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This study reports the green synthesis of biogenic silver nanoparticles (AgNPs) for dual applications in

mercury (Hg2+) sensing and catalysis. AgNP formation was visually confirmed by a color change and

corroborated by a surface plasmon resonance band at 441 nm in UV-vis spectra. FTIR spectroscopy,

EDX, TGA, and DLS analyses confirmed phytochemical capping. XRD revealed a face-centered cubic

structure with a crystallite size of 17 nm, while SEM and TEM showed monodispersed spherical AgNPs

with an average size of 20 nm. The synthesized AgNPs exhibited high sensitivity for Hg2+ detection, with

visual color changes and UV-vis shifts yielding low detection (14 ppm) and quantification (41 ppm) limits.

Furthermore, the AgNPs demonstrated significant catalytic activity in reducing 4-nitrophenol to 4-

aminophenol and degrading methyl orange and methylene blue dyes. This green synthesis offers

a sustainable alternative to conventional methods for large-scale AgNP production, enabling selective

Hg2+ detection in wastewater and showcasing its potential for environmental remediation and industrial

catalysis.
Introduction

Interest in nanotechnology is growing because of its numerous
potential uses in a wide range of scientic elds.1–3 Because of
the recent rapid growth and expansion of technology, humans
have placed their condence in nanotechnology and believe it
can increase their current lifestyle.4–6 Metal nanoparticles
(MNPs) are amazing components of nanotechnology with
distinctive physicochemical features.7–9 Scientists have thus
focused their attention and study on ensuring that MNPs are
used in a more acceptable and protable manner in a variety of
disciplines, including electronics, medicine, agriculture, and
water purication. With their low toxicity, ease of synthesis,
controlled products, and versatile uses, silver nanoparticles
(AgNPs) are one of the most remarkable metal nanoparticles
(MNPs) and are the subject of this study.10–12

Mercury (Hg) is a widely recognized acute element that poses
a signicant risk to human health and the environment.13,14 As
a result, identifying Hg2+ ions is crucial in order to remove them
from food and water. Many sensing methods, including atomic
absorption spectrometry (AAS), atomic emission spectrometry
(AES), and inductively coupled plasma mass spectrometry (ICP-
MS), have been used to detect high concentrations of Hg2+

ions.15–18 However, because these technologies require costly
, Khulna 9208, Bangladesh. E-mail:

34915
equipment and intricate methods, they are not very useful for
rapid on-site investigations. To address these drawbacks,
biomaterial-based colorimetric sensors for Hg2+ detection have
been developed. Among various materials, nanoparticles have
shown considerable promise as a sensing probe.19–23

Additionally, organic pollutants have a detrimental effect on
the environment, particularly on water, and are still discharged
frommany factories as discharge effluents. These pollutants are
harmful to human and animal health since they may lead to
a variety of illnesses, such as blood problems, skin irritation,
liver and kidney damage, and poisoning of the central nervous
system.24–26 Organic dyes are a signicant and representative
subset of organic pollutants that also poses a considerable
threat to aquatic ecosystems and human health.26–29 Their
widespread use in industries such as textiles and paper makes
them amajor source of persistent, highly visible, and oen toxic
water pollution. Thus, it has become essential to remove
organic dyes from water. Adsorption and degradation are two
important techniques to remove such organic dyes.30,31 The
degradation of organic dyes is much simpler, faster, and more
consistent than their adsorption-based removal. Organic dyes
undergo degradation to become less harmful components.32

However, the main obstacle in turning these chemicals into
harmless products is their great stability. Certain nanocatalysts
have demonstrated their capacity to accelerate the breakdown
of these organic dyes into colorless, harmless byproducts via
a sustainable procedure.33–35
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Among the noble metal nanoparticles, AgNPs are considered
remarkable and one of the most frequently used nanocatalysts
to degrade organic dyes.36,37 Thus, a prime focus of this study is
to utilize AgNPs to serve a dual purpose: rst, as an efficient
catalyst for the degradation of organic dye molecules, and
second, as a highly sensitive sensing nanoprobe for detecting
toxic heavy metals like mercury in the same wastewater. This
dual-functionality highlights the innovation of our approach,
showcasing a single material that can address multiple types of
water contaminants simultaneously, thereby providing a more
comprehensive and synergistic solution for water treatment.

The literature indicates that green approaches are thought to
be good alternatives for traditional chemical methods in the
synthesis of AgNPs because they do not use any hazardous
chemicals, making them environmentally friendly, and in line
with the UN's sustainable development goals (SDGs).38–40

Moreover, green-synthesized AgNPs have demonstrated their
value as nanocatalysts for the degradation of organic
dyes30,33,37,41,42 and as nanoprobes for the detection of Hg2+

ions.19,20,43,44 AgNPs are synthesized using the aqueous extract of
various plant sources, including Sargassum serratifolium,42

Cucumis sativus and Aloe vera leaf,37 green coffee bean,45 Bi-
ophytum sensitivum leaf,46 Gmelina arborea fruit,47 and Thymbra
spicata leaf,48 and used as a nanocatalyst for the reduction of
organic dyes. Moreover, AgNPs are synthesized using the
aqueous extract of various plant sources, including citrus fruit,44

Viburnum opulus fruit,30 Securidaca inappendiculata Hassk
stem,21 and Piper chaudocanum stem,20 and used as a nanoprobe
for the colorimetric detection of Hg2+. Trigonella foenum-grae-
cum leaf,49 Artemisia vulgaris,50 and Bistorta amplexicaulis root43

are also used to synthesize AgNPs as a nanocatalyst for the
degradation of organic dyes and as a nanoprobe for the detec-
tion of Hg2+. Meanwhile, our research group has also employed
Citrus macroptera fruit peel51 and Piper chaba stem33 to synthe-
size AgNPs, and used them as a nanoprobe for the detection of
Hg2+ ions and as a nanocatalyst for the degradation of organic
dyes. The utilization of redundant plant sources for the
production of AgNPs as both a nanoprobe and a nanocatalyst is
one of the main interests of this study.

