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The nanomaterial industry has focused on green synthetic methods to avoid unpleasant compounds produced during
manufacturing, offering eco-friendly, sustainable, and nature-derived alternative methods. In this study, silver nanoparticles
(Ag NPs) have been synthesized from an aqueous extract of the leaves of Rhododendron arboreum, where the pH of the
reaction mixture is found to be crucial. The reaction progress monitored using the UV-Vis spectrophotometer displayed a
strong absorption band at 425 nm at pH 9, suggesting an optimum pH for the synthesis. The Ag NPs thus synthesized were
characterized using instrumental techniques. The attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy showed the presence of phytoconstituents in the aqueous extract, which are believed to be responsible for
reducing Ag+ ions to Ag NPs and capping agents on its surface for stability. X-ray diffraction (XRD) showed a highly
crystalline nature, and energy-dispersive X-ray (EDX) demonstrated the presence of metallic silver. The scanning and
transmission electron microscopy (SEM and TEM, respectively) revealed crystalline morphology and monodisperse Ag NPs of
sizes ranging from 23 to 41 nm. Furthermore, the metal-sensing activity of biosynthesized Ag NPs was evaluated using various
metal ions; they were utilized for highly selective and sensitive colorimetric detection of Hg2+ in an aqueous medium among
various metal ion solutions tested with the detection limit of 0.5mM using the UV-Vis spectrophotometer. Similarly, they were
also shown to be effective for the nanocatalytic activity for degradation of methylene blue dye up to 81%. These studies
demonstrated Ag NPs as potential candidates for selective detection of mercury in water resources, a tool for sensing the heavy
metals and degradation of synthetic dye from industrial effluents in wastewater treatment. Having the high surface-to-volume
ratio and size-dependent functionality of Ag NPs, further optimization studies at micromolar and nanomolar detection limits
will avail its better industrial utilization. Moreover, biologically mediated Ag NPs can also exhibit good antimicrobial activity
against Staphylococcus aureus and Escherichia coli.

1. Introduction

Several nanomaterials have been produced by employing
toxic chemicals for the manufacturing process and leaving
hazardous waste materials behind, but most of them are
dominated by metal-based nanomaterials: silver (Ag) and

gold (Au). In recent years, silver nanoparticles (Ag NPs)
have received significant attention in the chemical and phys-
ical approaches, aimed at reducing or eliminating the noto-
rious materials for human health and the environment [1].
However, the manufacturing process somehow also poses a
significant detrimental effect on the environment. In this
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scenario, plant-mediated synthesis has been recognized as an
alternative biological process for the production and functio-
nalization of nanoparticles (NPs) [2]. Moreover, the biomol-
ecules present in the plant extract consist of a large number
of organic chemicals such as amides, carboxylic acids, poly-
phenols, flavonoids, terpenoids, and alkaloids, and some of
these molecules are capable of donating electrons for the
reduction of Ag+ ions to Ag atoms [3]; also, they act as the
capping and stabilizing agents leading to the formation of
the Ag NPs [4]. Moreover, the biological techniques use
the green chemistry principle to substitute potentially dan-
gerous chemicals with natural products such as phytochem-
icals, enzymes, and biodegradable polymerase. Extracting
diverse portions of plants (roots, leaf, and flower), microor-
ganisms (extracellular and intracellular enzymes and metab-
olites), and biodegradable polymers might provide reducing
agents for the synthesis, and these are superior to the phys-
icochemical techniques of synthesis [4–7].

Several medicinal plants have already reported that they
can be used to synthesize Ag NPs. Similarly, in this work,
leaves of R. arboreum—a small tree or shrub with impressive
red flowers—have been used as a phytoconstituent source. It
is found in Asian countries, including China, Bhutan, Myan-
mar, Nepal, India, Sri Lanka, Pakistan, and Thailand. Fur-
thermore, it is honored as a national flower of Nepal and
has been used for various purposes for a long time. R. arbor-
eum extracts and isolated compounds are found to have var-
ious biological activities such as antimicrobial, antioxidant,
immunomodulatory, anti-inflammatory, hepatoprotective,
adaptogenic, antidiarrheal, antidiabetic, and anticancer
activities proving the plant’s medicinal value which suggests
it as a safe source of plant extract for the synthesis of Ag NPs
[8]. Similarly, quercetin, a flavonol recovered from R. arbor-
eum, has been demonstrated to have the largest zone of inhi-
bition against microorganisms [9]. The flowers of R.
arboreum have been used for medicinal purposes, while the
plant’s leaves have received less attention. Hence, the current
study sought to investigate the range of biological activity of
R. arboreum extracts.

