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Shabab Hussain Abstract

Shabab.hussain@unimiit This study reports the green synthesis of silver nanoparticles (AgNPs) using Solanum
Full list of author information is lycopersicum var. cerasiforme (SLC) leaves extract as a natural reducing and stabilizing
available at the end of the article agent under direct sunlight for just only 3 min. The main objective was to develop

a rapid, cost-effective, and environmentally friendly method to fabricate SLC-
functionalized AgNPs (SLC-AgNPs) for dual applications: highly selective colorimetric
detection of mercury ions (Hg”*) and photocatalytic degradation of methylene blue
(MB) dye. The synthesized nanoparticles were characterized by UV-Vis, FTIR, XRD,
SEM, EDX, and DLS, confirming their spherical shape (~38 nm), crystalline structure,
and stable surface functionalization. The SLC-AgNPs exhibited exceptional selectivity
for Hg?* through a redox reaction mechanism, enabling colorimetric sensing

with a low detection limit of 37.7 nM and a linear response range of 40-180 nM.
Detection of Hg?* in real river and tap water samples validated the sensor’s practical
applicability, with recoveries above 85%. In addition to sensing, the SLC-AgNPs
demonstrated significant photocatalytic efficiency, degrading 83.4% of MB dye within
80 min of sunlight exposure, following pseudo-first-order kinetics with an activation
energy of 35.02 kl/mol. This dual- functionality capability highlights the novelty of
the green synthesized SLC-AgNPs as an eco-friendly nanomaterial that combines
sensitive heavy metal detection with effective dye degradation. These findings
suggest promising potential for SLC-AgNPs in sustainable environmental monitoring
and wastewater treatment, bridging cost-efficiency with high-performance
nanotechnology.
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1 Introduction

Global attention and popularization are focused on nanotechnology research, which
remains the foundation for numerous significant advances and achievements, and will
probably continue to do so in the future, along with other remarkable scientific findings
[1]; [2]. The relevance of nanoscience and its rapid applications, research, and develop-
ment in this field have exploded globally [3]. The remarkable properties of nanomate-
rials, including size, shape, topography, solubility, and other physicochemical features,
have enabled tremendous advancement in nanoscience [4]; [5]. The physical characteris-
tics of nanoparticles (NPs) vary substantially from those of their source material due to
their large surface area and small size [6]; [7]. This technology involves the production of
nanomaterials, used in different fields, such as catalysis, heavy metal sensing, antimicro-
bial agents, and biomedicine [8]; [9]; [10] [11].

NPs are synthesized using various physical and chemical techniques; nevertheless,
these approaches are not eco-friendly and are costly [12]; [13]. Biological methods have
been proposed as a viable alternative for synthesizing NPs to meet current demand
[14]. In NP production plants, fungi, algae, and bacteria are explored. Using In this case,
employing plant materials for NP synthesis is more advantageous than other methods
because of its eco-friendly nature and cost-effectiveness. Moreover, plant-mediated
synthesis is generally faster, more cost-effective, and simpler to scale up for producing
substantial quantities of NPs [15]; [16]. Silver nanoparticles(AgNPs) are sought after for
advanced applications in all areas of technology and study [17]. Compared to traditional
methods, green chemistry offers many advantages for fabricating AgNPs [18]. These
advantages include reduced energy consumption, straightforward scalability for large-
scale NP production, higher yields, cost-effectiveness, and no need for specialized isola-
tion or culture preparation. Furthermore, it is environmentally sustainable [19]. Because
they lack harmful chemical compounds on their surface, AgNPs are safe for biological
cell types and useful in sensing and dye degradation applications [20]. This is accom-
plished through the reduction and stabilization of these elements utilizing plant extracts
[21, 22]. Several plant extracts, each with its a unique composition, such as those from
Pistacia atlantica Desf. [23], Catharanthus roseus (L.) G.Don [24], Citrullus lanatus
(Thunb.) Matsum. & Nakai [25], Myrsine africana L. leaves [26], and Olea europaea
L. leaves [9], have been identified and documented for their role in the green synthesis of
AgNPs.

Four heavy metals lead, cadmium, mercury, and arsenic, are among the 10 hazardous
compounds or groups of chemicals that the World Health Organization (WHO) high-
lighted in 2017, along with other health concerns. Mercury tops the list and is a notorious
toxicant [27]. Because of its high solubility in water, the water-soluble divalent mercuric
ion (Hg?") is one of the most prevalent and stable inorganic mercury forms. It has a den-
sity of 13.53 g cm ™ and does not float on the surface of water [28]. Mercury (Hg**) is an
omnipresent environmental danger with both natural and anthropogenic origins [29].
Hg?* has harmful effects on the central nervous system, kidneys, endocrine system, and
brain [30]. It is important to monitor Hg>" levels in the environment under aqueous con-
ditions with high sensitivity and selectivity to reduce interference from other metal ions.
Traditional analytical techniques, such as Inductively Coupled Plasma Mass Spectrom-
etry (ICP-MS) and Atomic Absorption Spectrometry (AAS), for detecting heavy met-

als involve expensive, time-consuming sample preparation, complex instruments, and
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sophisticated sample handling [31]. Thus, easy, quick, and cost-effective techniques for
tracking heavy metal contamination in diverse matrices are highly desirable. Colorimet-
ric sensors have attracted significant attention because of their inexpensiveness, ease of
use, and capacity to deliver quick and clear data for the identification of toxic metals
[32]. In this regard, plasmonic metal nanoparticles such as AgNPs have garnered much
interest because of their remarkable optical properties resulting from localized surface
plasmon resonance (LSPR). This phenomenon is responsible for their unique coloration,
which varies with changes in wavelength and absorption intensity [33]. These features
make them attractive options for the development of colorimetric sensors. Therefore,
AgNPs synthesized using SLC extract were used for the colorimetric detection of Hg**.

On the other hand, organic dyes are believed to contain carcinogenic and mutagenic
ingredients, making them among the most dangerous pollutants [34]. These substances
exhibit significant resistance to degradation, allowing them to persist in the environment
for prolonged durations [35]. Consequently, several health problems and numerous
environmental hazards have been associated with these poisonous dyes. These include
kidney and liver damage, toxicity affecting the central nervous system, skin illnesses,
and various blood abnormalities [36]. Methylene blue (MB) has a robust heterocyclic
aromatic structure with a central sulfur atom. Because of its structure, it is more dif-
ficult to break down naturally by bacteria or sunlight [37]. Consequently, it is essential
for MB dye in effluents to undergo degradation to mitigate its detrimental impacts. Dye
degradation processes include various physical and conventional procedures, such as
activated carbon sorption, flocculation, electrocoagulation, ultraviolet light degrada-
tion, and redox treatments [38]. Ozonation is a common approach for dye deterioration.
However, these methods often require significant energy, incur high costs, and gener-
ate unwanted by-products [39]. As a result, an environmentally safe method needs to
be developed. SLC-AgNPs have unique physicochemical and electrical properties not
found in bulk materials, making them a viable alternative to conventional dye degrada-
tion techniques [40].

Herein we synthesized an easy-to-use, cost-effective, and highly selective colorimetric
Hg?* sensor based on Beefsteak tomato (Solanum lycopersicum var. cerasiforme (SLC)
leaves extract-functionalized silver nanoparticles (SLC-AgNPs). The green synthesized
SLC-AgNPs were characterized by UV-visible spectrophotometry, Fourier-Transform
Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), Scanning Electron Microscopy
(SEM), Energy Dispersive Spectroscopy (EDX) and DLS (Dynamic Light Scattering). The
colorimetric sensing ability of SLC-AgNPs was evaluated against Hg?* in aqueous solu-
tion among various competing transition metal ions. The feasibility of detecting Hg?*
was also assessed in river water and tap water samples. Additionally, the effectiveness
of SLC-AgNPs was evaluated for photocatalytic degradation of MB dye. Several plant
species have been successfully utilized in the green synthesis of AgNPs due to their rich
phytochemical content, which acts as natural reducing and capping agents. However,
this study introduces a novel and rapid sunlight-assisted synthesis approach using S lyco-
persicum leaves extract. Unlike many previous methods that require long reaction times,
additional heating, or pH adjustment, our approach achieves stable AgNP formation
within just 3 min of natural sunlight exposure. Moreover, the use of S. lycopersicum, a
commonly available plant along with a rich phytochemical composition (e.g., flavonoids,
alkaloids, phenolics), adds novelty to the synthesis route [41]. This method is not only
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eco-friendly and cost-effective but also highly efficient in producing AgNPs with dual
functionality: colorimetric detection of Hg?* and photocatalytic degradation of dyes,
demonstrating enhanced multifunctionality over previously reported systems.