According to the literature, Piper chaba includes a variety of
chemicals, the most common of which are alkaloids and
lignan,52–54 which may be able to convert Ag+ into Ag0. From the
existing literature, no AgNPs have been synthesized using Piper
chaba leaves. Thus, the primary objectives of this work are to
establish the ideal synthetic conditions for the synthesis of
AgNPs using the leaf extract of Piper chaba, and then use the
resultant AgNPs as a powerful and efficient nanoprobe for the
colorimetric detection of Hg2+ ions and as a promising nano-
catalyst for the degradation of organic dyes.
Experimental
Collection of plant materials

Piper chaba leaves were collected from the Khulna District of
Bangladesh. To remove impurities, the leaves were rst washed
with normal tap water and then deionized distilled water
© 2025 The Author(s). Published by the Royal Society of Chemistry
(DDW). Then, the leaves were dried at room temperature for 3–4
days and crushed into a powder.

Preparation of plant extract

Crushed leaves (20 g) were placed in a round-bottom ask
containing 200 mL of DDW and boiled for 40 min. Aer cooling
to room temperature, the mixture was rst ltered through
muslin cloth, followed by ltration using Whatman No. 1 lter
paper. The resulting solution was then centrifuged at 11
000 rpm for 10 min to obtain the nal extract, which was stored
at 4 °C for subsequent use.

Materials

AgNO3 was purchased from Merck Chemicals (Merck KGaA,
Darmstadt, Germany). BaCl2$2H2O was purchased from BDH,
UK, while NiCl2$6H2O, CoCl2$6H2O, and CdSO4$8H2O were
procured from Loba Chemie, India. Mg(NO3)2$6H2O, Pb(NO3)2,
and FeSO4$7H2O were obtained from Merck, India, and HgCl2
was procured from Molychem, India. 4-Nitrophenol (4-NP) was
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan), while methylene blue (MB), methyl orange (MO), and
sodium borohydride (NaBH4) were procured from Kanto
Chemical Co., Inc. (Tokyo, Japan).

Green synthesis of silver nanoparticles (AgNPs)

The synthesis conditions were optimized by adjusting certain
parameters such as the temperature, pH, reaction time, amount
of plant extract, and AgNO3 concentration, while keeping the
other variables constant. AgNPs were then synthesized under
the prescribed conditions. A 2 mM aqueous solution of AgNO3

(100 mL) was placed in a volumetric ask. To prevent the silver
from oxidizing, the ask was wrapped with carbon paper. 2 mL
of Piper chaba's aqueous leaf extract was placed in a conical
ask. A 2 mM (40 mL) AgNO3 solution was added to the ask
containing the Piper chaba leaf extract. With continuous stir-
ring, the mixture was heated for 60 min at 80 °C in an oil bath.
The solution changed from colorless to reddish-brown when the
Piper chaba leaf extract was added throughout this procedure,
indicating the formation of AgNPs. The resulting dispersion was
allowed to settle at room temperature for 12 h. The AgNPs
reaction mixture was then centrifuged for 30 min at 11 000 rpm
in the centrifuge machine. To get rid of contaminants, the
precipitate was washed three times with DDW.

Measurements

UV-vis spectroscopic analyses were conducted using a SHI-
MADZU UV-1900i UV-vis spectrophotometer, with the absorp-
tion spectra recorded at a resolution of 1 nm over a wavelength
range of 200–800 nm. X-ray diffraction (XRD) analysis was
conducted on a Rigaku Ultima IV RINT D/max-kA spectrometer
(Tokyo, Japan) using Cu-Ka radiation. FTIR spectra were ob-
tained at 25 °C using a KBr pellet on a JASCO FT/IR-460 Plus
spectrometer (Tokyo, Japan), with a scanning rate of approxi-
mately 4 cm−1 s−1. Thermogravimetric analysis (TGA) was per-
formed using a SHIMADZU TGA-50 instrument (Tokyo, Japan)
RSC Adv., 2025, 15, 34902–34915 | 34903
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at a heating rate of 10 °C min−1 under a nitrogen atmosphere.
The average hydrodynamic diameters were measured using
a NICOMP particle sizer (Entegris, CA, USA) via dynamic light
scattering. Field emission scanning electron microscopy (FE-
SEM) and energy-dispersive X-ray (EDX) analysis were carried
out on a Hitachi SU-8000 microscope (Tokyo, Japan) at accel-
erating voltages of 5 and 10 kV. Transmission electron micros-
copy (TEM) measurements were performed using a JEOL TEM-
2100F eld emission electron microscope (Tokyo, Japan).
Colorimetric detection of mercury (Hg2+)

The colorimetric detection of Hg2+ was carried out using the
identical procedure described in our previous report.19 Several
metal ion stock solutions having different concentrations were
prepared, and AgNPs were added to them in an equal amount to
serve as a colorimetric probe. The absorbance was then recor-
ded using a UV-vis spectrophotometer, and the outcome was
assessed using ultrapure water as a control sample. Metal ions
solutions, including Ba2+, Co2+, Cd2+, Fe2+, Hg2+, Mg2+, Ni2+, and
Pb2+ (1.5 mL, 90 mM), were added to the detection system
(1.5 mL of AgNPs) to evaluate the selectivity. AgNPs, Hg2+ (90
mM), and interfering metal solutions (Ba2+, Co2+, Ni2+, Cd2+,
Mg2+, Pb2+, and Fe2+) (90 mM) weremixed in an equal proportion
to simulate the effects of additional interfering metal ions. The
total volume of the mixture's was kept constant (10 mL). Also,
under the same circumstances, the AgNPs probe evaluated
various quantities of Hg2+ samples (10 to 90 mM) to assess the
probe's accuracy. Aer mixing all of the test samples, they were
to be held for 10 min before the absorption was measured. To
determine the concentration of Hg2+, the measured absorption
was transformed into a linear equation. Based on the following
equation, the limit of detection (LOD) and limit of quantica-
tion (LOQ) of the Hg2+ colorimetric detection by the synthesized
AgNPs were determined:20