During the synthesis of Ag NPs, physicochemical
parameters such as pH, incubation temperature/duration,
and concentration of silver nitrate and plant extracts play a
crucial role in the particle size, shape, and stability of Ag
NPs [9–12]. So, it is very critical to analyze these aspects
for favorable research and industrial applications. The
numerous applications of Ag NPs in different sectors have
also extended to wastewater treatments [13] since the dis-
charge of heavy metals and toxic chemicals in the environ-
ment, especially in the soil and water, raised a serious
concern for the global ecosystem [10]. These metallic ions
are considered systemic toxicants and classified as human
carcinogens that are known to induce multiple organ dam-
age [14], including the brain, kidney, nervous, and endocrine
systems [15, 16]. In particular, there are several techniques
available for the detection and quantification of heavy metals
that need to be discussed. However, these techniques require
expensive instrumentation and time-consuming sample
preparation and preconcentration procedures [17]. There-
fore, the colorimetric sensing technique is used for the detec-

tion of heavy metal ions in our research which has many
advantages as compared to the other detection technique
in terms of simplicity, rapidity, sensitivity, effectiveness,
and ease of measurement [18, 19].

Similarly, organic dyes are widely regarded as the most
hazardous pollutant having mutagenic and carcinogenic
constituents while most the employee suffers from cancer,
but no constituents are mentioned [20]; these remain in
the environment for an extended period because of their
greater stability which prevents them from being degraded
easily. Consequently, many health-related issues have been
identified, and several environmental risks associated with
these toxic dyes are rife including kidney and liver damage,
central nervous system poisoning, and skin problems as well
as various blood disorders [21, 22]. Different physical and
conventional methods are being used for dye degradation,
such as activated carbon sorption, precipitation, flocculation,
electrocoagulation, UV-light degradation, and redox treat-
ments; ozonation is routinely used for dye degradation; how-
ever, these methods require high cost and energy and are
associated with harmful side products and have limited suc-
cess, leading to the need to develop an environmentally safe
method [23–25]. Ag NPs are a possible alternative to tradi-
tional dye degradation processes because of their unique
physicochemical and electronic properties, which are absent
in bulk materials. Ag NPs are also well-known antimicrobial
agents. It is generally accepted that Ag NPs interact with cell
membranes, DNA, and microbial proteins of the microor-
ganisms to produce antimicrobial effects [26]. Besides their
metal-sensing, dye degradation, and antimicrobial applica-
tions, Ag NPs are also reported to exhibit antifungal, antivi-
ral, anti-inflammatory, antiangiogenic, and anticancer
activities along with diagnostic, biosensor, and gene therapy
applications [27]. The goal of this study is to synthesize sta-
ble monodisperse Ag NPs from R. arboreum leaf extract
with an optimal pH. They were characterized through UV-
Vis, ATR-FTIR, XRD, SEM, EDX, and TEM. This is, to the
best of our knowledge, the first assessment on the synthesis
of Ag NPs using R. arboreum. Further, the metal ion-
sensing capability, catalytic effect, and antibacterial activity
of biosynthesized Ag NPs were investigated.

2. Material and Methods

2.1. Materials. R. arboreum leaves were collected from the
Solukhumbu district of Nepal, with geographical distribu-
tion (27.3600°N, 86.6600°E). The plant was identified by
the Tribhuvan University Central Herbarium. All the chemi-
cals used in this work were of analytical grade. AgNO3, eth-
anol, CuCl2·2H2O, ZnCl2, HgCl2, CdCl2, CrCl3·6H2O,
Ni(NO3)2·6H2O, and FeCl3 were purchased from Sigma-
Aldrich, USA. Furthermore, nutrient agar (NA) and Mueller
Hinton agar (MHA) were purchased from HiMedia (India).

2.2. Preparation of Plant Extract. A sample of R. arboreum
extract was prepared according to the method described in
Gupta et al. [28] with some modifications. Briefly, 20 g of
fresh leaves of R. arboreum was washed thoroughly with
water, cut into fine pieces, and boiled in 100mL distilled
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water at 60°C for 30min. The supernatant was collected
using Whatman Filter Paper No. 1, and the freshly prepared
extract was used in each set of experiments.