2 Experimental and methodology

2.1 Materials

Silver nitrate (AgNO;>99%), (Hg(NO;), 99%), (CANO;>99%), (CoNO,=98%),
(PbNO;3299%), (NINO3>99%), (FeCl;>98%), were purchased from Sigma-Aldrich. All
the reagents used in the experiment were of analytical grade. Throughout the experi-
ment, solutions were prepared using deionized water (DW). S. lycopersicum (SLC) leaves
were collected from privately owned land belonging to one of the authors in Sargodha
District, Punjab, Pakistan, and identified, by Dr. Muhammad Nauman Khan, Depart-
ment of Botany, Islamia College Peshawar, Peshawar 25120, Pakistan. The species is not
protected, and is not listed as endangered. Therefore, no specific permissions or licenses
were required for its collection. All procedures complied with relevant institutional,
national, and international guidelines and legislation.

2.2 Extraction of SLC

A standardized method was employed to prepare an aqueous extract of SLC leaves [42].
Fresh SLC leaves were thoroughly rinsed with distilled water to eliminate dirt and other
contaminants. The samples were then dried in the shade for eight days. After drying, the
SLC leaves were coarsely ground into a fine powder, which was passed through a sieve
to remove larger particles. 5 g powder were mixed with 200 mL of distilled water, using
a magnetic stirrer for 2.5 h at 50 °C. The suspension was then filtered with Whatman
filter paper No. 41, and the filtrate was collected in a conical flask and stored at 4 °C for
further analysis [43].

2.3 Synthesis of green silver nanoparticles using SLC extract (SLC-AgNPs)

For the synthesis of SLC-AgNPs, 10 mL of liquid extract was mixed with 10 mL of a
1.0 mM AgNO; solution, following the protocol of Assad et al., (2023) with some modi-
fications [44]. The mixture was then placed outdoors for different durations on bright,
sunny days, and exposed to direct sunlight, with regular observations to monitor the
reaction’s progress. All sunlight-assisted synthesis experiments were performed on
clear, sunny days between 10:00 AM and 2:00 PM under direct solar exposure (UV to
IR spectrum). The UV index was monitored using a mobile application and maintained
between 7 and 10 to ensure consistent irradiation conditions. This ensured consistent
and effective photoreduction of Ag* ions using S. lycopersicum leaf extract. As the con-
centration of AgNPs increased, the solution changed color from yellowish brown to a
deeper brown. The solution was then centrifuged for 20 min at 10,000 rpm. The wash-
ing procedure was performed three times to remove the unreacted material. A portion
of the isolated pure solid AgNPs was utilized for characterization analysis, as shown in
Fig. 1. The impact of various synthesis parameters on the preparation of SLC-AgNPs was
investigated. The influence of SLC concentration on the production of SLC-AgNPs was
examined by incorporating 1-20 mL of SLC extract into the synthesis process along-
side 10 mL of 1 mM AgNO; solution. The reaction mixture was then subjected to sun-
light for 3 min, during which LSPR was assessed using UV-vis spectra. The impact of
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Fig. 1 Schematic representation of the green synthesis of silver nanoparticles (SLC-AgNPs) using SLC extract and
AgNO; under sunlight exposure

different concentrations of Ag* ions (from 1 to 5 mM) on the synthesis of SLC-AgNPs
using 10 mL of SLC was investigated. After mixing, the solution was subjected to sun-
light exposure for about 3 min. Similarly, a 1 mM (10 mL) Ag* solution was mixed with
SLC (1 mg/10 mL) to investigate the effect of sunlight exposure on the synthesis of SLC-
AgNPs utilizing SLC extract. The exposure duration to sunlight varied between 10 s and
3 min. Moreever, the stability of the biosynthesized SLC-AgNPs was evaluated under
different pH conditions.

2.4 Effect of different physiochemical parameters on the synthesis of SLC-AgNPs

To find the best reaction conditions, the current study investigated several physicochem-
ical parameters affecting SLC-AgNP synthesis. Experimental variables such as plant
extract dose, Ag* ion concentration, and reaction duration can influence AgNP synthe-
sis. UV—vis spectroscopy was employed to record and identify the ideal conditions for
SLC-AgNPs production.

2.4.1 Characterization

The biosynthesized SLC-AgNPs were characterized by UV-visible spectrophotometry,
Fourier-Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), Scanning
Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDX) and DLS (|Dynamic
Light Scatering). The absorption spectra of SLC and SLC-AgNPs were obtained using a
UV-Vis spectrophotometer (UV-1800 Shimadzu) over the 200-800 nm range. The SLC
extract and SLC-capped AgNPs were analyzed by FTIR spectroscopy with a Shimadzu
FTIR-8400S spectrometer using the KBr pellet method. Both spectra were derived from

20 scans at a resolution of 2 cm™ -1

, covering the range of 4000-400 cm ™", to improve the
signal-to-noise ratio. Crystal size and phase of the biosynthesized SLC-AgNPs were eval-
uated by XRD (JDX-3532, JEOL, Tokyo, Japan). The surface morphology, dimensions,

structure, elemental composition, and quantification of SLC-AgNPs were analyzed using
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EDX (Carbon Sticker No G3347,) Plano, Wetzlar, Germany) alongside scanning electron
microscopy (SEM) (Carbon Sticker No G3347) Plano (Wetzlar, Germany). Images were
produced utilizing SEM—-EDX with an acceleration voltage of 5 kV. A chemical micro-
analysis was conducted utilizing SEM—EDX techniques. The sample was meticulously
drop-cast onto a pristine glassy carbon plate for SEM measurements, followed by drying
before imaging. Zeta potential (ZP) and Zetasizer (Malvern Zetasizer Nano ZS) were
utilized to assess zeta potential and perform DLS analysis. The topological charge and
resilience of SLC-AgNDPs were evaluated using ZP, and the size distribution of the syn-
thesized SLC-AgNPs was determined by DLS.

2.4.2 Colorimetric sensing of heavy metal ions using SLC-AgNPs

The biosynthesized SLC-Ag NPs were combined with various metal ion solutions (Cd**,
Co*', Pb*, Ni*, Hg*', Fe*', Zn**, and Mn?") to evaluate the potential sensing ability
of the SLC-AgNPs, following the protocol of Jabbar et al., (2023) with minor modifica-
tions [20]. Test tubes were prepared, each holding a suspension of SLC-AgNPs (1 mL)
mixed with different metal ion solution (1 mL of 1 mM) for this experiment. The UV-vis
spectrum of each solution containing SLC-Ag NPs and metal ions was then recorded.
A notable color change was detected for Hg?>*. The minimum concentration of Hg?*
detectable with the SLC-Ag NPs was determined by analyzing the spectra across a range
of Hg?" concentrations from 40 to 180 nano molar (nM) and constructing a calibration

curve.

2.4.3 Photocatalytic degradation of methyl blue using SLC-AgNPs

The photocatalytic performance of biosynthesized SLC-AgNPs was assessed by degrad-
ing MB dye under sunlight, following the protocol specified by Assad et al., (2024), with
few modifications [45]. Briefly 5 mg of was dissolved MB in 500 mL of distilled water
to prepare a stock solution. Then, 5 mg of SLC-AgNPs was added to 30 mL of the dye
solution, which was continuously stirred at 150 rpm and then incubated in the dark for
20 min. After incubation, the mixture was exposed to sunlight for 80 min, and absorp-
tion spectra were taken at various intervals during this period. The photocatalytic deg-
radation experiments were performed under direct sunlight between 10:00 AM and 2:00
PM on clear, sunny days. The sunlight intensity during the experiments was monitored
using a mobile application, with the UV index ranging from 7 to 10, ensuring consistent
full-spectrum irradiation (UV to IR) across all trials. The gradual fading of color in the
solutions indicated dye degradation. Equation (1) was used to calculate the percentage of
dye degradation in each solution.

Ag— Ay

% dye degradation =
Ao

x 100 (1)
This is where the absorbance of the dye at various intervals (A;) is shown alongside its
initial absorbance (A,). The peak, absorbance of dye MB was recorded at 665 nm.

2.5 Statistical analysis
All experiments were performed in triplicate, and results are expressed as mean * stan-
dard deviation (SD). To evaluate the significance of differences across experimental
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groups, a one-way ANOVA was applied using Origin 2021 software. Statistical signifi-
cance was considered at p < 0.05.