LOD = (3 × Si)/b (1)

LOQ = (10 × Si)/b (2)

where, Si = standard deviation of the intercept and b = slope of
the linear tting.
Fig. 1 UV-vis spectrum of a reaction mixture of AgNO3 (40 mL of 2
mM) and Piper chaba leaf extract (2 mL of 1 g/10 mL) after 60 min of
reaction time at 80 °C with (inset) the visual appearance of the reaction
mixture at the initial state and after 60 min.
Catalysis

The catalytic reduction of 4-NP was carried out by adding 1.5mL
of a freshly prepared aqueous NaBH4 solution (20 mM) to 2 mL
of an aqueous 4-NP solution (22 ppm), followed by the addition
of 10 mL of colloidal AgNPs dispersion (0.5 mg mL−1). The
reaction progress was monitored at 25 °C by recording the UV-
vis absorption spectra over time. Control experiments were
conducted under identical conditions, but without the
addition of AgNPs. Similarly, the catalytic reduction of MO and
MB was performed by mixing 2 mL of aqueous MO (15 ppm) or
MB (10 ppm) with 1.5 mL of freshly prepared aqueous NaBH4

solution (20 mM) and 10 mL of colloidal AgNPs dispersion
(0.5 mg mL−1).
34904 | RSC Adv., 2025, 15, 34902–34915
Results and discussion

One special and fascinating technique for assessing the
formation of silver and gold nanoparticles as a preliminary
indication is visual inspection, which is also completely free of
cost. Here, the development of AgNPs via in situ reduction and
coating with the likely phytochemicals of Piper chaba leaf is
demonstrated by the observation of the color shi of the reac-
tion mixture including AgNO3 and Piper chaba leaf extract from
almost colorless to reddish-brown (Fig. 1). UV-vis spectroscopy
is a useful technique to verify AgNPs production and estimate
particle size aer visual investigation. AgNPs production is
indicated by the emergence of the surface plasmon resonance
(SPR) band, and the particle size is predicted by the location of
the SPR band. The synthesized product's UV-vis spectrum
(Fig. 1) revealed an SPR band at 441 nm, which is located in
a region that is characteristic of AgNPs.33 This observation
conrms that AgNPs were formed in the reaction mixture as
a result of Ag+ ions being reduced by the likely phytochemicals
found in the Piper chaba leaf extract.

Many variables, including the temperature, pH, reaction
duration, silver salt concentration, and the presence of reducing
and stabilizing chemicals, are important in the synthesis of
stable AgNPs. As a result, factors including the temperature, pH,
reaction duration, plant extract concentration, and silver ion
concentration would all have an impact on the synthesis
utilizing plant sources. By keeping the reaction volume
constant, the aforementioned factors were examined to opti-
mize the synthetic condition and progress was monitored by
UV-vis spectroscopy.

Themixture of 40mL of 2mM AgNO3 and 2mL of leaf extract
was used in the reactions, which were run for a duration of 10 to
180 min at 80 °C while maintaining a pH of 6.1 (without further
adjusting). This allowed for the evaluation of the impact of the
reaction time. The UV-vis spectra of the AgNPs produced over
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis spectra of AgNPs synthesized using Piper chaba leaf extract under various conditions: (a) time; (b) temperature; (c) pH; (d)
concentration of AgNO3; and (e) concentration of leaf extract to optimize the synthetic conditions.
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a period of 10 to 180 min are shown in Fig. 2a. It demonstrates
that the SPR band of AgNPs was rst observed as a broad peak
aer 20 min. As time passed, the peak sharpened and intensi-
ed, indicating the gradual formation of AgNPs.55–58 However,
aer 140 min, the peak's intensity decreased, most likely as
a result of AgNPs aggregation. While a maximum intense peak
was seen at 140 min of reaction time, good intense peaks were
also observed at lower reaction times. Thus, 60 min was set as
the optimal reaction time when considering time management.

Themixture of 40mL of 2mM AgNO3 and 2mL of leaf extract
was used in the reactions, and the pH was kept at 6.1 (without
any additional adjustments) for 1 h at a temperature range of 30
to 90 °C in order to assess the impact of temperature. The UV-vis
spectra of the AgNPs synthesized between 30 and 90 °C are
shown in Fig. 2b. It can be seen that the sharpness and intensity
of the SPR band increased with temperature, suggesting an
acceleration of the reduction.41,59 The SPR band's intensity
decreased beyond 80 °C. The possible cause of this decline in
peak intensity might be the AgNPs' aggregation.41,55 Neverthe-
less, the SPR band showed a blue shi over 60 °C. Such a change
might be the result of faster reduction, leading to the produc-
tion of smaller particles.56

A mixture of 40 mL of 2 mM AgNO3 and 2 mL of leaf extract
was used in the reactions for 1 h at 80 °C at a pH range of 4 to 9,
using HCl and/or NaOH to adjust the desired pH. This made it
possible to assess how pH affected the formation of AgNPs.
Fig. 2c displays the UV-vis spectra of the AgNPs generated across
a pH range of 4 to 9. It shows that AgNPs' SPR band was only
marginally visible at pH 4, which suggests that AgNPs were not
signicantly formed. It is possible that the increased acidity is
inappropriate for phytochemicals to execute their reducing
© 2025 The Author(s). Published by the Royal Society of Chemistry
capacity.55,60 The sharpness and intensity of the SPR band
increased with increasing pH, suggesting rapid reduction of Ag+

ions and formation of AgNPs. Such fast reduction may result
from the phytochemicals' enhanced reducing ability.61

Furthermore, the change in intensity and sharpness of the SPR
band at pH 6.1 and 7 was drastic, and the maximum intensity
was observed at pH 8. Beyond pH 8, the SPR band's intensity
dropped. The aggregation of AgNPs may be the reason for this
drop in peak intensity. However, to avoid the use of additional
chemicals to adjust the pH of the reaction mixture and to take
environmental concerns into account, the pH obtained in the
reaction mixture aer the addition of AgNO3 and leaf extract,
which is ∼6.1, was selected as the optimal pH.