In the first set of experiments, a beaker containing a 1 : 9
ratio of R. arboreum aqueous extract and 1mM AgNO3 was
agitated at 500 rpm for 15min at 25°C. The pH of the reac-
tion mixture was optimized to create monodispersed Ag
NPs with adjustable size and shape.

The same approach was used in the second set of the
experiment; however, the optimal pH of the reaction mix-
ture was adjusted. The duration required for the complete
reduction of silver ions to Ag NPs was determined by mon-
itoring the in situ characterization of Ag NPs with a UV-Vis
spectrophotometer at different time intervals of 10, 30, 60,
90, 120, and 150min and 24 h to determine the time
required for the complete reduction of silver ions to Ag
NPs following a previously similar assayed method [29].

2.3. Separation of Ag NPs. After 24 h of incubation, the sus-
pension was centrifuged at 9000 rpm for 20min at 25° C, and
the supernatant was then discarded; the pellet was redis-
persed in distilled water. To remove any adsorbed materials
on the surface of Ag NPs, the centrifugation was repeated
two times. The collected pellet was redispersed in absolute
ethanol and then centrifuged. Purified Ag NPs were then
dried at 30°C in an incubator and stored in an aluminum
foil-wrapped Eppendorf tube for future analysis.

2.4. Characterization of Ag NPs. In situ characterization of
Ag NPs was monitored using a UV-Vis spectrophotometer
(SPECORD 200 Plus, Analytik Jena, scanning range 300-
700nm and resolution 1nm). To determine the crystallinity
of the Ag NPs powder, a routine powder X-ray diffraction
pattern for dried Ag NPs was recorded using the Rigaku
D/MAX-2500/pc diffractometer with monochromatic Cu
Kα radiation of wavelength 1.54060Å 2θ scanning between
20° and 80°. The crystallite size of powdered Ag NPs was
determined via X-ray line broadening using Scherrer’s equa-
tion [30].

The presence of secondary metabolites in the R. arbor-
eum extract responsible for reducing Ag+ to Ag NPs was
investigated empirically using ATR-FTIR, with spectra
scanned in the range of 4000–400 cm-1 (Nicolet iS50 FT-
IR, Deuterated Tri-Glycine Sulfate (DTGS) detector). Scan-
ning electron microscopy (SEM) data coupled with EDX
(Jeol 6390LA/OXFORD XMX N) was used at an accelera-
tion voltage of 20 kV. Nanoparticle size, grain size, size dis-
tribution, and morphology of synthesized Ag NPs were
measured via HRTEM (Jeol/JEM 2100) at 200 kV with dif-
ferent magnification ranges.

2.5. Metal Ion-Sensing Activity of Ag NPs. Metal-sensing
activity of Ag NPs was measured colorimetrically as
described by Puente et al. [31]. In short, 1mL of the metal
solution was added to 4mL (total 5mL) of the Ag NP disper-
sion; the ions used for the tests were Cu(II), Ni(II), Hg(II)
Cd(II), Zn(II), Fe(III), and Cr(III) at a concentration of
10mM and were monitored using a UV-Vis spectrophotom-
eter. Again, the concentration-dependent studies of Ag NPs

with Hg2+ were carried out by adding different volumes (0-
1000μL) of 10mM Hg(II) ion solution with 4mL of Ag
NPs, and then, water was added to maintain 5mL. All result-
ing dispersion was diluted 9 folds, and the absorbance was
measured.

2.6. Photocatalytic Activity of Ag NPs in Dye Degradation.
The catalytic activity of Ag NPs was demonstrated by the
degradation of methylene blue dye, as described by Jyoti
and Singh [32]. In brief, as a stock solution, 10mg of meth-
ylene blue was dissolved in 1 L of distilled water. Then, 1mg
of Ag NPs was added to 10mL of methylene blue solution
and mixed ultrasonically. After that, at a specific time inter-
val, the 4mL of each mixed solution was used to assess the
catalytic degradation of methylene blue. The progress of
the reaction was monitored using a UV-Vis spectrophotom-
eter by measuring the absorbance maxima of the resulting
solution at different time intervals, i.e., 1, 2, 3, 4, and 24 h.
The percentage of dye degradation after 24 h was calculated

using the following formula: %of decolorization = 100 ðA
ₒ − AÞ/Aₒ, where Aₒ is the absorbance of the dye
solution and A is the absorbance of the dye solution after
catalytic degradation.

