 50 mg/mL (Fig. 8), and 25 mg/mL (Fig. 9) of the neem extract. The
size distribution shows that the synthesized AgNPs were 81.5 nm synthesized at 100
mg/mL of the extract, whereas the particle size distributions of the AgNPs produced from
50 and 25 mg/mL of the plant extract showed bimodal distributions of 0.52 and 66.2 nm
and 0.73 and 39.7 nm, respectively. The particle size increased when the plant extract
concentration increased, as reduced particle size distribution indicates the formation of a

nanosized material at smaller concentration of the neem extract.
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Fig. 7. Particle size of synthesized AgNPs at 100 mg/mL of the neem extract
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Fig. 8. Particle size of synthesized AgNPs at 50 mg/mL of the neem extract
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Fig. 9. Particle size of synthesized AgNPs at 25 mg/mL of the neem extract

The FTIR spectroscopy was used in identifying the functional groups meant for
reducing and stabilizing AgNPs, which confirms the existence of several biomolecules in
the leaf extract and their conjugation with silver (Fig. 10a and b). The absorption spectra
for both neem extract and synthesized AgNPs show phenol ring and nitrosamine, with a
prominent band at 1457.4 and 1450.2 cm™, respectively (Velusamy et al. 2015).
Hydroxyl compounds were identified by the presence of bands at 3462.7 and 3480.2 cm™*
for the extract and nanoparticle, respectively. In neem leaf extract, the amine N-H
bending vibration overlapped with the phenolic groups -OH stretching band, which
resulted in a significant stretching band at 3462 cm™'. The phenol -OH groups have been
reported to reduce Ag* to Ag® (Meenambal et al. 2012). When the neem leaf extract was
mixed with AgNOz solution, it weakened the strength of the peak at 3462.7 cm 1, thus
indicating that neem’s carbolic acids also caused the reduction reaction (Meenambal et
al. 2012; Velusamy et al. 2015). The FTIR spectra show a peak at 1647 cm™!, indicating
C=0 bands of carboxylic acid in the extract. Previous investigations have shown that
C=0—-C and C=0O groups can act as stabilizing agents in the green synthesis of
nanomaterials (Meenambal et al. 2012). The bands at 2967.0 and 2855.1 cm™ were
identified as cycloalkanes, whereas the band located at 1580.4 cm™ was caused by the
presence of a phenol ring. The spectra of AgNPs produced by neem leaf extract (Fig.
10b) showed a sharp peak at 3480.2 cm™ for -OH of phenolic groups and 1602.1 cm™ for
N-H amine (bend). The disappearance or shift in peak’s positions in the FTIR spectra of
AgNPs clearly support the participation of these groups in the reduction process of Ag* to
Ag° and as stabilizing agent. The availability of -OH in the extract enables the
stabilization of the AgNPs, which could be related to reduction in the capping agent of
the plant extract. In this current study, the FTIR analysis revealed the participation of
phenol, amines, carboxylic acids, and nitrosamine in the synthesis of AgNPs, which is an
agreement with previous reported in literature (Raja et al. 2014).
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Fig. 10. FTIR measurement of (a) neem leaf extract and (b) AgNPs prepared from neem extract

Possible Mechanisms of Ag Capping

The synthesis and stabilization of silver nanoparticles (AgNPs) involve several
key chemical interactions facilitated by phytochemicals. The reduction of silver ions
(Ag") to metallic silver nanoparticles (Ag®) is initiated by phytochemicals such as
flavonoids, phenolics, and alkaloids, which donate electrons, leading to the following
reaction:

Ag" + Phytochemicals—Ag® + Oxidized Phytochemicals

Once AgNPs are formed, they undergo stabilization through different mechanisms.
Electrostatic stabilization occurs when negatively charged functional groups (-OH, -
COOH, -NH2) from capping agents bind to the AgNP surface, creating repulsive forces
that prevent aggregation, as represented by:

AgP+ Capping Agents (-OH, -COOH, -NH.) — [Ag°-Capped]

Additionally, steric stabilization is achieved through the adsorption of bulky
biomolecules, such as fatty acids and terpenoids, which form a protective layer around
AgNPs, preventing them from clumping together. This process is described by:

AgP + Bulky Biomolecules — Sterically Stabilized AgNPs

Furthermore, chemical coordination enhances nanoparticle stability through ligand
binding, where functional groups (-NH., -COOH, -OH) form coordination bonds with
AgNPs, leading to:

AgP + Ligand (-NH., -COOH, -OH) — Ag-Ligand Complex

These interactions collectively ensure the formation, stability, and functional properties
of AgNPs, making them effective for various applications, including environmental
monitoring and biomedicine.
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Optimization Studies
Effects of neem concentration and time of reaction