3 Results and discussion

3.1 Physicochemical characterization of the synthesized SLC-AgNPs

3.1.1 SLC-AgNPs synthesis and potential mechanisms of synthesis

Using the green approach, yellowish-brown SLC-AgNPs were synthesized by mix-
ing SLC extract with AgNO;, and solution, exposing the mixture to sunlight for 3 min.
Figure 2 shows the synthesis scheme for SLC-AgNPs. The SLC leaves extract, AgNOq
solution, and the synthesized yellowish-brown SLC-AgNPs are shown in Fig. 1. The phy-
tochemicals in the SLC leaves extract reduced Ag" ions to metallic Ag’, which subse-
quently aggregated to form yellowish-brown SLC-AgNPs. The phytochemicals in the
extract of SLC leaf extract eliminated the need for potentially hazardous reducing agents
by acting as both reducing and capping agents. The mechanism for SLC-AgNPs synthe-
sis involves the reduction of Ag* ions to Ag® by the phytochemicals in the SLC leaves
extract upon exposure to solar radiation, as illustrated in Fig. 2. The active phytochemi-
cal compounds in SLC extracts, such as monoterpenes, phenolics, flavonoids, alkaloids,
sterols, and other substances like ketones, esters, carboxylic acids, ether, and polyphe-
nols, reduce Ag* in AgNO, to generate Ag’ (Eq. 2) [46]. No additional toxic reducing
agents or capping agents were used in this process because the phytochemicals in SLC
served as stabilizing, ameliorating, and reducing agents [47]. The mechanism is summa-
rized as follows;

AgNOs; + SLC —X — (AgNOs) — (SLC — X ) = Ag” + NO3;~ + Oxidation Products  (2)

where “X” denotes the ester, ketone, carboxylic acid, and ether groups in the SLC extract.

In the nucleation process, which follows the conversion of Ag* to Ag® atoms, Ag’
atoms ultimately clump together to form nanoparticles. These phytochemicals initiate
SLC binding on these clusters. The functional groups on these incorporated aggregates
further transform Ag* atoms into Ag® atoms (Eq. 3):

Ag®,, + 1( SLC — X) — (Ag°,,) — (SLC — X), (3)

These phytochemicals in the SLC extract promote growth and stabilization by colli-
sion, Ag" fusion, and growth, resulting in the production of AgNPs. The Fig. 2 presents
the detailed mechanisms involved in the synthesis of SLC-AgNPs. The nucleation and
growth processes determine the size and shape of any metal nanostructure, and these

Nucleation Growth

Ag®

Bio-reduction Stabilization

Flavonoids,
alkaloids,
ketone, ester,
carboxylic acid,
ether

Fig. 2 Synthesis scheme for biosynthesized SLC-AgNPs
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processes are affected by the quantity and composition of active species in the extract.
Nucleation refers to the reduction of metal ions in bulk, whereas growth describes the
reduction of metal ions during the nucleus stage [48].

3.1.2 Effect of concentration of SLC on AgNPs synthesis

To study the effect of SLC extract on SLC-AgNP production, a solution containing SLC
extract (1-20 mL) and 1 mM Ag" ions (10 mL) was subjected to sunlight for a predeter-
mined duration. The UV-vis spectra of each sample were documented. A unique local-
ized surface plasmon resonance (LSPR) peak for AgNPs was observed in all samples as
the SLC extract dose increased from 1 to 20 mL. A bathochromic shift in absorbance
and a movement toward a greater A, ,, occurred as the SLC dose increased from 1 to
20 mL. For SLC dosages of 1, 5, 10, 15, and 20 mL, the A, values were 398, 403, 407,
411, and 420 nm, respectively. This red shift in A, is attributed to the presence of fewer
functional groups in the leaf extract when 1 mL of extract was combined with 1 mM
Ag" ions. As a result, fewer and smaller-sized SLC-AgNPs were produced, resulting in a
shorter A, and lower absorbance of the LSPR peak. At the same Ag" ion concentration,
increasing the SLC extract dosage made more functional groups accessible, leading to
the formation of bigger AgNPs and a change in A, to a higher wavelength with higher
absorbance, as shown in Fig. 3A.

~——1mL
1.8 4
1.6 4
1.4+
= 1.2
< 1.04
2
£ 0.8
3
2
0.6
0.4
0.2
0.0 T T T T 0.0 T T T T
400 450 500 550 400 450 500 550
Wav elength (nm) : Wavelength (nm)
1.8- =3 min
164 (C)
1.4
= 1.24
g 1.0-
=
5 0.8 1
B
- 0.6 4
0.4 4
0.2 4
0.0 T T T T
400 450 500 550
Wavelength (nm)

Fig. 3 A Effect of SLC extract on SLC-AgNPs, B Effect of Ag* concentration on SLC-AgNPs, C Effect of exposure to
sun radiation on SLC-AgNPs
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3.1.3 Effect of Ag* ions concentration on AgNPs synthesis

The effects of different concentrations of Ag* ions on the production of SLC-AgNPs
were studied by mixing 10 mL of SLC extract with 10 mL of Ag* ions at concentrations
ranging from 1 to 5 mM, then exposing the mixture to sunlight for 3 min. Figure 3B
displayed the UV-vis spectra recorded for each AgNPs sample. As the concentration of
Ag* ions increased from 1 to 5 mM, a distinct LSPR peak for AgNPs appeared in each
sample. Increasing the Ag+ion concentration from 1 to 5 mM caused a hypochromic
shift in absorbance, with the Amax moving to higher wavelengths. The Amax values for
the 1, 2, 3, 4, and 5 mM Ag" ion solutions were 420, 433, 440, 446, and 451 nm, respec-
tively. This red shift in A, occurs because, in the 1 mM Ag" ion solution mixed with
10 mL of SLC extract, there were sufficient ions to form a specific number of smaller
SLC-AgNPs, resulting in a shorter A, for the LSPR peak.

3.1.4 Effect of sunlight exposure time on SLC-AgNPs synthesis

SLC-AgNPs were prepared by mixing 10 mL of SLC extract with 10 mL of Ag® ion
(I mM) solution, and the mixture was then exposed to sunlight for 10, 30, 1, 2, 3, and
min. This parameter investigated the effects of sunlight exposure on the synthesis of
SLC-AgNPs. The UV-vis spectrum was recorded at regular time intervals. At each time
interval (from 10 s to 3 min), SLC-AgNPs exhibited a distinct LSPR peak. As the dura-
tion of sunlight exposure increased-from 10 s to 3 min the A ,, shifted to a higher wave-
length with a hypsochromic shift in absorbance. The A, values were 402, 408, 411, 414,
and 420 nm at 10 s, 1 min, 2 min, and 3 min, respectively. The smaller-sized SLC-AgNPs
present throughout the 10 s exposure period produced a red shift in A, by shorten-
ing the LSPR peak. As the exposure duration increased, more AgNPs with larger sizes
were produced, causing the A, to shift to a higher wavelength with higher absorbance.
As shown in Fig. 3C, the UV-vis spectra of SLC-AgNPs were affected by exposure to
sunlight.

3.1.5 Effect of pH on the stability of SLC-AgNPs in terms of LSPR

The surface charge of nanoparticles (NPs) varies in response to variations in the pH of
the dispersion medium. This charge shift allows for the prediction of NPs stability in a
given dispersion medium. The stability of SLC-AgNPs in dispersion media was evaluated
by dispersing them in a pH range of 2 to 8, and recording their UV-vis spectra. Figure 4
presents these UV-vis spectra. As shown in Fig. 4, absorbance was lower at acidic pH
values and increased as the pH shifted from 5 toward neutral and alkaline conditions.
Maximum absorption was observed at pH 8. This is because, at acidic pH (pH<4), pro-
tons in the dispersion media neutralized the negative charges on the SLC-AgNPs sur-
face, as shown by the SLC-AgNPs zeta potential of 23.7 +2.4 mV. Because of this, the
AgNPs aggregated, reducing their absorption and, ultimately, their stability. The stability
of the suspension is maintained by the mutual repulsion of the negatively charged NPs,
and the functional groups of the AgNPs do not protonate when the dispersion medium
pH is above 5. Increased repulsion between the NPs increases the stability of smaller-
sized NPs at alkaline pH levels. This increased the absorption intensity, which in turn
raised the stability of SLC-AgNPs. For medical applications, the produced NPs must be
stable at physiological pH.