2.7. Antibacterial Activity of Ag NPs. The antibacterial activ-
ities of Ag NPs resulting from the R. arboreum extract were
evaluated using the Kirby–Bauer Disc Diffusion Susceptibil-
ity Test [33]. The fresh culture of test organisms (Escherichia
coli and Staphylococcus aureus) was spread on the MHA
plate using a sterile cotton swab. Ag NPs (20μL, 25mg/
500μL), neomycin (1mg/mL, positive control), and water
(negative control) were all loaded separately onto the sterile
blank antimicrobial susceptibility discs, which were later
placed on the MHA plate and incubated at 37°C for 18-
24 h. After proper incubation, the zone of inhibition (ZOI)
was measured, and the results were recorded.

2.8. Data Analysis. All the acquired data were analyzed with
the R-programming language (version 1.2.5033), and the
ggplot2 (grammar of graphics 2, version 3.3.3) was used to
create plots.

3. Results and Discussion

3.1. UV-Vis Spectroscopy Analysis. In particular, the UV-
absorption measures the optical property in terms of surface
plasmon resonance of Ag NPs which exhibits between 400
and 470nm; that is affected by different extrinsic factors like
pH, reaction time, and dielectric environment and intrinsic
factors like shape, size, and morphology [34]. UV-Vis
absorption data gives first-hand information at the very
beginning of synthesis, which can be utilized to optimize
the method of synthesis without going through extensive
instrumental analysis [5]. Similarly, here in this study, with
regard to the UV-Vis absorption spectrum, following the
addition of the aqueous extract of R. arboreum to 1mM
AgNO3, the color changed from yellow to dark brown since
the reduction of the Ag+ ions into Ag NPs has been har-
nessed to optimize the extrinsic factors like pH of the
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medium and reaction time that affects the synthesis and sta-
bility of Ag NPs.

Moreover, the bandgap measurement is an essential
metric in the study of nanomaterials. Insulators (>4 eV) or
semiconductors (3 eV) can also be differentiated based on
their bandgap energy [35], which is based on nanoparticle
sizes; when the particle size of nanomaterials decreases, the
bandgap energy increases [36]. The bandgap energy is deter-
mined to be in the range of 4.9 to 4.2eV using Planck’s equa-
tion [37] which was coherent with our study, i.e., 4.7 eV
based on our UV-Vis absorption peak (mentioned in very
topic).

Band gap energy Eð Þ = h × C
λ
, ð1Þ

where C is the speed of light = 3 × 108 m/s, h is Planck’s
constant = 6:626 × 10−34 J s, and λ is the cutoff wavelength
= 400 × 10−9 to 470 × 10−9.

3.2. Effect of pH on Ag NP Synthesis. The synthesis of Ag NPs
via the aqueous extract of R. arboreum was performed over a
pH range of 5.85–10, and Figure 1 shows the UV-Vis spectra
of Ag NPs at various pH. In addition, these show the
increasing pH of the reaction mixture, and the color of the
solution changed from light yellow to yellowish brown to
dark brown (Figure S1). The pH of a solution is an
important parameter that affects the formation of Ag NPs
because the pH can alter the charge of the biomolecules,
which ultimately involves their capping and stabilizing
abilities [38]. Experimental results demonstrated that
almost no Ag NPs were produced at acidic pH at 25°C,
whereas a strong SPR peak around 426nm gradually
occurred with an increase in pH of the reaction mixture
from pH5.85 to 9. A strong surface plasmon resonance
(SPR) peak at 426nm at pH9 was observed and assigned
the optimized pH. Upon further increasing the solution’s
pH10, absorbance decreases due to the particles becoming
unstable and agglomerated [39]. This indicates that the
acidic pH, i.e., pH<7, suppressed the formation of Ag NPs,
and pH9 was the most favorable pH for the formation of
Ag NPs using the leaf extract of R. arboreum. Furthermore,
zeta potential shows significance in the study of
nanomaterials and needs to be discussed. According to the
literature, nanoparticles having zeta potentials greater than
+30mV or less than -30mV are particularly stable in the
dispersion medium [40]. These findings demonstrated that
Ag NPs could maintain their structure over time and
clearly show the effective production of Ag NPs.

