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Abstract
This study presents an eco-friendly method to synthesize silver nanoparticles (AgNPs) utilizing the leaf extract of Cyn-
ometra ramiflora as a bio-reducing agent. A distinct 431 nm surface plasmon resonance signal confirmed the formation of 
AgNPs. SEM images portrayed uniformly distributed spherical nanoparticles with smooth surfaces. EDX analysis showed 
a prominent peak at 3 keV, confirming elemental silver. TEM analysis indicated that most AgNPs were 10–25 nm in size, 
with a mean size of 18.84 nm. XRD confirmed the face-centered cubic nature of the AgNPs. The d-spacing for the (111) 
plane was found to be 0.2287 nm, in agreement with standard reference values. FTIR analysis demonstrated signals at 
3301, 1637, and 843 cm−1, indicating the engagement of functional moieties in reducing and capping the AgNPs. The 
synthesized AgNPs had a high zeta potential (− 18.2 mV), revealing good stability. The AgNPs demonstrated excellent 
catalytic potential in the presence of NaBH4, degrading approximately 95% of methyl orange dye within 15 min, follow-
ing a pseudo-first-order kinetic model with a kinetic constant of 0.186 min−1.

Keywords  Silver nanoparticles · Cynometra ramiflora · Green synthesis · Catalytic degradation · Methyl Orange · 
Wastewater treatment

1  Introduction

Nanotechnology, a rapidly advancing field in recent years, focuses on materials at the nanoscale (100 nm or smaller). 
These tiny particles possess a significantly high surface area relative to their volume, leading to enhanced properties like 
catalytic activity, and chemical stability [1]. Metallic nanoparticles display various physical and chemical properties that 
make them valuable for researchers across many disciplines, involving biosensors, electronics, healthcare, textiles, food 
science, environmental science, and agriculture [2]. Among various precious metals, silver is often the preferred choice 
for nanoparticle applications due to its distinct properties, including its strong catalytic ability, cost-effectiveness, high 
chemical stability, and good conductivity [3].

Silver nanoparticles (AgNPs) as catalysts are widely used for the environmental remediation of various toxic dyes. 
Methyl Orange (MO), a hazardous azo dye soluble in water, is challenging to eliminate from aquatic environments using 
conventional techniques because it is stable and does not readily break down. Exposure to MO can cause adverse health 
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effects, and high concentrations can be fatal [4]. Various physical and chemical methods have been devised to treat 
industrial dye effluents. However, the majority of these methods are hampered by problems like secondary pollution, 
intricate procedures, substantial expenses, low efficiency in dye removal, and the generation of large volumes of toxic 
sludge and intermediate compounds, making them less viable for practical use [5]. To address the challenges of effec-
tively removing dyes from wastewater, a new and efficient technique has emerged: the reduction of dyes into harmless 
compounds using NaBH4, catalyzed by AgNPs, offering improvements over existing treatment methods [6]. NaBH4 is 
commonly employed in laboratory-scale dye degradation studies due to its strong reducing capabilities, and when used 
in controlled conditions, it poses minimal environmental risk. Its decomposition products are relatively benign under 
standard conditions, especially when handled properly in buffered or aqueous environments.

The synthesis of AgNPs generally employs two prime strategies: the top-down and bottom-up approaches [7]. These 
encompass different methodologies including physical, chemical, and biological methods. Among these, the biological 
or green synthesis approach utilizes both microbes and plants and has gained significant attention over conventional 
physical and chemical methods. This preference is driven by its key advantages, including enhanced safety, environ-
mentally friendly protocols that produce non-hazardous by-products, and the requirement for mild reaction conditions 
[8]. However, plant-based synthesis is increasingly favored due to its non-toxic nature, eco-friendly characteristics, and 
cost-effectiveness [9]. While microorganisms can be used, their need for sterile culture conditions makes them less desir-
able compared to plants.