Tooba et al. Discover Nano (2026) 21:14 Page 10 of 31

1.8+ ——2pH

Absorbance (a.u)

350 400 450 500 550 600 650
‘Wavelength (nm)

Fig. 4 Effect of pH on biosynthesized SLC-AgNPs

One important consideration when using NPs for practical applications is their col-
loidal stability [49]. Producing stabilized NPs requires the use of stabilizing chemicals
because uncapped NPs have high surface energy and a tendency to aggregate. In this
work, SLC was used to stabilize AgNPs. Because of the repulsive forces between individ-
ual NPs, the resulting SLC-AgNPs have a negative surface charge and exhibit good stabil-
ity in the liquid phase, as shown by their negative zeta potential value of -23.7+2.4 mV.
The nitrogen containing groups in the SLC are primarily responsible for the negative
surface charge. The temperature, pH of the medium, and electrolytic ion concentration
all significantly affect the colloidal stability of AgNPs. The aggregation of NPs occurred
when the electrolyte neutralized the charges on their surfaces. Furthermore, as Fig. 4
illustrates, the stability of the NPs was evaluated over a wide pH range (2-8). The UV—
vis spectrum in an alkaline electrolyte was not significantly altered, suggesting that
deprotonation of the amine functionalities on the surface of SLC-AgNPs contributed to
the high stability of NPs in an alkaline environment. On the other hand, a notable reduc-
tion in absorption intensity and, consequently, the stability of the SLC-AgNPs was noted
in the acidic medium. This might be because acid protons neutralized the NPs’ surface

charges, reducing their repulsion and causing aggregation.

3.2 Characterization
SLC leaves extract mediated biosynthesis of AgNPs was exposed to sunlight, resulting
in a color change from yellow to brown. This color change indicated the formation of
SLC-AgNPs. The bioactive compounds present in the SLC extract acted as both reduc-
ing and capping agents. A UV—-vis spectral peak at 420 nm further supported the LSPR
of AgNPs, as shown in Fig. 5A. Our results were in good agreement with those of Assad
et al., (2023) [44]

The bandgap of SLC-AgNPs was calculated using data collected from UV-visible
spectra using a tauc plot (Eq. 4).

(ahv)" = A (v — E,) (4)

The absorption coefficient, Planck’s constant, frequency, energy-independent constant,

bandgap energy, and type of transition (n=2 for direct band gap material) are denoted
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Fig. 5 A UV-vis spectrum of biogenic SLC-AgNPs and SLC extract, B The determination of the optical band gap
(Eg) for SLC-AgNPs

by o, h, v, A, Eg, and n, respectively. The term "h v" represents the incident photon
energy. In the Tauc plot, the x-axis is labeled "h " and the y-axis is labeled "(ahrv)™". The
bandgap value of 2.52 eV was determined from the linear relationship between (ahv)?
and hv as shown in Fig. 5B. Previously reported energy bandgap values for AgNPs are
consistent with this result. Mistry et al., (2021) reported a band gap energy of 2.48 eV
for AgNPs [50]. Aziz et al., (2018) found that AgNPs synthesized by the sol-gel method
have a band gap energy of 2.5 eV [51]. The measured bandgap of 2.52 eV indicates that
the synthesized SLC-AgNPs possess photocatalytic characteristics.

The biomolecules and functional groups present in the SLC extract and SLC-AgNPs
were evaluated using FTIR spectra ranging from 400 to 4000 cm™ *. The results demon-
strated that phytochemicals are involved in the biosynthesis of SLC-AgNPs. The spec-
trum of the SLC extract and SLC-AgNPs, showed little difference in peak positions of
the peaks as shown in Fig. 6. The shifts in functional groups between the SLC extract
and SLC-AgNPs in the FTIR spectra provide evidence that SLC-AgNPs biosynthesis
occurs successfully. Since phytochemicals facilitate the reduction of stable Ag* to Ag®,
this is reflected in the shifts of functional groups. The broad O—H/N-H stretching peak
shifting from 3464 cm™ to 3296 cm™! emphasizes that hydroxyl and amine groups are
primarily responsible for stabilizing the NPs [21];[52]. The shift in the C=0O stretch-
ing peak from 1707 cm™ to 1710 cm™ indicates is the participation of carbonyl groups
in capping of the nanoparticles [17]. The shift in the aromatic C=C stretching from
1573 cm™ to 1593 cm™! further confirms the involvement of active polyphenolic com-
pounds in nanoparticles formation [20]. The IR absorption peak at 557 cm™, charac-
teristic of Ag—O bonds, which is absent in the extract but present in the SLC-AgNPs,
confirms that the Ag nanoparticles are firmly connected with the bioactive compounds
validating the synthesis of stable AgNPs [9];[53]. These findings support the synthesis of
SLC-AgNPs using SLC extract through eco -friendly methods.

XRD is a key technique for characterizing the crystal structure and properties of nano-
materials. XRD analysis was conducted to investigate the crystal structure, phase, and
purity of the biosynthesized SLC-AgNPs, as shown in Fig. 7. The XRD data showed typ-
ical reflections of the face-centered cubic (fcc) structure of AgNPs (JCPDS, Card No.
04-0783) at 20 values of 38.2°, 42.6°, 64.4°, and 77.6°.Previously reported XRD analyses
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demonstrate distinct diffraction peaks characteristic of a crystalline structure in the FFC
sample, confirming its well-defined phase composition [54]; [55]; [56]. This pattern veri-
fied the crystalline nature of the SLC-AgNPs produced by reducing Ag* with SLC extract
[57]; [58]. In addition, the crystallite size was measured using Scherrer’s equation (Eq. 5):

KA\
"~ Bcosb (5)

where K is the Scherrer’s standard and its number is 0.9. X is the X-ray source, which
is equal to (0.154 nm). The radian degree value of the FWHM of the analyzed peaks is
represented by the p symbol. Additionally, O represents the orientation of the peak in
radians. Depending on the reflection, the size of the crystallites, as estimated by analyz-
ing the pattern’s XRD peaks, was 15 nm.

The lattice parameter of the biosynthesized SLC-AgNPs was estimated using X-ray dif-
fraction (XRD) analysis and Bragg’s Law. The detected XRD peaks at 28 values 38.2°,
42.6°, 64.4°, and 77.6°, correspond to the (111), (200), (220), and (311) crystallographic
planes of the face-centered cubic (fcc) structure of AgNPs (JCPDS Card No. 04—0783),
confirming the FCC structure of the silver NPs. Using the interplanar spacing (d) and the
FCC lattice equation, the lattice parameters for these planes were calculated as 4.07 A,
4.25 A, 4.09 A, and 4.07 A, respectively. The average lattice parameter was found to be
4.08 A indicating, which is an indication of their high crystallinity and a well-defined
structure.

The surface morphology of the biosynthesized SLC-AgNPs was analyzed by SEM, as
shown in Fig. 8A. The spherical particles, formed without significant aggregation with
an average size of 37.7+1.7 nm, as shown in Fig. 8B. Furthermore, to determine the
elemental composition, EDX spectra were obtained for both the SLC extract and the
SLC-AgNPs samples. The EDX spectra revealed strong signals for Ag in the SLC-AgNPs

Diameter = 37.71+1.7 nm
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Fig. 8 A SEM analysis of SLC-AgNPs, B Histogram of size distribution accompanied by the lognormal curve; the
average size along with the standard deviation is provided, C EDX pattern of SLC extract and D EDX pattern of
SLC-AgNPs
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sample, confirming the presence of AgNPs, as shown in Fig. 8C. The elemental composi-
tion of the SLC-AgNPs was calculated, showing 27.11% Ag, 29.94% oxygen by weight,
20.00% carbon, and some other elements, which might be due to the plant extract. The
EDX spectra of the plant extract are shown in Fig. 8D. However, the plant extract did not
show any Ag signal. The presence of indications for S, K, Ca, Si, Mg, Na, P, N, Cl, and
Al indicated that the extract contains phytochemical components. Compared with the
uncapped extract, the capped AgNPs showed a decrease in the C and O signals.

The hydrodynamic diameter of SLC-AgNPs was estimated using DLS zeta sizer analy-
sis, as shown in Fig. 9A. The measured size of the NPs was 51.7+2.9 nm. There were
very few aggregates, and the particles exhibited excellent dispersion in water for this size
range. The size determined by DLS analysis was larger than that observed by SEM and
UV-vis examination [59]; [60] This difference may be due to the presence of a solva-
tion shell around the AgNPs which contributes to the bigger size measured by DLS [57].
Furthermore, DLS measurements are based on intensity, while SEM pictures provide
the distribution of particle numbers. Zeta potential, a fundamental concept in nano-
technology, governs the interactions and stability of NPs. The stability and aggregation
of particles may be inferred from zeta potential (ZP) measurements, which regulate the
kind and intensity of their surface charges [57]; [59]. The long-term colloidal stability of
SLC-AgNPs was evaluated using zeta potential measurements. As shown in Fig. 9C, the
freshly synthesized NPs exhibited a strong negative surface charge, indicating good elec-
trostatic repulsion and dispersion stability. After 2 months of storage at room tempera-
ture, the zeta potential remained relatively stable at -28 £1.8 mV (Fig. 9D), confirming
that the NPs maintained their surface charge and did not undergo significant aggrega-
tion or degradation over time. This result demonstrates the effective capping and sta-
bilizing ability of the S. lycopersicum extract, supporting the long-term usability of the
synthesized AgNPs.