3.3. Effect of Reaction Time on Ag NP Synthesis. The study
for reducing the silver ions to Ag NPs was performed by
considering the completion of the color change and moni-
toring the intensity of the UV-visible absorption peaks as a
function of reaction time. Our results show the complete
color change observed after 150min (Figure S2). Similarly,
Figure 2 shows no further increase in SPR intensity after
150min. The SPR peak appeared only after 10min of the
addition of 10mL of the extract of R. arboreum to 90mL

of 1mM AgNO3 under pH9 of the reaction mixture.
Further, the intensity of the peak was increased as a
function of time with no significant peak shift, indicating
an enhancement in the formation of Ag NPs. It was found
that the entire color change was observed after about
150min; thereafter, there was no change in color of the
reaction mixture, which was also confirmed by any
incubation time beyond 150min which showed almost no
further increase in SPR intensity, suggesting that the silver
salt present in the reaction mixture had been completely
reduced within 150min.

3.4. X-Ray Diffraction Analysis. The crystallinity property of
R. arboreum extract-mediated synthesized Ag NPs is con-
firmed by the characteristic peaks observed in the XRD
image (Figure 3). All of the diffraction peaks with indexed
planes 38.16° (111), 44.24° (200), 64.60° (220), and 77.46°

(311) are in good agreement with the face-centered cubic
(fcc) silver lines of the powder data from JCPDS card num-
ber 04-0783 (Table S1). However, some other prominent
peaks at 27.27°, 31.66°, and 45.74° could be due to the
mixed phase of silver nanoparticles with the bioorganic
phase (capping agent) or could be the formation of silver
oxide in the incubation drying process [41, 42]. Here, the
average crystallite or grain domain size was calculated
using the Debye-Scherrer equation and was found to be
8.54 nm.

3.5. Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy Analysis. The leaves and twigs of Rhododen-
dron are found to contain phenolic acids, which are
described to have anti-HIV, anti-inflammatory, and antino-
ciceptive activities [43]. Similarly, the possible role of pheno-
lic acids in the reduction of Ag+ ions to Ag NPs and stability
in the form of a capping agent has been established through
the ATR-FTIR study, where the Figure 4(a) spectrum shows
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Figure 1: UV-Vis absorption spectra of green-synthesized silver
nanoparticles at various pH values (pH 5.85, 7, 8, 9, and 10) of
the reaction mixture.
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the transmission peaks at 3307, 2383, 2350, 2324,1636, 1459,
1144, 1072, and 423 cm-1 for the leaf extract, whereas
Figure 4(b) shows transmission peaks at 3726, 3583, 2920,
2383, 2350, 2324, 1610, 1550, 1511, 1052, 1033, 1013, and
666 cm-1 for Ag NPs synthesized from R. arboreum. Here,
the spectrum appears to show the stretching of O-H and
N-H; a broad and strong absorption band in the region of
3500-3000 cm-1 refers to the presence of phenolic acids
which is shifted to the very weak band at ~3500 cm-1 and
also proves the involvement of the phenolic functional group
in the formation of Ag NPs, similarly like the role of citrate/
ascorbate ions in the reducing, stabilizing, and complexing
agent [44]. The absorption bands at 3726, 3583, and

3307 cm-1 refer to O-H stretching for the phenolic group
in phenolic acids. The band 1634 cm-1 is caused by the
C=C stretch of alkenes or the C=O stretch of amides. The
change in wavelength from 1634 to 1544 cm-1 suggests that
the (N-H)CO group has been linked to NPs. The peak at
1453 cm-1 is attributed to C-N stretching, probably due to
the presence of an aliphatic amine group in the protein, as
well as C-H bending, and it disappears in Ag NPs. C-
stretching is responsible for the absorption at 1025-
1200 cm-1. The peak at 990 cm-1 might represent the =C-H
group bending vibrations or C-H stretching of alkenes with
side-chain vibrations, whereas the peak at 419 cm-1 could
be ring-opening vibrations. The presence of =CH in aro-
matic compounds causes absorption at 650-850 cm-1. The
appearance of a 650 cm-1 peak might be attributed to carbo-
hydrate ring deformation. All the above results make coher-
ence with other similar work related to NPs based on green
synthesis methods, which are also described by Dangi et al.
[30].