Plants serve as effective reducing agents in AgNPs preparation owing to the presence of a diverse range of biomol-
ecules (e.g., proteins, flavonoids, polyphenols, and other phytochemicals) that readily donate electrons [10]. A significant 
amount of recent scientific work focuses on the preparation of AgNPs utilizing plant-derived extracts, as evidenced by 
studies reporting the use of plants like Rubus discolor [11], Operculina turpethum [12], Mitragyna parvifolia [13], Olea 
europaea [14], Drymaria cordata [15], and Boerhavia diffusa [16], among others, for this eco-friendly approach. Cynome-
tra ramiflora is traditionally significant in treating conditions like diabetes and hypertension, with different parts of the 
plant used for distinct medicinal purposes. Recent bioassays have revealed its antinociceptive, antibacterial, antioxidant, 
cytotoxic, and antihyperglycemic properties [17]. C. ramiflora possesses a rich profile of natural bioactive components, 
including alkaloids, flavonoids, sterols, terpenoids, and phenolic compounds [17, 18]. These biomolecules make it a 
promising candidate for green nanoparticle synthesis, yet its potential remains largely unexplored. To the best of our 
knowledge, this is the first report on the green synthesis of silver nanoparticles using C. ramiflora leaf extract and their 
application for the catalytic degradation of MO dye. This study not only introduces a novel plant system for nanoparticle 
fabrication but also demonstrates its high catalytic efficiency, offering a sustainable and cost-effective alternative for 
wastewater treatment applications. This research has two primary objectives: first, the preparation and comprehensive 
characterization of AgNPs using the reducing capabilities of C. ramiflora leaf extract; second, the exploration of the 
catalytic ability of these AgNPs to degrade MO dye.

2 � Materials and methodology

2.1 � Materials

C. ramiflora leaves served as the raw material for AgNPs preparation. Fresh leaves were taken from the institute surround-
ings. Analytical reagent grade chemicals, including Methyl Orange dye (HiMedia), AgNO3 (Merck), and NaBH4 (SRL), were 
used without any further purifications. All the reagents were made using distilled water.

2.2 � Cynometra ramiflora Leaf Extract (CRLE) preparation

Cynometra ramiflora Leaf Extract (CRLE) was prepared according to our earlier study with few modifications [19]. Briefly, 
the leaves were initially cleaned thoroughly with tap water with subsequent multiple rinses with distilled water to elimi-
nate any residual contaminants. After being cut into small pieces, 20 g of the cleaned leaves were heated with 200 mL 
of water in a water bath at 80 °C for 30 min. The contents were subsequently filtered with Whatman No. 1 filter paper to 
separate the residual leaves, and the resulting filtrate was refrigerated for subsequent use.
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2.3 � Synthesis of C. ramiflora‑derived silver nanoparticles (CR‑AgNPs)

For the synthesis of C. ramiflora-derived silver nanoparticles (CR-AgNPs), a slightly modified procedure given in the 
literature was followed [19], wherein, 5 mL of CRLE was combined with 45 mL of a 1 mM AgNO3 solution. The contents 
were subjected to a controlled heating of 80 °C for 30 min in a water bath without any pH adjustment. The formation 
of AgNPs was confirmed visually by monitoring the color changes. The resulting solution was designated as CR-AgNPs.

2.4 � Characterization of CR‑AgNPs

The CR-AgNPs that were synthesized underwent various characterization techniques to verify their formation and 
assess their properties. UV–vis spectra were recorded using a Shimadzu UV-1900 spectrometer to identify the surface 
plasmon resonance (SPR) peak. Morphological analysis and size distribution were examined using a JEM-2100 plus 
TEM (JEOL, Japan). Surface morphology was examined with an EVO MA18 instrument. Elemental compositions were 
analyzed using an Oxford Instruments system attached to the SEM (EDX). The crystalline structure was analyzed with 
a Rigaku Miniflex 600 X-ray diffractometer. Finally, FTIR spectra were recorded using a Shimadzu-8400S spectropho-
tometer to examine the functional moieties in the CRLE and on the surface of the CR-AgNPs. The stability and charge 
properties were determined using Dynamic Light Scattering technique (DLS, Malvern Zetasizer Nano).