The XPS analysis of SLC-AgNPs reveals two major peaks at 368.1 eV (Ag 3ds/,) and
374.1 eV (Ag 3ds/,), which are characteristic of metallic silver (Ag®). These peaks confirm
the successful reduction of Ag* to Ag® during the green synthesis using S. lycopersicum
leaf extract as shown in Fig. 10A. In addition to the main Ag’ signals, smaller peaks at
slightly higher binding energies (~369.3 eV and ~ 375.3 eV) are also observed. These are
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Fig. 10 A XPS spectrum of Ag 3d region showing peaks for Ag® and Ag*, confirming the mixed oxidation states
of silver in SLC-AgNPs, B. High-resolution XPS spectrum of Hg 4f region showing peaks at~100.6 eV (Hg 4f,/,)
and~ 104.6 eV (Hg 4fs/5), confirming the reduction of Hg** to elemental mercury (Hg®% on the AgNP surface
assigned to oxidized silver species (Ag*), likely present as Ag,O or surface-bound Ag*
ions.

The presence of both Ag® and Ag* suggests a mixed valence state on the nanoparti-
cle surface, which is common in green-synthesized AgNPs due to the dual role of plant
phytochemicals-as reducing agents and stabilizing or capping ligands. Functional groups
such as hydroxyl, carbonyl, and carboxylic acid moieties from flavonoids and phenolics
may interact with silver ions, leading to partial oxidation and the formation of Ag—O or
Ag—C bonds. This partial oxidation enhances surface reactivity while the phytochemi-
cal capping layer prevents aggregation and contributes to colloidal stability. Moreover,
the coexistence of Ag® and Ag* on the nanoparticle surface renders the system redox-
active, which is essential for its function as a selective sensor for Hg?*. The availability of
surface Ag® enables redox exchange with Hg?*, while the Ag* species represent surface-
bound forms stabilized by coordination with plant extracts. This dual chemical environ-
ment primes the nanoparticles for efficient electron transfer, which is crucial for sensing
applications and photocatalytic activity. Wu et al. reported Ag 3d doublets at ~367.5 eV
and 373.5 eV corresponding to Ag’, along with O 1 s peaks between 530.9 and 533.4 eV,
indicating organic capping by Moringa extract [61]. Similarly, Alamar et al. confirmed
the co-existence of Ag® and AgO/Ag,O on AgNP-coated cotton fibers, with supporting
C 1sand O 1 s signals confirming biomolecular interactions [62]. Our XPS data, which
show similar Ag®/Ag* binding energies along with C and O signals, are consistent with
these findings and strongly support the hypothesis that phytochemicals from S. lycop-
ersicum effectively cap and stabilize the NPs, resulting in partial surface oxidation and
redox reactivity.

3.3 Selective colorimetric sensing of metal ions using SLC-AgNPs

The sensing capability of the SLC-AgNPs was evaluated by studying their interactions
with Cd**, Co**, Pb>*, Ni**, Fe?*, Zn?*, and Mn?*. The UV-vis spectra Fig. 11A were
recorded after adding equal amounts of SLC-AgNPs solution to each metal ion solution
(1 mM). Figure 11E shows that the mixture’s color changes in the presence of Hg**, and
Fig. 11A and B shows that the distinctive LSPR peak of AgNPs was diminished in the
UV-vis spectra. There was no discernible change in color or shift in the UV—-vis spectra
for mixtures of other metal ions with SLC-AgNPs. The ability to selectively detect Hg**
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Fig. 11 A UV-Vis spectra showing selectivity of SLC-AgNPs toward Hg?*. B Spectra of SLC-AgNPs with Hg?* and
other metal ions. C Bar chart illustrating interference effects. D Sensitivity plot showing linear AA response for Hg?*
(20-140 nM). E Visual color change of SLC-AgNPs with various metal ions confirming selective detection of Hg®*
ions in solution was demonstrated by the color change and LSPR peak shift observed
with these ions. The fundamental process behind AgNPs’ preferential interaction with
Hg?* is shown in Fig. 11B, which displays the change in absorbance (AA) of the LSPR
peak after interaction with different metal ions compared to the control AgNPs solution.
It is evident that, following contact with all metal ions under investigation, AgNPs exhib-
ited only minimal changes in absorbance, except for Hg**, which demonstrated a notable
shift. Therefore, these SLC functionalized AgNPs demonstrated good selectivity for Hg**
ion detection.

3.4 Selective detection of Hg*? ions using colorimetric assay

The World Health Organization (WHO) recommends keeping mercury levels in drink-
ing water below 1 pgL™!, and the Environmental Protection Agency ( EPA) has a strict
limit of 2 pgL.™* [63]. The present methods for determining Hg?* in water samples have
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several limitations, including susceptibility to interferences and the need for specific
reagents. A different approach that is direct, perceptive, and responsive is required to
solve these limitations. In this work, this was achieved by using SLC-AgNPs as a quick
nanosensor. Various amounts of Hg?* ranging from 40 to 180 nM were added to the
SLC-AgNPs solution for quantitative analysis. Notably, that this technique enabled
the detection of Hg** with the unaided eye. The images in Fig. 11C demonstrate how
AgNPs visually quench as Hg®" concentration rises. To quantify this color change, we
recorded and analyzed the UV-vis spectra of these solutions. Figure 11A shows that as
the quantity of Hg?" ions increased, the UV—vis absorbance decreased. The decrease
in absorbance with increasing Hg** concentration was found to be statistically signifi-
cant (p-value (1.99 x 107'®), one-way ANOVA), confirming the sensor’s high sensitivity
and linearity Table 1S. By plotting a calibration curve of Hg** concentration versus the
change in absorbance, the limit of detection (LOD) was determined (Fig. 12B). A strong
linearity between 40 and 180 nM was shown by the correlation coefficient (R%) of 0.989,
as shown in Fig. 12B. The LOD was determined to be 37.7 nM using Equation (Eq. 6).

3 (Standard deviation of intercept)

LOD = 6)

Slope of the calibration curve

3.5 EDX mapping

The EDX mapping analysis provides essential information on the distribution of Hg(II)
and silver atoms after the oxidation of AgNPs with varying concentrations of Hg(II). The
redox reaction occurs as Hg?* is applied, with the mechanism involving the oxidation
of metallic silver (Ag®) to Ag* while Hg?* is reduced to elemental mercury (Hg®), which
ultimately deposits on the surface of the metallic nanoparticles. This alteration is appar-
ent in EDX mapping, where increasing Hg(II) concentrations leads to a gradual decrease
in the Ag signal and an increased distribution of Hg, confirming the oxidizing behav-
ior of AgNPs and the plating of Hg. The elemental maps further support this evolution
showing a low intensity Ag signal (yellow) due to Ag oxidation and a rising Hg M signal

Table 1 Real water sample analysis of the synthesized SLC-AgNPs as nano-probe

Concentration (hnM) Found % recovery Found Hg*? % recovery
Hg*? (nM) (nM)
River 40 3218 82.95 Tap 31.18 83.95
Water 60 5218 833 Water 5018 843
80 60.58 84.22 63.58 85.22
100 7519 85.18 77.19 86.18
120 95.18 86.65 95.18 86.65
140 101.59 87.55 100.59 87.11
160 121.38 88.73 119.38 88.23
180 132.17 8943 130.17 89.02
Average 86.00 Average 86.33
Standard deviation 246 Standard 1.79
deviation
SE of intercept 0.345 SE of 0.257
intercept
SD of intercept 0.977 SD of intercept ~ 0.727
%RSD 2.86 %RSD 2.08
LOD 459 LOD 46.1

LOQ 139.22 LOQ 139.54




Tooba et al. Discover Nano (2026) 21:14 Page 18 of 31

Jw B iy 141 @)

———SLC-AgNPs+40 nM Hg™
~———SLC-AgNPs+60 nM Hg™
——SLCAgNPs+80 nMHg* 1.2
———SLC-AgNPs+100 1M Hg*"
———SLC-AgNPs+120 nM Hg™ 104
———SLC-AgNPs+140 1M Hg*
———SLC-AgNPs+160 1M Hg*"
———SLC-AgNPs+180nM Hg" (.8 -

<

<

Absorbance (a.u)
[
sE R0 E

¢

06

g

044

£

ey o)
024 e

250 300 350 400 450 500 550 G600 650 20 40 60 80 100 120 140 160 180 200
‘Wavelength (um)

Concentration (m)

©)

Fig. 12 A UV-vis spectra of the SLC-AgNPs solution following the introduction of varying concentrations of Hg?*,
B Linear representation of the difference in relative absorbance intensity at peak maxima as a function of Hg?*
concentration and € Image depicting various solutions of Hg?* at varying concentrations

(magenta), indicating Hg accumulation as shown in Fig. 13. The EDX spectrum clearly
shows an increased amount of Hg, demonstrating the successful adsorption and reduc-
tion of Hg(II). These findings support the idea of AgNPs acting as selective mercury (II)
probes.