3.6. Energy-Dispersive X-Ray Analysis. The EDX spectrum
revealed the elementary composition of the biosynthesized
Ag NPs (Figure 5) and demonstrated a definite signal of
the metallic silver region at 3 keV, validating the synthesis
of Ag NPs from the leaf extract of R. arboreum; further,
the carbon and oxygen signals were also found. The result
would correlate to the presence of Ag NPs capped with
extract biomolecules owing to the presence of C and O,
but it might also be from Ag2O due to partial oxidation dur-
ing drying as determined by XRD examination. According
to the EDX results, the biosynthesized Ag NP contained
82.3% silver by weight (Figure 5, Table S2). Moreover, a
similar study conducted by Femi-Adepoju et al. found 16%
of silver by weight [45]; similarly, Dangi et al. have done a
meticulous analysis of Ag NPs and found 27.63% of Ag
NPs by weight [30]. Thus, our results suggest that this
study has shown better results than the previous study
with regard to the silver content on Ag NPs.

3.7. Transmission Electron Microscopy (TEM)/Scanning
Electron Microscopy (SEM) Analysis. The size, shape, and
morphology of Ag NPs were observed with TEM, where
the micrographs revealed the spherical-shaped Ag NPs with
an average diameter ranging between 23 and 41nm
(Figure 6). The TEM micrographs showed that the Ag NPs
formed were predominantly monodisperse and uniform in
size, proving that R. arboreum is an efficient source for the
synthesis of Ag NPs. The crystallinity of Ag NPs was also
analyzed through Selected Area Electron Diffraction
(SAED), where the d-spacing calculated from the diffraction
ring of SAED (8.021/nm) is in close agreement with the d-
spacing obtained from the XRD and JCPDS 04-783 database
shown in Table S3 [46]. Further, the scanning electron
microscopy of Ag NPs produced from the R. arboreum
confirms the formation of highly crystallite nanostructures
that are roughly spherical (Figure S7). This image does not
show significant results parallel to the TEM; thus, it is
shown in the supplementary file.
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3.8. Interaction of Ag NPs with Different Metal Ions and
Detection of Hg2+. The sensing characteristics of green-
synthesized Ag NPs were tested for the colorimetric deter-
mination of Cu(II), Ni(II), Hg(II), Cd(II), Zn(II), Fe(III),
and Cr(III) metal ions monitored using UV-visible spectros-
copy (Figure 7). The Hg2+ metal ions changed the color of
the Ag NP solution from dark brown to colorless, whereas
the other metal ions had no significant effect on the color
of the solution (Figure S3).

Hence, the prepared Ag NPs can detect Hg2+ ions in an
aqueous medium using a colorimetric sensor. The color of
the Ag NP solution was dark brown, and a characteristic
SPR observed at 425nm was the absence in the mixture of
the resulting solution of Hg2+ ion and NPs. This could be
due to Ag0 being oxidized to Ag+ during the reduction of
Hg2+ ions [13]. The UV-visible spectra of the metal-
sensing application of green-synthesized Ag NPs using R.
arboreum obtained demonstrated that the addition of a
known concentration of various metal ions has no obvious

effect on the SPR band as compared to the Hg2+ ion shown
in Figure 7. Thus, green-synthesized Ag NPs obtained using
R. arboreum at pH9 have very high selectivity and specificity
towards Hg2+. Similarly, Demir et al. used leaves of Lantana
camara to synthesize Ag NPs for colorimetric sensing of
Hg+2 [47]. The photographs taken after 10min of adding
different concentrations of Hg2+ to Ag NPs showed the
visual color change of Ag NPs, which could be easily visual-
ized by the naked eye as shown in Figure S4. Similarly, with
an increase in the concentration of the Hg2+, the intensity of
SPR decreased gradually and shifted towards a lower
wavelength along with the broadening of the SPR band, as
shown in Figure S5. The influence of Hg2+ ions on the
surface of Ag NPs with or without amalgamation, or a
reduction in the size of the Ag NPs, could cause a decrease
in the intensity of the SPR band with a blue shift [48]. As
the concentration of the Hg2+ increases from 0.1 to
0.7mM, the dispersion color gradually changes from dark
brown to colorless. The minimum detectable concentration
of the mercury ion was determined by the complete
disappearance of the absorbance peak and was found to lie
in the range of 0.5 to 0.6mM.