A mixture of 40 mL of 1 to 5 mM AgNO3 and 2 mL of leaf
extract was used in the reactions, and the pH was kept at 6.1
(without any additional adjustments) for 1 h at 80 °C in order to
assess the impact of the AgNO3 concentration. The UV-vis
spectra of the AgNPs synthesized using different concentra-
tions of AgNO3 are shown in Fig. 2d. The UV spectra showed
that when the concentration of AgNO3 grew, the SPR band's
intensity increased as well, suggesting that many AgNPs were
being formed.41,55,60 The SPR band somewhat redshied beyond
2 mM. Such a red-shi might be caused by aggregation.
However, the SPR band's intensity does not grow in the same
proportion from 1 mM to 2 mM. The phytochemicals found in
2 mL of extract may be in excellent proportion to the Ag+ ions in
2 mM 40 mL AgNO3. Therefore, the optimum concentration of
AgNO3 should be considered as 2 mM.

The mixture of 40 mL of 2 mM AgNO3 and 1 to 5 mL of leaf
extract was used in the reactions, and the pH was kept at 6.1
(without any additional adjustments) for 1 h at 80 °C in order to
RSC Adv., 2025, 15, 34902–34915 | 34905
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Table 1 Calculated d-spacing of the prepared AgNPs

2 theta d-Spacing (Å)

(h k l)

JCPDS: 04-0783 JCPDS: 84-0713

27.87 3.190786717 (1 1 0)
32.12 2.766005296 (1 1 1)
38.12 2.352902950 (1 1 1) (1 2 1)
44.26 2.039561692 (2 0 0)
46.24 1.957756393 (2 0 0)
55.48 1.669903601
57.54 1.598949923 (3 1 1)
64.24 1.440762725 (2 2 0)
67.85 1.385056561
74.76 1.271146444
77.56 1.233614829 (3 1 1)
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assess the impact of the leaf extract concentration. Fig. 2e
displays the UV-vis spectra of the AgNPs that were created with
varying extract concentrations. The UV spectra revealed that the
SPR band's maximum intensity was attained at 2 mL, suggest-
ing that utilizing 2mL of extract resulted in the right ratio of Ag+

ions and reducing phytochemicals. However, the SPR band's
intensity dropped and slightly redshied beyond this volume.
The aggregate might be the reason for such a red shi. There-
fore, it was thought that using 2 mL of leaf extract was ideal.

The total optimization ndings make it clear that the reac-
tion should be carried out by combining 40 mL of 2 mM AgNO3

and 2 mL of extract (1 g/10 mL), while keeping pH 7 at 80 °C for
1 h. This would yield high-quality AgNPs.

XRD examination proved the resulting product's crystalline
nature and phase purity. The dried AgNPs' XRD pattern, which
was synthesized using Piper chaba leaf extract, is displayed in
Fig. 3. Based on the XRD pattern, four distinct diffraction peaks
with 2q values of 38.12°, 44.26°, 64.24°, and 77.56° were iden-
tied. These peaks correspond to the lattice planes of (111),
(200), (220), and (311), respectively, and are well indexed with
the elemental Ag face-centered cubic phase (JCPDS le no. 04-
0783). Moreover, diffraction peaks at 27.87°, 32.25°, 38.12°,
46.24°, and 57.54° correspond to the lattice plane of (110), (111),
(121), (200), and (311), respectively, and are also well indexed
with the elemental Ag face-centered cubic phase (JCPDS le no.
84-0713). These ndings suggest that the nal product is AgNPs
lacking noticeable oxide phases. However, a few unidentied
peaks (55.48°, 67.85°, and 74.76°) can be found in the XRD
pattern; these are most likely impurities of the AgCl phase and
the organic coating with crystalline phases.33,41,62,63 Applying
Scherrer's equation to the diffraction peaks of the (110), (111),
and (200) planes yielded the average crystallite size of 17 nm.
The crystallinity and micro-strain were found to be 90.75% and
1.34 × 10−3, respectively, indicating the high crystallinity of the
Fig. 3 XRD pattern of AgNPs synthesized using 40mL of 2 mM AgNO3

and 2 mL of Piper chaba leaf extract (1 g/10 mL) at pH 7 and 80 °C for
a reaction time of 1 h.

34906 | RSC Adv., 2025, 15, 34902–34915
prepared AgNPs. Bragg's law was used to calculate the d-
spacing, listed in Table 1. This nding suggests that the Piper
chaba leaf phytochemicals can reduce silver salts and create
AgNPs.