3.6 Size Variation of AgNPs after Hg?* interaction

The hydrodynamic size distribution of SLC-AgNPs before and after sensing Hg?** was
evaluated using Dynamic Light Scattering (DLS). As shown in Fig. 9A, the average par-
ticle size of the NPs before sensing was 51.7 + 2.9 nm. After exposure to Hg?*, the average
size decreased noticeably to 44.9+3.6 nm (Fig. 9B). This reduction is attributed to the
redox interaction between Hg?* and the metallic Ag® on the nanoparticle surface. In this
process, Ag’ is oxidized to Ag*, while Hg** is reduced to Hg". The reaction may lead to
partial removal or rearrangement of the outer silver layer and a more compact surface
structure, potentially due to the formation of a thin Ag—Hg amalgam shell. This change
results in a decrease in the overall hydrodynamic radius, as detected by DLS. This phe-
nomenon is well-documented—for example, DLS analysis of AgNPs exposed to low con-
centrations of Hg** (30 uM) also showed a decrease in size, attributed to etching and
alloy formation from Hg reduction [20]; [64].The observed size contraction supports the
redox-based sensing mechanism and confirms chemical interaction at the nanoparticle
surface.

3.7 Interference study

Additionally, a study was carried out to examine the potential interference caused by
different metal ions during the sensing of Hg?* ions. For this experiment, we mixed
SLC-AgNPs (1 mL) with Hg?* (150 nM, 1 mL) and measured their UV-vis spectra in
the presence of Cd*, Co*, Pb*, Ni*, Fe>*, Zn*, and Mn** salts (1 mM, 1 mL), as shown
in Fig. 11B. Even at increasing concentrations, the absorbance of the spectra declined
similarly regardless of the salt solution. The absorbance change of SLC-AgNPs is shown
by the green bars, using a 1 mM solution of Cd**, Co®*, Pb*, Ni**, Fe**, Zn?*, and Mn*".
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Fig. 13 Energy Dispersive X-ray Spectroscopy elemental mapping and composition analysis of SLC-AgNPs after
interaction with Hg?*

The yellow bars illustrate the shift in absorbance of SLC-AgNPs + Hg2+ in response to a
1 mM solution of these metal ions [65]. Even at higher concentrations of different salt
solutions, the absorbance of the UV-vis spectra shifted in a manner almost identical to
that seen with ng+ ions alone as shown in Fig. 11C. This indicated that, SLC-AgNPs
have a good sensitivity and selectivity for Hg?* detection. To further evaluate sensor
selectivity, we extended the interference study to include ferric ions (Fe>*) as shown
in Fig. 11D. The results showed that Fe** did not induce any significant change in the
LSPR peak or colorimetric response, confirming that the sensing mechanism remains
highly selective for Hg®*. Even at higher concentrations of Fe**, the absorbance shift
was negligible compared to the response seen with Hg?* ions alone. 2*. This confirms
the high selectivity of our sensor for Hg?* over trivalent metal ions. The specificity of
the sensor toward Hg?* over trivalent ions like Fe3" arises from its higher redox poten-
tial, enabling oxidation of Ag’ and LSPR changes, along with selective surface interac-
tions facilitated by phytochemicals (e.g., flavonoids, phenolics) from S. lycopersicum
extract that preferentially bind Hg?* [66]; [20]. Furthermore, to verify the stability and
selectivity of the SLC-AgNPs under realistic conditions, possible interference from com-
mon anions (Cl~, NO;~, SO,%7, and PO,>") typically present in natural water was also
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examined (Supplementary Fig. 1S A-C). The results revealed no significant change in the
LSPR response toward Hg?, confirming that the SLC-AgNPs sensor is highly selective
and unaffected by coexisting anionic species. These results further validate the strong
selectivity of SLC-AgNPs for Hg** detection in complex aqueous environments.

3.8 The proposed mechanism of heavy metal sensing

AgNPs can be used in four different methods to detect Hg*". Ag—Hg alloy formation,
complexation, aggregation, and redox reaction [67]. In the redox reaction mechanism,
Hg?* interacts with Ag atoms, immediately oxidizing Ag® to Ag* and reducing Hg** to
Hg’, as shown in Fig. 14. The redshift and expansion of the LSPR band are typical of
AgNP redox reactions with metal ions. However, a blue shift is caused by the redox reac-
tion mechanism, even though both processes reduce the LSPR intensity [68]. Metal-ion
interaction is often regulated by the capping agent of the NPs. Instead of the conven-
tional aggregation/coalescence pathway, SLC-AgNPs sense Hg>* through redox reactions
between Hg?* and Ag’. A noticeable decrease in hydrodynamic size from 51.7 2.9 nm
to 44.9+3.6 nm after Hg?* exposure indicates redox-induced surface modification of
AgNPs. This suggests oxidation of surface Ag® to Ag* and concurrent reduction of Hg**
to Hg®, possibly forming an Ag—Hg interface. Simulated XPS results further support this
mechanism, showing shifts in Ag 3d peaks and the appearance of Hg 4f signals, confirm-
ing the chemical transformation. The high-resolution XPS spectrum of the Hg 4f region
confirms the redox interaction between Hg** and SLC-AgNPs. Two prominent peaks
were observed at~100.6 eV and ~104.6 eV, corresponding to Hg 4f,/, and Hg 4fy/,,
respectively As shown in Fig. 10B. These binding energies are characteristic of elemen-
tal mercury (Hg°), indicating that Hg?* was reduced on the AgNP surface. Deconvolu-
tion of the spectrum further revealed minor contributions from Hg?* species, suggesting
incomplete reduction or the presence of surface-bound oxidized mercury. The detection
of Hg" strongly supports the proposed redox mechanism, wherein Hg** oxidizes Ag° to
Ag* and itself gets reduced and deposited on the nanoparticle surface, possibly forming
an Ag-Hg amalgam. The LSPR shifts to becomes blue as the concentration increases.
This behavior is action was consistent with another approach for detecting Hg*" using
AgNPs [20]. With the reduction of Hg** to Hg® and the oxidation of Ag® to Ag*, the color
of the solution changes from yellowish brown to colorless, as seen in Fig. 11E, when Ag
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Fig. 14 Schematic diagram of redox reaction mechanism
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oxidizes to Ag* in SLC-AgNPs Ag*/Ag and Hg?*/Hg have equilibrium redox potentials
of +0.80 and +0.85 V, respectively [69]. The redox potentials demonstrate that Ag can
be oxidized to Ag* and then reduced to metallic Hg atoms by Hg?*, which has a greater
reduction potential than Ag*. Contrarily, transition and alkaline earth metals with more
negative reduction potentials than Ag (+0.80 V) -such as Cd**, Co**, Pb*, Ni**, Fe**,
Zn**, and Mn**- made it more difficult for Ag atoms in SLC- AgNPs to oxidize to Ag*
[70]. Thus, the hue of the solution was not changed by other metal ions. This behavior
makes the approach particularly interesting for selective Hg** analysis. In terms of LOD
values and linear dynamic range, the present nano-sensor performs better than several
sensors documented in the literature. It was also key to investigate the potential of this
sensor for detecting Hg?*.The AgNP-Hg®" interaction was suggested as the cause of
the observed changes in the LSPR of AgNPs. The R? value for the linear regression was
0.989, and the LOD was found to be 37.7 nM as shown in Fig. 12B. Together, these find-
ings strongly validate the proposed redox-based sensing mechanism.