3.9. Degradation of Methylene Blue: Catalytic Effects. The
catalytic activity of Ag NPs on the degradation of methylene
blue dye was monitored with a UV-Vis spectrophotometer.
The absorption maxima for methylene blue dye in water
were found to occur at 664nm in the visible region [32].
The experimental result revealed a decrease in the color of
the methylene blue solution with time which finally changed
to colorless (Figure S6). The significant decline in the
absorbance value of methylene blue dye approaching the
baseline further verified the degradation of the dye
(Figure 8). Finally, the peak of methylene blue disappeared
with the increase in the reaction time. Photocatalysis is a
key mechanism in dye effluent treatment, in which
irradiated electrons are excited from the valence band to
the conduction band, resulting in the formation of
electron-hole pairs. The generated hydroxyl radical is a
powerful oxidizing agent that completely degrades the dye
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into nonhazardous products (CO2, H2O, etc.) [49]. The
percentage of degradation efficiency of silver nanoparticles
was found as 81.87% at 24h. The degradation percentage
increased with increasing reaction time (Table 1). The
methylene blue absorption peak was diminished and
eventually disappeared as the reaction time was increased,
indicating that the biosynthesized Ag NPs could degrade
dye. Similarly, the green-synthesized Ag NPs from
Terminalia arjuna leaves exhibited strong degradation of
methylene blue (93.60%); completing the reduction
reaction within 20min was reported [50]. In our study,
biosynthesized Ag NPs are less efficient degrading agents
of methylene blue. The photodegradation of MB dye
involves the generation of reactive species like hydroxy
(·OH) radical and hole (h+) by Ag NPs, which was
evidenced by the active species trapping experiment
performed by Kadam et al. [51]. Based on their

experiment, the possible mechanism of generation of active
species and degradation of MB can be outlined below.

Ag + hv⟶Ag+ e− CBð Þ + h+ VBð Þ� �

H2O + h+ ⟶OH· + H+

O2 + e− ⟶O2
−·

O2
−· + H+ ↔HOO·

2HOO· ⟶H2O2 + O2

H2O2 ⟶ 2OH·

MB + OH· ⟶ degraded products
MB + h+ ⟶ oxidized products
MB + e− ⟶ reduced products

ð2Þ

20 nm 10 nm

2 nm5 nm

20 nm

24.71 nm

32.28 nm

41.11 nm
23.52 nm

8.02 1/nm

6.09 1/nm

26.78 nm

5 1 nm

Figure 6: TEM and SAED images of Ag NPs at different scale bars (20, 10, 5, and 2 nm). The images show the monodisperse and spherical-
shaped Ag NPs. The diameter obtained in the SAED data is used to measure the d-spacing (Table S3) which was compared with d-spacing
with XRD data and JCPDS 04-0783.
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Migration of electrons from Ag NPs plays a vital role in
the degradation of dyes leading to nonhazardous products
(CO2, H2O, etc.) [49, 52, 53].

3.10. Antibacterial Activity of Ag NPs. The antibacterial
activity of Ag NPs was studied using the diffuse disc method
against both Gram-positive (S. aureus) and Gram-negative
bacteria (E. coli). The biosynthesized Ag NPs showed better
antibacterial activity against both types of bacteria
(Figure 9). When compared to E. coli, Ag NPs had higher
antibacterial activity against S. aureus, resulting in a larger
zone of inhibition (Table S3). The antimicrobial activity of
Ag NPs mostly depends on the structure of bacterial
species, the final inoculated concentration of bacteria, pH,
shape, size, and concentration of Ag NPs [54]. In addition,
the biological activity of inorganic nanoparticles may be
influenced by antibacterial activity: size distribution, shape,
surface charge, surface chemistry, capping agents, and
other variables are among them [51–53, 55, 56]. Moreover,
the antibacterial activity of Ag NPs is due to the generation
of reactive oxygen species (ROS) in the cellular
environment that leads the DNA damage and disruptions
of cellular activities. The possible detailed mechanisms of
antibacterial activity have been discussed already by our
groups in a previous article [5]. Accordingly, NPs may
release silver ions, which enhance antibacterial properties
by disabling respiratory chains, disrupting cell membranes,
rupturing cellular contents, or attaching to functional
groups of proteins, causing protein denaturation or
blocking DNA replication [31, 54, 55, 57, 58]. In turn,
Dangi et al. observed that green-synthesized Ag NPs
showed the highest inhibition which was found on K.
pneumoniae (12mm) followed by E. coli (11mm) and S.
aureus (11mm) with the least for S. typhimurium (7mm)
using the agar well diffusion method [30]. The release of
silver ions was linked to the microbial activity of Ag NPs
measuring 20–80 nm by several authors, whereas 10nm Ag
NPs proved more detrimental to E. coli due to the smaller
size of the NPs [59]. In addition, the Ag NPs synthesized
using Murraya koenigii (L.) (MK) revealed that the growth
of all tested S. aureus strains was inhibited (∼90%) in the
presence of 32μg/mL of MK-Ag NPs with ZOI 16mm.
Further, the sensitive strain of E. coli (21mm) showed the
least resistance to MK-Ag NPs with >81% inhibition at
16μg/mL [60]. The inhibition potential of the freshly
prepared Oscillatoria limnetica Ag NPs (22mm against E.
coli and 20mm against B. cereus) was more relatively
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Figure 7: UV-Visible spectra recorded during metal-sensing
application of different metals (Cu(II), Ni(II), Hg(II), Cd(II),
Zn(II), Fe(III), and Cr(III)) using biosynthesized Ag NPs using R.
arboreum.