FTIR spectroscopy analysis was carried out to investigate the
structure of the organic moieties covering the surface of AgNPs.
The FTIR spectra of the AgNPs produced using Piper chaba leaf
extract and the solid content of leaf extract are shown in Fig. 4.
Both spectra had a wide peak at 3393 cm−1, attributed to the
stretching vibrations of the O–H and N–H bonds. The lower
wavenumber region of the AgNPs spectrum had a broad
shoulder, suggesting that hydrogen bonds have formed
between the AgNPs surface and the O–H and N–H bonds in the
organic molecules that capped them. There were no observable
signals at 3000 cm−1, indicating that the number of aromatic
and alkenyl protons may be quite small. The stretching vibra-
tion of C]O as a small signal at 1715 cm−1 and C]O as
a strong band at 1605 cm−1 are assignable to ester and/or car-
boxy groups and amides, respectively, which exist in Piper
chaba.64–66 The methyl group C–H stretching, C–O–H bending,
and C–O stretching are represented by the bands found at 1455,
1373, and 1046 cm−1, respectively. These characteristics are
Fig. 4 FTIR spectra of the solid content of Piper chaba leaf extract and
AgNPs synthesized using 40 mL of 2 mM AgNO3 and 2 mL of Piper
chaba leaf extract (1 g/10 mL) at pH 7 and 80 °C for a reaction time of
1 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consistent with plant-derived polysaccharides. The capping
chemicals are most likely polysaccharides, amide and hydroxy
groups, carboxy, carboxylate, and/or ester moieties, according
to the FTIR spectroscopy data. The potential structures for
capping compounds are validated by this FTIR spectroscopic
data. As we previously reported,33 the absence of such distinc-
tive FTIR peaks in the spectrum of AgNPs prepared in the
absence of a stabilizing agent suggests that the capping
compounds are derived from Piper chaba leaf extract.

The surface of AgNPs had some organic moieties acting as
capping agents, as shown by the FTIR analysis. Nevertheless,
thermogravimetric analysis (TGA) was used to determine the
Fig. 6 FE-SEM image of AgNPs synthesized from 40 mL of 2 mM AgNO3

a reaction time of 1 h.

Fig. 5 TGA curve of AgNPs synthesized from 40 mL of 2 mM AgNO3

and 2 mL of Piper chaba leaf extract (1 g/10 mL) at pH 7 and 80 °C for
a reaction time of 1 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
relative quantity of these organic moieties. Fig. 5 shows the TGA
curve of AgNPs produced with Piper chaba leaf extract. It shows
that 8% of the weight loss took place at a temperature range of
190–440 °C, which was mostly connected with the AgNPs
surface's organic moieties degrading. The AgNPs are well-
stabilized due to the presence of such organic moieties on the
surface of AgNPs.

The FE-SEM image (Fig. 6) at the high magnication range
(100 nm) shows the dense, random, and compressed distribu-
tion of quasi-spherical nanoparticles with sizes between 15 and
20 nm. This growth of nanoparticles approximately aligned with
the growth of AgNPs utilizing Fusarium solani extracted from
infected tomato plants.67

The elemental composition of green synthesized AgNPs,
particularly the capping of phytochemicals, may be better
understood using EDX analysis. The EDX spectrum (Fig. 7) of
the green synthesized AgNPsmade using Piper chaba leaf extract
conrms that silver (69%) and carbon (10%), as well as oxygen
(8%), are present. As expected, the carbon and oxygen signals
corroborated the ndings of the FTIR and TGA data, and sug-
gested the existence of phytochemicals along with Ag in the
synthesized AgNPs. The carbon and oxygen peaks' notable
intensities suggest that the AgNPs have a substantial coating
layer.

The TEM image (Fig. 8a) shows the formation of AgNPs with
a primarily spherical morphology. The particles have a size
distribution between 10 nm and 50 nm, and most look evenly
distributed and well-separated. The histogram (Fig. 8b) shows
that the particles have an average size of 20.10 nm. The TEM
image at high resolution (Fig. 8c) was taken and a small section
was selected and analyzed. The corresponding FFT graph and
its prole plot are shown in Fig. 8d and e, respectively. The d-
and 2 mL of Piper chaba leaf extract (1 g/10 mL) at pH 7 and 80 °C for

RSC Adv., 2025, 15, 34902–34915 | 34907
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Fig. 7 EDX spectrum of AgNPs synthesized from 40 mL of 2 mM
AgNO3 and 2 mL of Piper chaba leaf extract (1 g/10 mL) at pH 7 and
80 °C for a reaction time of 1 h.
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spacing was found to be 0.234 nm, which is very close to the
calculated value for plane (111) of JCPDS: 04-0783, determined
from XRD data. The non-aggregated spherical shapes reported
Fig. 8 (a) TEM image of AgNPs synthesized from 40 mL of 2 mM AgNO3

a reaction time of 1 h, the (b) corresponding histogram, (c) TEM at 50 nm s
profile plot.

34908 | RSC Adv., 2025, 15, 34902–34915
in this paper probably result from the controlled synthesis
technique using Piper chaba leaves extract green reducing agent.
Negligible aggregation hints at the existence of effective capping
agents, which serve to efficiently stabilize the nanoparticles
maintaining their individual structure. The fact that the AgNPs
have a relatively uniform size and morphology is important to
a number of applications, for example, high surface area and
nanoscale dimensions (critical for antimicrobial activity and
catalytic activity). The lack of major morphological defects
features supports the applicability of the product synthesis
method. Moreover, the synthesis procedure is validated by the
reproducible dispersion along with separate boundaries. This
reects the possibility of using environmental techniques to
synthesize nanoparticles of high quality with application in
industry and biomedicine.