2.5 � Catalytic reduction of MO dye

The catalytic potential of the CR-AgNPs was examined by monitoring the degradation of MO dye in the presence of 
NaBH4 [19]. The degradation reactions were performed in a standard cuvette containing 3 mL of a 25 mg/L MO dye. 
Each reaction was commenced by introducing 0.05 mL of the CR-AgNPs and 0.1 mL of a freshly prepared 100 mM 
NaBH4 solution. For the control experiment, the reaction was carried out with the same components except CR-AgNPs. 
To calculate the percentage degradation of MO dye at each time point, Eq. 1 was used. This equation typically relates 
the initial concentration of the dye (C0) to its concentration at a given time (Cf), allowing for the determination of 
the degradation efficiency.

To determine the rate constant (k), a pseudo-first-order kinetic equation was employed (Eq. 2).

By plotting ln (C0/Cf) versus t, the value of k was calculated from the slope.

3 � Results and discussions

3.1 � UV–vis spectroscopic results

The UV–vis spectral analysis of CR-AgNPs, with deionized water as a control, is presented in Fig. 1. As the reaction pro-
gressed, the mixture of AgNO3 solution and leaf extract transitioned from yellow to dark brown which confirmed the suc-
cessful formation of AgNPs, indicating the Ag+ reduction to Ag0 by the CRLE. A distinct SPR signal at 431 nm indicates the 
formation of AgNPs, attributed to the surface electron oscillations in nanoparticles when they interact with light. Silver 
nanoparticles are characterized by their ability to provide an SPR absorbance signal within the 400 to 450 nm spectral 
range [20]. The obtained SPR value aligns with literature, such as AgNPs synthesized using Persea americana seed extract 
(430 nm) [21], and Eucalyptus globulus leaf extract (431 nm) [22]. The broadened SPR peak suggests a polydisperse size 
distribution of the synthesized CR-AgNPs. The observed decrease in peak values at 267 and 353 nm points to the critical 

(1)% Degradation =
C0−Cf
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involvement of biomolecules, such as polyphenols and flavonoids, in the dual process of reducing silver ions to AgNPs 
and subsequently stabilizing them against aggregation.

3.2 � SEM and EDX analyses

Figure 2a displays a representative SEM image of CR-AgNPs, showcasing a uniform distribution of spherical nanopar-
ticles with smooth surfaces across the observed area. The particles appear as bright, distinct entities against a darker 
background, indicating high contrast and suggesting a specific material composition. The size distribution of the CR-
AgNPs is relatively homogeneous, and the image visualizes their size within the nanometer range, confirming successful 
synthesis. Additionally, the absence of significant agglomeration or large aggregates indicates effective control over the 
synthesis process, resulting in well-dispersed nanoparticles. Similar structural and morphological features have been 
observed for AgNPs synthesized from extracts of Hebeloma excedens mushroom [23], Garcinia mangostana [24], and 
Moringa oleifera [25].

Figure 2b presents the EDX image of CR-AgNPs, showing a prominent signal at 3 keV, which corresponds to the char-
acteristic signal for silver [26]. This strong signal confirms that silver is the primary component of the synthesized nano-
particles, supporting SEM observations. Additionally, minor peaks are observed around 0.3 keV (attributed to carbon), 
0.5 keV (attributed to oxygen), and 2.6 keV (attributed to chlorine). These elements likely originate from biomolecules of 
the CRLE that are attached to the surface of the CR-AgNPs [23, 25], suggesting they may be capping the nanoparticles.

Fig. 1   UV–vis absorption 
spectra of CRLE and CR-AgNPs

Fig. 2   a SEM image and b EDX analysis of CR-AgNPs
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3.3 � TEM analysis of CR‑AgNPs

TEM image (Fig. 3a) shows mostly spherical, well-dispersed nanoparticles with minimal aggregation. This obser-
vation suggests that the biomolecules of CRLE are effective in capping and stabilizing the nanoparticles, thereby 
preventing agglomeration. Similar to the current study, Bauhinia variegata leaf extract-mediated AgNPs displayed 
a homogenous, spherical, and polycrystalline morphology [27]. To gain a more precise understanding of the size 
distribution, the TEM image was analyzed to generate a histogram (Fig. 3b). This analysis confirms that the majority 
of the CR-AgNPs fall within the 10–25 nm range, with a mean particle size of 18.84 ± 8.67 nm, which is comparable 
to previous reports such as silver nanoparticles synthesized using Rubia cordifolia L. leaf extract, which exhibited an 
average size of 20.98 nm [28].