0.0

0.5

1.0

1.5

2.0

2.5

200 400 600 800

Wavelength (nm)

A
bs

or
ba

nc
e

Attributes
M
1 h
2 h

3 h
4 h
24 h

Figure 8: UV-Visible spectra illustrating the extent of methylene
blue dye degradation in the presence of Ag NP catalyst at various
time intervals (1, 2, 3, 4, and 24 h) in the visible region.

Table 1: Methylene blue degradation (%) by green-synthesized Ag
NPs at different time intervals (1, 2, 3, 4, and 24 h).

Time (hours) Amount of degradation (%)

1 10.64

2 22.15

3 32.24

4 43.23

24 81.87

S. aureus E. coli
1

1

3

3

2

2

Figure 9: Antibacterial activity of Ag NPs against S. aureus and E.
coli synthesized from R. arboreum. The activity was measured
(Table S4) in terms of zone of inhibition (ZOI) with the standard
antibiotic neomycin (center), distilled water (1), plant extract (2),
and Ag NPs (3) using the disc diffusion method.
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pronounced than that induced by the tested antibiotics
(19mm for cefaxone and 18mm for tetracycline) as
reported by Hamouda et al. [61]. As a result, the
antibacterial activity demonstrated by our sample could be
due to the presence of bioactive molecules on the surface
of silver nanoparticles which needs to be explored further
for future applications.

4. Conclusions

In conclusion, the synthesis of biomediated Ag NPs using R.
arboreum leaf extract critically depends on the pH and time
of the reaction mixture. UV-visible spectroscopy results
inferred that the formation of Ag NPs is in an aqueous
medium, and X-ray diffraction (XRD) reveals the nature of
Ag NPs, crystallite, and face center cubic structure of silver
nanocrystals. ATR-FTIR spectroscopy confirmed the fabri-
cation of Ag NPs using phytoconstituents, correspondingly
like the reducing and stabilizing agents in chemical synthe-
sis. Similarly, SEM and TEM analyses confirmed the forma-
tion of spherical-shaped Ag NPs with sizes ranging from
23.52 nm to 41.11 nm. The synthesized Ag NPs showed
remarkably high sensitivity towards the Hg2+ compared to
other metal ions and detected the Hg2+ ions in 0.5 to
0.6mM. At the concentration of 0.6mM of Hg2+ ions, the
SPR of Ag NPs disappeared entirely, indicating the naked
eye sensing limit. The synthesized Ag NPs are also used as
a catalyst in the degradation of hazardous dyes; thus, they
can be referred to as eco-friendly and cost-effective ways to
use for sustainable goals in the environment. The efficiency
of degradation is increased by increasing the time intervals.
Hence, biosynthesized Ag NPs can be used in the purifica-
tion of water and the treatment of effluent. Similarly, Ag
NPs demonstrate good antibacterial activity against E. coli
and S. aureus in vitro, paving the path for their possible top-
ical administration against infections caused by those bacte-
ria after careful in vivo testing. As a result, we believe that R.
arboreum leaves could be a viable option in nanotechnology.
Further research into pharmacological aspects R. arboreum
should be carried out to help with future concerns.
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