AgNPs' hydrodynamic diameter was assessed using the DLS
technique. AgNPs were found to have an average hydrodynamic
diameter (Dh) of 110 nm, which is greater than the sizes deter-
mined by SEM and TEM studies. AgNPs made using Citrus
macroptera peel extract41 and Piper chaba stem extract33 showed
a comparable difference. As in the previously reported works,
a hydrated layer made up of swelling organic moieties on the
surface of AgNPs in Brownian motion may be the cause of the
larger particle size.
and 2 mL of Piper chaba leaf extract (1 g/10 mL) at pH 7 and 80 °C for
cale, (d) FFT graph of the selected area of (c), and the (e) corresponding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Hg2+ detection using synthesized AgNPs

The oxidation of elemental Ag or AgNPs aggregation caused by
Hg2+ ions is the basis for the detection principle. When Hg2+ is
not present, the AgNPs stay scattered and display distinctive
optical or electrochemical characteristics.21–23,47 Nevertheless,
Hg2+ interacts with AgNPs' surface upon addition, causing
oxidation or aggregation. The optical approach has been used in
this investigation to assess such detection by comparing the
color of the solution and the change in the UV-vis absorption
spectrum before and aer the addition of Hg2+. AgNPs oxida-
tion or aggregation usually causes a change in the absorption
peak, which is observed by either shiing or disappearing, and
may be quantitatively connected with the Hg2+ concentration.
Selectivity of AgNPs

AgNPs' distinct molecular interaction accounts for their selec-
tivity in the detection of Hg2+. Such interactions might be
Fig. 10 Absorption spectra of AgNPs when exposed to various metal ion
metal ions.

Fig. 9 Absorption spectra and visual change of AgNPs when individ-
ually exposed to various metal ions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
assessed by colorimetric and spectrophotometric studies, which
are accomplished by altering the color of AgNPs and its SPR
band, respectively. In an earlier paragraph, it was stated that
synthetic AgNPs had a brown water dispersion with an SPR
band at 441 nm (Fig. 1). In order to conduct the detection and
selectivity test, 90 mM of each of the following cations: Ba2+,
Ni2+, Fe2+, Co2+, Mg2+, Ca2+, Pb2+, and Hg2+ was mixed with an
equal amount of AgNPs separately. For the majority of the
cations, the SPR band's intensity and position remained static,
as did AgNPs' color. However, for Hg2+, the SPR band di-
sappeared and AgNPs' color changed from brown to nearly
colorless (Fig. 9). This result suggests that the AgNPs colori-
metric nanoprobe provided Hg2+ detection selectivity.

In order to accurately assess this selectivity, additional
comparable experiments were carried out. To make a solution
containing two cations, an equal volume of 90 mM of each Hg2+

ion and other cations was combined separately. This combi-
nation was then mixed with an equal volume of the AgNPs
dispersion separately, as previously described. The SPR band
vanished in each instance (Fig. 10a), demonstrating that AgNPs
could selectively detect Hg2+ in the presence of a single cation.
In a similar manner, a solution including many cations is
prepared by mixing an equal amount of 90 mM of each Hg2+ ion
and other cation with AgNPs. The combination of additional
cations did not alter the color of AgNPs or the SPR band in the
absence of Hg2+ ions (Fig. 10b). Conversely, Hg2+ effectively
altered the color and the SPR band of AgNPs vanished in both
the presence and absence of the remaining seven cations
(Fig. 10b). The aforementioned result makes it precise and clear
that the green-produced AgNPs assisted by Piper chaba leaf
extract can detect Hg2+ ions with great selectivity even in the
presence of equimolar concentrations of other interfering
cations from other metals. Numerous reports also showed
comparable outcomes. The outcomes found here are compa-
rable to those of several other published investiga-
tions.19,44,50,68,69 The potential of Piper chaba leaf extract assisted
s (a) Hg2+ with an individual metal ion and (b) Hg2+ with the mixture of

RSC Adv., 2025, 15, 34902–34915 | 34909
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synthesized AgNPs in wastewater treatment is enhanced by
their selectivity in detecting Hg2+.
Sensitivity

One important aspect of sensing analysis is the sensitivity of
a detection probe. Therefore, the effect of the Hg2+ ion
concentrations on the SPR band of AgNPs was extensively
evaluated in order to estimate the sensitivity of the synthesized
AgNPs for the colorimetric and spectroscopic detection of Hg2+

ion. The SPR absorption band of AgNPs with varying Hg2+

concentrations are displayed in Fig. 11; the SPR absorption
band of AgNPs drastically dropped when the Hg2+ concentra-
tion climbed from 10 to 90 pm. The corresponding images of
the detection-analyzing samples (Fig. 11) indicates that when
the concentration of Hg2+ rose, the color of the AgNPs disper-
sion changed from brown to colorless. This observation, which
Fig. 12 (a) The regression coefficient between the change in absorbance
spectra of AgNPs dispersion in the presence of Hg2+ ions (10 mM).

Fig. 11 Visual change and UV-vis absorption spectra of themixtures of
AgNPs and Hg2+ with varied Hg2+ concentrations (10–90 mM).

34910 | RSC Adv., 2025, 15, 34902–34915
was in line with the SPR absorption spectra, veried the rela-
tionship between the colorimetric activity of AgNPs and the
concentration of Hg2+. AgNPs may be employed as a colori-
metric nanoprobe for quantitative Hg2+ detection because of the
direct relationship between the quantity of Hg2+ and the change
in the SPR band absorbance.