This narrow size distribution further indicates a controlled synthesis process. Figure 3c depicts the Selected Area 
Electron Diffraction (SAED) patterns, which display clear concentric rings, a characteristic feature of crystalline materi-
als. These rings correspond to different lattice planes of the crystal structure of the CR-AgNPs, indicating their poly-
crystalline nature [29]. The fast Fourier transform (FFT) analysis of the CR-AgNPs is presented in the higher magnifica-
tion TEM image shown in Fig. 3d. The observation of well-defined and consistent lattice fringes provides evidence of 
the high degree of crystallinity in the silver nanoparticles. By measuring the interplanar distance between the lattice 
planes, a d-spacing of 0.241 nm was determined, which aligns with the singular reciprocal points observed in the 
FFT pattern. This measured value of 0.241 nm supports the identification of the material as face-centered cubic (fcc) 
silver, given that it aligns closely with the expected (111) lattice spacing of 0.2359 nm [30].

Fig. 3   a TEM image b size distribution c SAED Pattern and d Higher magnification and the corresponding FFT pattern of the CR-AgNPs
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3.4 � XRD analysis of CR‑AgNPs

XRD analysis (Fig. 4) of the CR-AgNPs reveals the characteristic peaks associated with the fcc structure of silver. The 
presence of prominent signals at 2θ angles of 39.32°, 45.52°, 65.51°, and 78.46° confirms the presence of fcc silver, as 
these peaks correspond to the respective crystallographic planes of (111), (200), (220), and (311). The observed signals 
strongly confirm the crystalline nature of the synthesized AgNPs and show a good match with the standard reference 
data provided in JCPDS card number 04-0783 [31]. The strong correlation between the XRD results and the SAED pattern 
provides compelling evidence that the CR-AgNPs are polycrystalline. In addition to the silver peaks, the presence of peaks 
at 47.56°, 56.04°, and 58.68° may correspond to crystalline phases of residual phytochemicals or bioorganic compounds 
derived from the leaf extract of C. ramiflora. These peaks could originate from the partial crystallization of plant-derived 
compounds such as flavonoids, terpenoids, or phenolic compounds on the surface of the AgNPs. Their presence does 
not interfere with the main silver peaks, suggesting that the metallic core remains pure and crystalline. However, the 
presence of these signals may indicate surface functionalization, which could enhance the stability, dispersibility, or even 
the catalytic performance of the AgNPs by preventing aggregation and introducing active surface sites. This interpreta-
tion is supported by previous reports on green-synthesized nanoparticles, where plant extract residues contributed to 
secondary diffraction peaks [32, 33].

The average crystallite diameter of the CR-AgNPs, estimated with the Scherrer equation, was determined to be 
19.51 nm, indicating that the synthesized nanoparticles are in the nanometer range. This closely matches the average 
particle size observed in TEM (18.84 nm). The size range observed for the CR-AgNPs is consistent with previous reports 
on silver nanoparticles produced using plant extracts. For example, AgNPs from Santalum album fruit extract had a mean 
crystallite diameter of 20 nm [34]. Likewise, AgNPs produced with leaf extract of Artocarpus heterophyllus exhibited a 
mean crystallite size of 20 nm [35]. The d-spacing for the (111) plane is calculated as 0.2287 nm, that is consistent with 
the d-spacing of 0.241 nm (FFT pattern) and the standard value for fcc silver. The lattice parameter determined was 
0.39607 nm, which matches the standard value of 0.4086 nm for silver nanoparticles. The close match in lattice param-
eters further validates the successful formation of crystalline nanoparticles.