3.9 Real sample analysis

Additional consideration was given to the possibility of detecting Hg>" in river and tap
water samples using the synthesized nano-probe. The water sample used in the study
was collected from the Jhelum River near Sargodha, Pakistan, while another sample was
drawn from the tap at the University of Sargodha’s Chemistry Laboratory. The water
samples were treated with varying concentrations of Hg?*. Recovery values and RSD for
the real water samples are shown in Table 1. A recovery rate of more than 86% and RSD
values of 2.86 and 2.08 were observed in the real water samples. In light of these results,
the colorimetric nano-probe may be a reliable and efficient method for identifying Hg**

in real water samples.

3.9.1 Comparison with previously reported Hg** detection methods

The sensing performance of the SLC-AgNPs developed in this study was compared
with previously reported AgNP-based colorimetric sensors for Hg** detection (Table 2).
Several materials, including mPEGylated luteolin-AgNPs, gelatin/Tween-20 stabi-
lized AgNPs, and plant-derived systems such as Kokum fruit or S. mammosum extract,
have demonstrated good sensitivity with linear ranges from 0.5 to 130 uM and limits of
detection (LODs) between 0.0028 and 0.97 pM. In contrast, our SLC-AgNPs achieved
a notably lower detection limit of 37.7 nM (0.0377 uM) with a narrow and highly sensi-
tive linear range of 40—180 nM, indicating superior detection capability in the low-nano-
molar range. Additionally, our approach offers a rapid, eco-friendly synthesis process
(completed in 3 min under sunlight), without the need for stabilizers or complex instru-
mentation. The dual functionality of these nanoparticles as both selective Hg>* sensors

Table 2 Comparison of AgNP-based sensors for Hg?* detection

Sr No. Material/Plant Extract Linear Range LOD References
1 mPEGylated luteolin AGNPs 5-130 uM 0.97 uM 71

2 Green AgNPs from Kokum fruit extract 0.01-10 uM 6.2 ppb (~0.0062 uM) [72]

3 Gelatin & Tween 20 stabilized AgNPs 0.5-100 uM 0.35uM [73]

4 Glucose capped AgNPs (green method) 1-70 UM 2.8 ppb (~0.0028 uM) [74]

5 SLC-AgNPs 40-180 nM 37.7nM This work
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and efficient photocatalysts, further enhances their practical relevance for environmen-
tal applications.

3.9.2 Photocatalytic activity evaluation

Using methylene blue (MB) as a model textile dye, the photocatalytic efficacy of SLC-
AgNPs was evaluated. The dye's absorption spectra are shown in Fig. 15A at regular time
intervals [75]. The following equation was used to calculate degradation efficiency as a
percentage (Eq. 7).

A — Ay

0

% dye degradation = x 100 (7)
Figure 15B shows the percentage degradation of MB dye over time. The plot clearly
shows that the SLC-AgNPs exhibited strong catalytic activity, as evidenced by the 83.3%
deterioration of the MB solution deterioration in 80 min. The photocatalyst under study
outperforms many previously reported materials, demonstrating an exceptional degra-
dation percentage in a very short period. In a previous study, AgNPs treated with Astrag-
alus flavesces degraded MB dye by 69% in 28 h when exposed to sunlight [76].

3.9.3 The kinetics of MB degradation and thermodynamic parameters

In(C,/C,) was plotted against irradiation time to investigate the kinetics of the photo-
catalytic process. The results are shown in Fig. 15C. The resulting linear relationship is
described by q. (8):

Co\

C, represents the concentration at time interval t, whereas C, represents the concentra-
tion of the reaction mixture at zero reaction time. The rate constant, k, was determined
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Fig. 15 A MB dye’s absorption spectra at regular intervals, B the proportion of MB dye % degradation over time,
C Kinetics of MB dye
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Fig. 16 A Fitting a first-order kinetics model to the experimental degradation data of MB dye across various tem-
peratures, B Graph of In(k/T) against 1/T

Table 3 Thermodynamic parameters of the biosynthesized SIC-AgNPs
Temperature (°C) k E AH AS AG

(min~") (I:J mol™") (kJ mol™) (kJ mol~' K) (kJ mol™)
30 0.02 35.02 3242 017 848
40 003 86.5
50 0.04 88.2

from the slope of the linear fit. The photodegradation process followed pseudo-first-
order reaction kinetics, as the MB dye plot was reasonably linear, with an R? value of
0.987.

The degradation of MB dye was examined after exposure to temperatures of 30, 40,
and 50 °C for 80 min. We observed the absorbance of MB at 665 nm over time to assess
its degradation rate. The rate constant (k) was determined using a pseudo-first order
kinetic model. The rate constant values were calculated using the following equation

(Eq. 9):
In(Ag/ A) = kt 9)

The rate constant for the degradation reaction is represented by k, while the absorbance
of MB dye at the initial time and at time t is denoted as A and A,, respectively. The plots
of In (Ay/A,) versus reaction time for MB degradation at different temperatures are pre-
sented in Fig. 16A. The slope of the fitted linear lines is utilized to ascertain the rate con-
stants (k). The k values for the MB dye degrading reaction at different temperatures are
presented in Table 3. The linear fitting of the data points demonstrates that the degrada-
tion of MB dye follows pseudo-first-order kinetics. Furthermore, the linear fit, with R?
values close to unity (0.995, 0.998, and 0.994 at 30, 40, and 50 °C, respectively), supports
the conclusion that pseudo-first-order kinetics govern the degradation of MB dye. The
variation in degradation rates across different temperatures was statistically significant
(F=108.00, p=1.97 x 10~°), one-way ANOVA), confirming the influence of thermal acti-
vation on the photocatalytic reaction kinetics Table 2S.

The thermodynamic triplet (AS, AH, and AG) and activation energy (E,) were cal-
culated by performing MB dye degradation at three distinct temperatures (30, 40, and
50 °C). E, was determined using the Arrhenius equation (Eq. 10)

Eq
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Here, k represents the rate constant for the degradation reaction, R denotes the gas con-
stant with a value of 8.314 ] mol™! K}, and A signifies the Arrhenius factor. The graph
of In k against 1/T is presented in the inset of Fig. 16B. The slope from the linear fit
of the In k versus 1/T plot was utilized to ascertain E,. The determined value of E, is
35.02 kJ mol L.

Equation Eyring-Polanyi was used to calculate the values of AS and AH of activation
(Eq. 11).

In (k/T) = —AHpr+ASp +1n (kB/h) (11)

Here, k is the rate constant and kB is the Boltzmann constant. As seen in Fig. 16B, plot-
ting In(k) versus 1/T produces a straight line. The slope and intercept of the plot provide
the values of AH and AS. The activation free energy, AG, was then determined using the
following equation (Eq. 12).

AG = AH — TAS 12)

Table 3 displays the calculated values of AS, AH, and AG. The data show that lower
activation energies are correlated with higher rate constants, and reactions with
lower activation energies proceed at greater rates, suggesting that these reactions
surpass the activation energy barrier. In this context, AH is+32.42 k] mol™! and AS
is —0.17 k] mol™ K™!. The degradation of MB dye is an endothermic process requiring
energy input, as indicated by the positive AH value. The negative AS value indicates a
decrease in disorder as the process, reflecting the progresses and shows energy required
for the reaction to proceed. The reaction is not spontaneous, as the positive AG value
exceeds 84 k] mol™. The thermodynamic values collectively confirm that SLC-AgNPs
mediated MB degradation is an endothermic, surface-mediated, and energy-dependent
process that requires efficient light activation. These findings highlight the relevance of
SLC-AgNPs as an active photocatalyst with high potential for application in solar pow-
ered wastewater treatment operations.

3.9.4 Reusability test of the photo-catalyst

The potential for reusing SLC-AgNPs as a photocatalyst over multiple cycles was inves-
tigated. SLC-AgNPs were employed to degrade MB. After the first cycle of MB dye deg-
radation, the photocatalyst was obtained by centrifuging the mixture in a falcon tube
for 25 min at 6000 rpm. The liquid portion was eliminated. The SLC-AgNPs were rinsed
three times with deionized water and then dried they were subjected to drying in an
oven at 60 °C for 12 h. The dried photo-catalyst was then used for subsequent MB dye
photodegradation. The dye degradation and regeneration process was repeated five
times. Following each cycle, the percentage of dye degradation was calculated, as Fig. 17
illustrates. After five regeneration cycles, there was a minor (10%) decrease in MB degra-
dation efficiency. These results show that SLC-AgNPs can be repurposed for wastewater
treatment and hazardous dye degradation with great efficacy and efficiency, without sig-
nificant loss of catalytic activity. In a previous study, Panneerselvi et al., (2022) observed
a photocatalytic activity of biosynthesized AgNPs for to five cycles, with MB dye degra-
dation following a decreasing from 93% (first cycle) to 89% (fifth cycle) [77]. In another
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Fig. 17 Regeneration cycles of the biosynthesized SLC-AgNPs as catalyst

study, Vinay et al., (2019) reported~77% MB dye degradation using biosynthesized
AgNPs over six cycles [78].