The equation y = 0.0025x − 0.0072 (R2 = 0.9949) was used to
compute the linear connection between the concentrations of
Hg2+ ions and the change in the SPR band absorbance, which is
shown in Fig. 12a (Hg2+ concentration varied from 10 to 80 mM).
The limit of detection (LOD) of the AgNPs colorimetric probe
was determined to be 14 mM using eqn (1) and the limit of
quantication (LOQ) was determined to be 41 mM using eqn (2).
Comparable sensing performance was also noted for distinct
AgNPs that were synthesized using different plant sources
(Table 2). Furthermore, a noticeable difference was not visible
until 60 min aer a quick difference was noticed in the AgNPs'
SPR absorption band aer 1 min (Fig. 12b). This suggested
a possible use of the plant-source aided synthetic AgNPs for the
unmodied fast visual colorimetric detection of Hg2+ ions with
a notably low detection limit.
Mechanism of detection

The sensitivity of the Hg2+ ions detection in the presence of
green synthesized AgNPs is an effective and widespread method
with the advantage of a clear colorimetric mechanism through
a simple redox reaction of the AgNPs and Hg2+ ions. Hg2+ ions
play an important role in this redox process.22,77,79 Owing to its
high electrochemical redox potential (0.92 V), Hg2+ ions effi-
ciently promote the oxidation of AgNPs (Ag0) to Ag+ ions (0.8 V),
resulting in the mercury layer formation on the AgNPs surface
and causing the optical property change of AgNPs. The color
change from brown to colorless, which occurs when AgNPs
interact with Hg2+ ions, is a vivid signal for the presence of Hg2+.
This change is the result of a diminution in the SPR absorption
peak of the AgNPs around 441 nm. The intensity of the color
of AgNPs and the concentration of Hg2+. (b) Time-dependent UV-vis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of the AgNPs synthesized in the present work with the reported green synthesized AgNPs for the colorimetric detection of
Hg2+ ionsa

Plant source LOD LOQ Ref.

Coffea canephora fruit skin 0.039 mg L−1 0.130 mg L−1 70
Bell paper 0.03 mM 0.09 mM 71
Manilkara zapota L. peel 10.70 mM 32.43 mM 72
Vachellia xanthophloea 22.2 mM 73.9 mM 73
Citrus japonica leaf 0.09 mM 0.30 mM 18
Acacia raddiana leaf 1.322 × 10−5 M 4.4 × 10−5 M 74
Nannorrhops ritchiana leaf 4.8 × 10−7 M 4.8 × 10−7 M 75
Ziziphus mauritiana leaf 0.04 nM 1.5 nM 76
Acacia confusa leaf 44.3 mM n.f. 77
Soap-root plant 2.2 × 10−6 mol L−1 n.f. 17
Mimosa diplotricha leaf 2.48 mM n.f. 78
Averrhoa bilimbi fruit 1.58 mM 5.27 mM 15
Piper chaba leaf 14 mM 41 mM This work

a n.f. (not found).
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change shows a linear relationship with the concentration of
Hg2+ ions, allowing for precise quantitative determination.
Moreover, the SPR behavior of AgNPs is very responsive to
changes in their surface surroundings. The attachment of Hg2+

ions to AgNPs affects the localized surface plasmon resonance
(LSPR) properties, resulting in a signicant reduction in
absorption intensity and a shi in the position of the absorp-
tion peak. This shi visually shows up as a clear and distinct
color change, reinforcing the robustness of this detection
mechanism.
Catalytic activity

A typical model reaction for assessing the catalytic efficacy of
various metal nanoparticles, such as Ag, Au, Cu, Pt, and Pd, is
the catalytic reduction of 4-nitrophenol (4-NP) to 4-amino-
phenol (4-AP), wherein, the decay of the 4-nitrophenolate anion
allowed UV spectrophotometry to track the reduction process of
4-NP.80,81 Accordingly, this study also focused on the catalytic
activity of the Piper chaba leaf extract-assisted synthetic AgNPs
for the reduction of 4-NP to 4-AP in the presence of sodium
borohydride as a reductant, as well as the degradation of
organic dyes, specically methyl orange (MO) and methylene
Fig. 13 Time-dependence UV-vis absorption spectra for the catalytic re
AgNPs synthesized using Piper chaba leaf extract.

© 2025 The Author(s). Published by the Royal Society of Chemistry
blue (MB). In short, an aqueous NaBH4 solution that had just
been prepared was added to an aqueous 4-NP solution to
generate the 4-nitrophenolate anion. The solution's hue
instantly changed from pale yellow to deep yellow, corre-
sponding with the distinctive absorption peak shiing from
317 nm to 400 nm. The rich yellow hue eventually vanished
upon the addition of the AgNPs, and the strength of the 4-
nitrophenolate ion absorption peak progressively dropped. At
297 nm, a new peak started to emerge, and as time went on, the
absorption peak's strength grew, showing that the decrease of 4-
NP, which was eventually transformed to 4-AP, was progressing
(Fig. 13a). The deep yellow hue remained, the 400 nm peak's
intensity remained constant, and there was no peak seen at
297 nm in the absence of AgNPs. In contrast, the 400 nm peak
vanished, the deep yellow hue became colorless, and the
maximum intensity peak at 297 nm occurred aer 10 min,
indicating that 4-NP had totally converted to 4-AP.

As additional model reactions to verify the catalytic efficacy
of AgNPs utilizing MO andMB, the catalytic degradation of dyes
in the presence of NaBH4 was investigated. This process was
similar to that of 4-NP. The color of the dye solution remained
unchanged and the characteristic peak's intensity remained
duction of (a) 4-NP, (b) MO, and (c) MB by NaBH4 in the presence of

RSC Adv., 2025, 15, 34902–34915 | 34911
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constant in the absence of AgNPs aer 1 h. In contrast, the
characteristic peaks vanished and the dyes became colorless
aer a few minutes, indicating that MO and MB had totally
degraded. With MO, the orange solution changed to a colorless
state, while the intensity of the absorption peak at 467 nm
simultaneously dropped. This outcome amply illustrates the
Piper chaba leaf extract assisted the synthesized AgNPs' catalytic
activity (Fig. 13b). The MO underwent quantitative degradation
aer 8 min, and its catalytic capacity is similar to the previously
reported dispersion of almost identically sized biogenically
produced AgNPs.41 Conversely, the deep blue color of MB
changed to colorless, while the intensity of the absorption peak
at 665 nm simultaneously dropped. This outcome also amply
illustrates that the Piper chaba leaf extract assisted with the
synthesized AgNPs' catalytic activity (Fig. 13c). The MB under-
went quantitative degradation aer 6 min, and its catalytic
capacity is also similar to the previously reported dispersion of
almost identically sized biogenically produced AgNPs.41