3.5 � FTIR results

Figure 5 depicts the FTIR spectral images of the leaf extract and the CR-AgNPs, highlighting the functional moieties 
accountable to reduce and cap CR-AgNPs. The CRLE displays a signal at 3301 cm−1 for O–H stretching from phenolics 
[36], 1637 cm−1 for amide I bands arising due to carbonyl stretch in proteins [37], and 843 cm−1 for C–H bending in 
aromatics [38], indicating their involvement in Ag+ reduction and nanoparticle capping. In the AgNPs spectrum, the 
corresponding shifts to 3312, 1644, and 848 cm−1 indicate that the binding to the nanoparticle surface has changed 
the vibrational energies of the molecules, underscoring the importance of these groups in preventing nanoparticle 
aggregation. These spectral shifts suggest the involvement of hydroxyl, amide, and aromatic functional groups—likely 

Fig. 4   XRD Pattern of CR-
AgNPs
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derived from phytochemicals such as flavonoids, terpenoids, and phenolic acids present in C. ramiflora extract—in 
the bioreduction of silver ions and capping of AgNPs. Flavonoids and polyphenols are known for their strong reduc-
ing capabilities due to hydroxyl groups, while terpenoids can assist in stabilizing nanoparticles via hydrophobic 
interactions and molecular capping. Therefore, the FTIR data not only confirms the participation of these functional 
groups but also point toward the active role of specific classes of bioactive compounds in the green synthesis and 
stabilization of CR-AgNPs.

3.6 � Zeta potential analysis of CR‑AgNPs

The stability of nanomaterials within an aqueous environment is critically dependent on the zeta potential value, 
an important indicator of surface charge. A high absolute zeta potential value implies a strong surface charge on 
nanoparticles, resulting in significant electrostatic repulsion. This repulsion prevents particle agglomeration, ensuring 
excellent colloidal dispersity and long-term stability [39]. Generally, zeta potential values more negative than − 30 mV 
or more positive than + 30 mV are considered highly stable, while values in the range of ± 15–30 mV suggest moder-
ate stability due to sufficient electrostatic repulsion. The zeta potential value of the CR-AgNPs is depicted in Fig. 6. 
The CR-AgNPs exhibited a zeta potential of − 18.2 mV which falls within this moderate stability range, indicating 
that the particles possess adequate surface charge to resist aggregation under ambient conditions. Similarly, green 
synthesized AgNPs from different sources reported comparable values. For example, − 19.7 mV for green tea extract 
[40], − 19.1 mV for Sambucus ebulus extract [41], and − 12 mV for Azadirachta indica leaf extract [42]. Therefore, the 
observed moderately negative zeta potential confirms that the CR-AgNPs are electrostatically stabilized and likely 
to remain well-dispersed in suspension over time.

Fig. 5   FTIR Spectra of CRLE 
and CR-AgNPs

Fig. 6   Zeta Potential of CR-
AgNPs
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3.7 � Catalytic degradation of MO dye

The CR-AgNPs-catalyzed degradation of MO by NaBH4 was monitored using UV–vis spectra. Figure 7a illustrates the 
UV–vis spectra of the MO dye following the addition of NaBH4, highlighting the reaction when the CR-AgNPs catalyst is 
not present. A characteristic absorption peak of MO is observed at 464 nm in the spectrum, corresponding to the azo 
bond (n → π* transition) [43]. No substantial reduction in the absorbance at 464 nm was seen over the 30 min, indicating 
a very slow reaction. The inset image in Fig. 7a, visually confirms the no color change in the dye solution after 30 min. 
Quantitative analysis (Fig. 7c) revealed a negligible MO removal of approximately 0.3% after 30 min. This indicates that 
NaBH4 alone is not an effective reducing agent for MO under these experimental conditions, consistent with literature 
reports highlighting the kinetic barrier for this reaction [44].

The catalytic effect of CR-AgNPs on the reduction of MO by NaBH4 is evident in Fig. 7b. Upon the addition of CR-AgNPs, 
a rapid decrease in the absorbance peak at 464 nm was witnessed over time. Within the first 15 min, the absorbance at 
464 nm significantly diminished, indicating substantial degradation of the MO dye. Quantitative analysis (Fig. 7c) shows 
that approximately 95% of the MO dye was removed within 15 min. This significant enhancement in the reduction rate 
demonstrates the catalytic activity of the CR-AgNPs. The inset images in Fig. 7b, visually confirm this, showing a rapid 

Fig. 7   Comparative analysis of MO dye degradation with and without CR-AgNPs: a and b spectral changes, c degradation efficiency, d 
Pseudo-first-order kinetic plot
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decolorization of the solution from its native color to colorless within 15 min. Furthermore, careful observation of the 
spectra in Fig. 7b reveals a potential increase in absorbance in the region between 250 and 270 nm as the reaction pro-
gresses. This observation suggests the formation of degradation products. Specifically, the reduction of the azo (–N=N–) 
moiety within the MO dye likely involved the formation of a hydrazo intermediate (–NH–NH–), which subsequently 
underwent bond scission to produce colorless degradation products [45]. These colorless degradation products are 
known to absorb UV light in this shorter wavelength region.