The addition of silver nitrate (AgNOs3) to neem leaf extract caused the color to
change from golden yellow to light brown, then dark brown, as seen previously in Fig. 2.
The color change is caused by AgNPs produced by reducing silver salt. Neem leaf extract
contains natural reducing agents, such as terpenoids and flavanones, which help reduce
silver salt to AgNPs. According to Shankar et al. (2004), the golden-yellowish-brown
color of AgNPs in aqueous solution is caused by surface plasmon vibrations. After about
60 min, the reaction mixture’s color changed completely and did not change again. This
shows that the silver in the reaction mixture was totally used up. The absorption spectrum
is caused by strong surface plasmon resonance (SPR), which occurs when photons are
resonantly absorbed by AgNPs. According to Amendola et al. (2010), the size and
refractive index of the solution affect the reported absorption band of SPR. Figure 11
depicts the absorption spectra of AgNPs produced by the interaction of neem leaf extract
with AgNOs within the wavelength range of 300 to 600 nm. The color of the neem leaf
extract immediately changed after 10 min on addition of silver salt mixture. After 60 min,
the solution’s color became practically constant, suggesting the the completing reduction
of all of the silver ions. When the concentration of neem leaf extract was less than 12.5
mg/mL, a faint absorbance band was seen. Increasing the concentration of the neem
extract to 25 mg/mL resulted in a rapid increase in peak intensity, indicating improved
generation of AgNPs. The strength of absorption increased consistently with increased
concentration of neem extract (as illustrated in Fig. 11). Raising the content of the neem
leaf extract caused the absorbance wavelength to shift towards reddish region (from 400
to 450 nm), confirming a rise in the AgNPs amount produced. In a report documented by
Sneha et al. (2021), it was observed that when the extract percentage of Cyclea peltata
leaf (CPL) in the production of AgNPs was varied between 5% and 20% wi/v at 30 °C, 1
mM salt concentration, fixed pH for 6 h, the maximum yield was attained at 15% (w/v),
and thereafter it was reduced with an increase in extract concentration.
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Fig. 11. UV-vis spectra of synthesized AgNPs at various plant extract concentrations at 1.0 mM
AgNOs and for 1 h incubation (NL denotes neem leaf extract, C1, C2, C3, C4, and C5 stand for
100, 50, 25, 12.5, and 6.25 mg/mL)
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Fig. 12. UV-Vis spectra of synthesized AgNPs at various plant extract concentrations at 1.0 mM
AgNOs and for 6 h incubation (NL denotes neem leaf extract, C1, C2, C3, C4, and C5 stand for
100, 50, 25, 12.5, and 6.25 mg/mL)

Effect of pH

The pH of the medium is necessary for the creation and stability of biogenic
nanoparticles, as it changes the electrical charges of biomolecules, potentially altering the
capping of nanoparticles formation (Priya et al. 2016). Figure 13 illustrates how pH
affected the stability of nanoparticles as absorbance gradually increased with rising pH,
thus, indicating a decrease in nanoparticles size and polydispersity (Qin et al. 2010).
Absorbance gradually increased with rising pH, and the largest change in absorbance
occurred between pH 8.0 and 10. As the pH of the solution increased, so did the peak of
absorbance wavelength and intensity, as shown in Fig. 13. As the pH rose from 2.0 to
10.0, the absorbance maxima changed from 383 nm to 415 nm, and absorbance strength
increases alongside the spectral shift. This implies that pH 10.0 is the optimal pH for
AgNPs production from neem leaf extract, which is similar to the reports documented by
Verma and Mehata (2016) that indicated an alkaline pH as the most suitable in producing
AgNPs.

As the pH of the mixture rose, the peak wavelength shifted, indicating an increase
in particle size. As particle diameter rises, the amount of energy needed to activate the
surface plasma electrons is reduced, causing a shift in the peak of absorption to longer
wavelengths. The elevated pH value increased the bio-accessibility of functional groups
in the neem extract, leading to the formation of nanoparticles. Particles became unstable
and aggregated when stored at elevated pH (< 10.5), as reported by Khalil et al. (2014),
who observed that particle sizes increased as the pH of the mixture rose from 2.0 to 8.0
during the synthesis of AgNPs from olive leaf extract.
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Fig. 13. Absorbance spectra of AgNPs at various pH (pH7.0 to 10.0)

Sneha et al. (2021) observed that the maximum pH in the production of CPL-
AgNPs was pH 5, and this later declined when the pH was increased. It was argued that
in acidic medium, the dissolution of AgNPs is high, which could facilitate the dissolution
of nanoparticles due to smaller size but in basic medium, thermodynamic instability and
high surface energy increased the size of the nanoparticles products, which results in
agglomeration. Husam (2018) found that the synthesis of AgNPs using Lawsonia inermis
extract achieved the highest color intensity at pH 9, while no reaction occurred at pH 3.
Similarly, Muthuswamy et al. (2010) observed that low pH conditions favored the
formation of larger nanoparticles, whereas higher pH conditions led to the production of
smaller, well-dispersed nanoparticles. They explained that in acidic environments,
aggregation of AgNPs was preferred over nucleation, resulting in larger particle sizes. In
contrast, alkaline pH facilitated the presence of numerous functional groups that
enhanced silver binding, leading to the formation of a greater number of smaller
nanoparticles.