In the present work, as indicated in previous works,35,82–85 the
catalytic reduction of 4-NP to 4-AP using an excess amount of
Table 3 Comparison of the AgNPs synthesized in the present work wit
organic dyes

Natural sources Organic components

Trigonella foenum-graecum L. leaf Methyl orange
Methylene blue
Rhodamine B

Sargassum serratifolium Methyl orange
Methylene blue
Rhodamine B

Phoenix dactylifera L. 4-Nitrophenol
Green coffee bean 4-Nitrophenol
Psidium guajava leaf 4-Nitrophenol
Syzygium aromaticum 4-Nitrophenol

Methylene blue
Rhodamine B

Aloe vera leaf and Cucumis sativus leaf Methyl orange
4-Nitrophenol

Piper chaba leaf 4-Nitrophenol
Methyl orange
Methylene blue

Fig. 14 Plots of ln(A/Ao) versus time for the catalytic reduction of (a) 4
concentrations of 4-NP and (c) for the catalytic reduction of 4-NP in diff

34912 | RSC Adv., 2025, 15, 34902–34915
NaBH4 in the presence of AgNPs is considered a model reaction
to evaluate the catalytic efficacy of green-synthesized AgNPs.
The thermodynamically favorable but kinetically unfavorable
reduction of 4-NP to 4-AP could take place in the presence of
AgNPs as a catalyst. It can be assumed that the reduction
occurred via the Langmuir–Hinshelwood mechanism. One
possible explanation is that the 4-NP and borohydride ions
(BH4

−) rst adsorb on the surface of the AgNPs, then the donor
BH4

− relays electrons to the acceptor 4-NP, which is converted
to 4-AP and desorbs from the AgNPs' surface to make the AgNPs'
surface ready for the next catalytic cycles. At the same time, it
can be assumed that the catalytic degradation of MO and MB
occurred via the same mechanism.

The reaction kinetics were monitored from time-dependent
adsorption data. It should be assumed that the reaction
follows pseudo-rst order kinetics, because the concentration
of NaBH4 is higher than that of 4-NP.82,86 Therefore, the pseudo-
rst order rate constants (k) of the reaction were calculated from
the linear tting of the plot of ln(A/Ao) versus t (min) (Fig. 14a),
where Ao and A are the absorbance of the organic molecules (4-
h the reported green synthesized AgNPs for the catalytic reduction of

Rate constant R2 Ref.

0.1665 min−1 0.9366 49
0.1054 min−1 0.9653
0.2004 min−1 0.9838
0.1580 min−1 0.9317 42
0.3299 min−1 0.9624
0.9131 min−1 0.9518
0.004 s−1 0.9618 87
0.0456 s−1 0.990 45
0.159 min−1 0.975 88
0.07494 min−1 — 89
0.34493 min−1 —
0.4431 min−1 —
6.03 × 10−4 s−1 — 37
1.51 × 10−3 s−1 —
0.4584 min−1 0.9867 This work
0.6012 min−1 0.9717
0.8263 min−1 0.8455

-NP, MO, and MB; (b) for the catalytic reduction of 4-NP in different
erent dosages of AgNPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NP, MO, andMB) at the initial state and time t, respectively. The
rate constants for 4-NP, MO, and MB were found to be 0.4584,
0.6012, and 0.8263 min−1, respectively. The results are in good
agreement with the reported works (Table 3).

It is well established that the reactant concentration affects
the rate of a chemical reaction.30,46,84 Here, linear tted plots of
ln(A/Ao) vs. time (min) have been reported for the various AgNPs
and 4-NP concentrations. In order to investigate the impact of 4-
NP on the reduction, initial concentrations of 10, 15, 20, and
25 ppm were used; Fig. 14b displays the outcomes. It was found
that the rate constant decreased as the 4-NP concentration rose.
Since reactions typically accelerate as the reactant concentra-
tion rises, this occurrence is abnormal. The reaction mecha-
nism explains the unexpected phenomenon. A high
concentration of 4-NP causes the AgNPs' surface to be almost
completely covered with 4-NP, which limits the electron tran-
sition from NaBH4 to 4-NP and limits the catalytic activity of
NaBH4.90 In addition, the impact of the AgNPs concentrations
on 4-NP reduction is depicted in Fig. 14c. As the quantity of
AgNPs increased, the rate constant tended to rise.
Conclusions

In conclusion, we successfully synthesized environmentally
friendly silver nanoparticles (AgNPs) using Piper chaba leaf
extract as a natural capping and reducing agent. This green
synthesis method demonstrated reduced toxicity compared to
conventional approaches, making it safer for living organisms
and the environment. The formation of AgNPs was visually
conrmed by a color change and validated by UV-vis analysis
with a surface plasmon resonance band at 441 nm. Structural
analyses using SEM, TEM, and XRD revealed that the AgNPs
were spherical, crystalline, and monodispersed, with an average
size of 20 nm. FTIR and TG analysis conrmed the capping of
the AgNPs with phytochemicals from the leaf extract, which
make them stably dispersed in aqueous media. Notably, these
synthesized AgNPs exhibited multifunctionality by serving as
a sensitive sensing-probe for Hg2+ detection, characterized by
color and absorption peak changes with the LOD value of 14 mM
and LOQ value of 41 mM. The green synthesized AgNPs also act
as an efficient nanocatalyst for the reduction of 4-NP and the
degradation of organic dyes, namely MO and MB. This study
highlights the potential of phytochemical-mediated AgNPs for
sustainable applications in environmental monitoring and
catalysis.
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