The kinetics of the reaction were also investigated (Fig. 7d). The plot of ln(C0/Cf) versus time for the AgNP-catalyzed 
reaction exhibits a linear relationship, suggesting a pseudo-first-order reaction for the MO dye concentration. The cal-
culated rate constant (k) from the slope of this linear fit is 0.186 min−1 with a good correlation coefficient (R2 = 0.9674). 
In contrast, the control reaction shows negligible change in ln(C0/Cf) over time, consistent with its very slow reaction 
rate. To contextualize our findings, we compared our degradation kinetics with values reported in literature for AgNPs 
synthesized using different plant extracts. Studies have demonstrated the pseudo-first-order degradation of MO dye 
with AgNPs synthesized from various plant extracts. The degradation efficiency, as reflected in the rate constant, varies 
significantly depending on the plant source. For instance, Neethu et al. (2019) reported complete degradation of MO 
dye within 10 min using AgNPs derived from Derris trifoliata seed extract, corresponding to a high reaction rate [44]. 
Similarly, Rajasekar et al. (2022) achieved near-complete degradation in 11 min with AgNPs from Heterotheca subaxillaris 
flowers, reporting a rate constant of 0.120 min−1 [46]. In contrast, Sherin et al. (2020) observed slower degradation—tak-
ing 60 min—with AgNPs synthesized from Terminalia bellerica kernel extract, and a rate constant of just 0.0286 min−1 
[47]. These comparisons highlight the superior performance of our CR-AgNPs, which exhibit a higher degradation rate 
(k = 0.186 min−1) than many previously reported green-synthesized AgNP systems. The data underscores the significant 
role of plant extract composition in influencing the catalytic efficiency of AgNPs.

The degradation process occurs through an electron relay mechanism, with CR-AgNPs serving as effective electron 
mediators [48]. In this mechanism, NaBH4 acts as the electron donor, while MO dye functions as the electron acceptor. 
Direct electron transfer from NaBH4

− to MO dye is kinetically hindered. However, the surface of CR-AgNPs facilitates this 
transfer by accepting electrons from BH4

− and subsequently transferring them to MO dye molecules. This action reduces 
the azo bond (–N=N–) in the dye molecule, leading to its degradation into colorless amines.

4 � Conclusion

The present study successfully demonstrated a facile and eco-friendly synthesis of AgNPs using Cynometra ramiflora leaf 
extract. The synthesized AgNPs were characterized using multiple techniques to confirm their morphology, structure, 
stability, and catalytic efficiency. UV–Vis spectroscopy revealed a SPR peak at 431 nm, indicating the successful formation 
of AgNPs. TEM analysis confirmed well-dispersed, spherical nanoparticles with a mean size of 18.84 nm, while XRD analy-
sis revealed a face-centered cubic structure with a crystallite size of 19.51 nm, closely matching TEM observations. FTIR 
spectra highlighted the involvement of functional moieties such as hydroxyl and amide groups in the bioreduction and 
capping of AgNPs. The nanoparticles exhibited moderate colloidal stability as indicated by a zeta potential of − 18.2 mV. 
Notably, the prepared AgNPs displayed excellent catalytic performance to degrade MO dye, achieving approximately 
95% reduction in 15 min and following pseudo-first-order kinetics. The results of this research demonstrate the potential 
of utilizing C. ramiflora leaf extract as an efficient and sustainable method for producing highly stable and catalytically 
active silver nanoparticles, offering a promising avenue for environmental applications. Furthermore, the simplicity and 
green nature of this synthesis method suggest potential scalability; however, challenges such as maintaining batch-to-
batch consistency, optimizing reaction conditions, and ensuring eco-safety at industrial levels must be addressed in 
future studies to facilitate commercial implementation.
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