Pranlekha et al. (2017) also studied the effect of pH on AgNPs formation,
observing that the SPR peaks shifted depending on the medium. In acidic conditions,
SPR peaks were observed at shorter wavelengths (~330 nm), while in basic conditions,
they shifted to longer wavelengths (414 nm), indicating a redshift. This shift was
attributed to differences in the driving forces for AgNPs formation in acidic and basic
media. In acidic conditions, a higher dissolution rate of AgNPs neutralized repulsive
forces, maintaining nanoparticle dispersion and favoring the formation of smaller
particles. Conversely, in basic conditions, sodium hydroxide dissociated to produce
negatively charged hydroxide ions (OH"), which enhanced the complete reduction of Ag*
ions to AgNPs, resulting in larger particle sizes (Pranlekha et al. 2017).
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Effect of Temperature

Figure 14 displays the absorbance bands of AgNPs at various temperatures (25 °C
to 100 °C). As the temperature rose, silver salt reduction accelerated, resulting in a fast
color shift in the solution. When the temperature rose from 25 to 100 °C, the peak
absorbance wavelength moved towards blue shifts (400 to 395 nm) at 35 °C. The change
in band maximum is caused by the location of SPR in AgNPs. Nanoparticle size was
reduced as temperature increased, possibly due to increased reaction rates.
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Fig. 14. Absorbance bands of AgNPs at various temperatures (25 to 100 °C)

Sneha et al. (2021) reported that the synthesis of CPL-AgNPs (silver
nanoparticles from CPL extract) was most effective at a temperature of 35 °C, with
reduced nanoparticle production observed at 40 °C. This decline was attributed to
nanoparticle agglomeration, which resulted in increased particle size and altered shapes.
Similarly, Husam (2018) investigated the effect of temperature on silver nanoparticle
synthesis by analyzing UV-Vis spectra at 25, 35, and 45 °C. The study revealed that the
rate of AgNPs formation increased with temperature, as indicated by a shift in
wavelength. At lower temperatures, wavelengths were higher, corresponding to larger
nanoparticle sizes, whereas at higher temperatures, wavelengths shifted to lower values,
resulting in the formation of smaller nanoparticles.

Muthuswamy et al. (2010) also observed that higher temperatures enhanced both
the productivity and the absolute value of the negative zeta potential of silver
nanoparticles synthesized using Curcuma longa tuber powder and extract on cotton cloth.
Additionally, they noted that the size of the nanoparticles tended to increase with rising
temperatures, ranging from 20 to 60 °C.

Metal lons Recognition and Selectivity of Neem Leaf AQNPs

The prepared AgNPs were examined for their ability to detect metal ions. When
metal ions solutions (Pb?*, Fe?*, Cu?*, Zn?*, Cd?*, Ni?*, Mn?*, and Ca?*) were introduced
to the prepared AgNPs solution, it resulted in a modest change in the strength of the
surface plasmon resonance (LSPR) band, as shown in Fig. 15. Notably, the addition of
these metal ions led to significant changes in the SPR band intensity, with the most
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pronounced changes observed for Pb** and Cd*" (Fig. 16). Several studies have used
AUNPs as a colorimetric sensor to detect Pb?* in aqueous media (Chen et al. 2011). This
work focused on the shift of the SPR peak to a longer wavelength caused by Pb?* binding
on the surface of AgNPs, which led to the color change from golden yellow to brown.
Other metals, such as Cu?*, Zn?*, Mg?*, Ni?*, Fe?*, Cd?*, Ca?*, and Mn?*, resulted in no
important change on the nanoparticles’ absorption spectra. Neem leaf synthesized AgNPs
exhibit high selectivity for lead (Pb?*) compared to other metals examined, indicating
unique binding sites. The addition of organic functional groups, such as -NHz, -COOH,
and -OH, act as the stabilizing agent promoting the binding to the surface of AgNPs
(Zangeneh et al. 2016).
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Fig. 15. Plots indicating the selectivity ability of AQNPs towards different metal ions

Fig. 16. Colors before (a) and after (b) sensing with AQNPs

CONCLUSIONS

This study utilized aqueous extracts of neem leaf as reducing and stabilizing
agents to produce AgNPs. The process was optimized under different conditions of
temperature, pH, time, and concentration of plant extract. The findings deduced are given
below:

1. Silver nanoparticles (AgNPs) were synthesized via a cheap bio-reduction method
from leaf extracts of Azadirachta indica.
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2. Qualitative analysis of the leaf extract confirmed the presence of abundant
biomolecules, which function as reducing, capping, and stabilizing agents in the
synthesis of AgNPs.

3. The formation of AgNPs was confirmed by a strong surface plasmon resonance
(SPR) band at 400 nm with an absorbance of 0.223 after 24 hours, as observed in the
UV-Vis analysis.

4. The AgNPs demonstrated notable optical properties in response to the selected heavy
metals, as evidenced by noticeable color changes upon the addition of metal ion
solutions.

5. These findings demonstrate the successful synthesis of stable and well-defined
AgNPs using the leaf extract and their potential as effective optical sensors for metal
ion detection.
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