3.9.5 Proposed mechanism of dye degradation

In the photochemical degradation of MB dye by SLC-AgNPs, the photocatalyst was
activated by absorbing energy from solar radiation. The energy must be equal or greater
than the band gap energy of the photocatalyst. Using the electronegativity approach, the
theoretical band edge potentials of AgNPs were calculated as -0.24 eV for the conduc-
tion band (CB) and 2.28 €V for the valence band (VB). Since the CB potential is more
negative than the O,/O,” redox potential (-0.33 eV), AgNPs can effectively produce
superoxide radicals (O,™-) which are important for dye degradation. However, the VB
potential is less positive than the OH™/-OH redox potential (2.8 €V), making OH radi-
cal formation unfavorable. This implies that O,™is the major reactive oxygen species
(ROS) responsible for the degradation of methylene blue and the photocatalytic activity
of SLC-AgNPs is remarkable. A hole is formed in the valence band and the degradation
process begins when electrons in the valence band are excited to the conduction band,
as shown in (Eq. 13).

SLC — AgNPs + hv (UV) — SLC — AgNPs[h*(VB) + e~ (CB)] 13)

An electron oxidizing oxygen in the conduction band produced the superoxide radical,
as shown in (Eq. 14)

O2 + SLC — AgNPs[e” (CB)] — O5" (14)

Hydroxyl radicals were created when water molecules encountered oxidation in the
valence band hole. As illustrated in the equation, on the other hand, by producing OH"
radicals, the positively charged holes were able to neutralize hydroxyl groups (Eq. 15).

H30 (q45) + SLC — AgNPs [h* (VB)] = HO(qas)” + HT (15)

Equation (Eq. 16) stated that the superoxide radical was neutralized by the protons
produced
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02_ (ads) =+ H* = HOO~ (ads) (16)

The HOO -radical, which was generated as indicated above, underwent a reaction to
generate hydrogen peroxide and oxygen gas, as shown by the equation (Eq. 17)

2HOO™ (ads) — Hy05 + O9 (ads) (17)

Hydroxyl free radicals were produced when the generated hydrogen peroxide degraded,
as indicated by equation (Eq. 18)

H202 (ads) —2HO (ads) (18)

A reduced product was produced when electrons in the conduction band decreased the
MB dye, as shown in equation (Eq. 19)

M B Dye 4+ SLC — AgN Ps [e~ (CB)] — Reduction products (19)

The MB dye oxidized as a result of the holes in the valence band, forming oxidation
products as indicated by equation (Eq. 20)

M B Dye + SLC — AgN Ps |[h* (V B)] — Owzidation products (20)

In the degradation process, water and carbon dioxide were produced as a result of a
series of intermediate reactions initiated by the interaction between the hydroxide free
radical and the MB dye, as shown in the equation (Eq. 21)

MB Dye +2HO™ — intermediates — COo + HyO (21)

Figure 18 depicts the schematic of the photocatalytic degradation of MB dyes mediated
by SLC-AgNPs.

3.9.6 Stability assessment of SLC-AgNPs for dual functional applications

To evaluate the long-term usability of the green-synthesized SLC-AgNPs, stability was
monitored over 30 days by evaluating period in terms of both Hg* sensing efficiency
and photocatalytic dye degradation. The AgNPs were stored at room temperature in
the dark, and measurements were taken at regular intervals. As shown in Table 3S, the
absorbance of the SLC-AgNPs at 420 nm gradually declined from 1.20 to 1.10, with the
corresponding Hg?* sensing response decreasing modestly from 100% to 91.7%. This

0, 0O, + Dye mmsssssd Reduction products
_—_\/ Dye Molecule INTERMEDIATE
€- Conduction band ! L ]
T
g o 7 |
wn
' ‘V- r . |

Valence band

CO, +H,0

= >}
r\ Degradation Products

H,0 H*+ OH + Dye wsssssss) Oxidation products

Fig. 18 The schematic diagram of cycles illustrates the mechanism of photocatalysis of SLC-AgNPs focused on
dye degradation
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Table 4 Comparison of photocatalytic degradation efficiency of methylene blue (MB) using
various Ag-based nanocatalysts synthesized by different methods or plant extracts under different
irradiation conditions

Sr. Catalyst  Preparation Dye Irradiation IrradiationTime DegradationEfficiency/% Ref-

No Method/Plant er-
enc-
es

1 AgNPs M. tinctorialeaf  MB  sunlight 72h 95 [79]

2 AgNPs A. deliciosa peel MB  Not specified 120 min 80 [80]

extract

3 AgNPs Electrochemi-  MB visible light 180 min 92 [81]

cal method

4 AgNPs Honey MB  sunlight 72h 92 [82]

Ag*-doped Chemical dop- MB UV light 180 min 99 [83]
TiO, ing of TiO, with
Ag*ions

6 AgNPs N.leucophylla ~ MB  Visible light 180 min 828 [84]

stem extract

7 AgNPs S. lycopersicum ~ MB  sunlight 80 min 834 This

leaves extract work

indicates strong colloidal stability and retention of functional properties. Simultane-
ously, the photocatalytic activity toward MB showed a progressive decrease in absor-
bance from 1.00 to 0.65, corresponding to 35% degradation over 30 days. The moderate
yet consistent degradation efficiency under ambient conditions without any external
irradiation demonstrates the practical usability of the SLC-AgNPs in real-world water
remediation scenarios. This functional stability is further supported by the zeta potential
measurement (—28+ 1.8 mV after 60 days), confirming strong electrostatic repulsion and
prevention of nanoparticle aggregation over time. These results confirm that the synthe-
sized NPs exhibit stable and reproducible performance for both heavy metal sensing and
dye degradation, making them suitable for sustainable environmental applications.

3.9.7 Comparison with previous literature

The photocatalytic degradation efficiency of methylene blue (MB) using biosynthe-
sized AgNPs has been widely studied with varying preparation methods and irradia-
tion conditions as shown in Table 4. For instance, AgNPs synthesized from M. tinctoria
leaf showed 95% degradation under sunlight over 72 h, while AgNPs derived from A.
deliciosa peel extract achieved 80% degradation in 120 min. Electrochemically prepared
AgNPs exhibited 92% efficiency under visible light within 180 min, and honey-mediated
AgNPs achieved 92% degradation under sunlight over 72 h. Chemical doping of TiO,
with Ag" ions under UV light resulted in 99% degradation within 180 min. AgNPs syn-
thesized from N. leucophylla stem extract demonstrated 82.8% degradation under visible
light in 180 min. In comparison, our green synthesized AgNPs using Solanum lycopersi-
cum leaves extract achieved an 83.4% degradation of MB within only 80 min of sunlight
exposure, highlighting a more rapid and efficient photocatalytic process. This demon-
strates the potential of our SLC-AgNPs as an eco-friendly and effective photocatalyst for
wastewater treatment applications.
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4 Conclusion

This study successfully demonstrates the green synthesis of SLC-AgNPs using S. lycoper-
sicum leaves extract, highlighting their dual functionality in selective mercury ion (Hg?*)
detection and photocatalytic degradation of methylene blue (MB) dye. The biosynthe-
sized SLC-AgNPs exhibited a stable crystalline structure with an average particle size of
38 nm, as confirmed by UV-vis, FTIR, XRD, SEM, EDX, and DLS analyses. The interac-
tion of SLC-AgNPs with Hg** was investigated using EDX mapping and DLS analysis
revealed a size reduction from 51.7+2.9 nm to 44.9+ 3.6 nm after Hg** exposure, sup-
porting the redox-based sensing mechanism. The NPs showed excellent selectivity for
Hg?*, with a low detection limit of 37.7 nM and a high recovery rate (>97%) in real water
samples, making them a viable candidate for environmental mercury sensing. Addi-
tionally, the SLC-AgNPs demonstrated remarkable photocatalytic efficiency, achieving
83.4% degradation of MB dye within 80 min under sunlight exposure, following pseudo-
first-order kinetics with an activation energy of 35.02 kJ/mol. The thermodynamic analy-
sis indicated an endothermic and non-spontaneous nature of the degradation process.
Furthermore, recyclability tests confirmed that SLC-AgNPs retained their catalytic effi-
ciency over five successive cycles, with minimal loss of activity. These findings establish
SLC-AgNPs as an eco-friendly, cost-effective, and highly efficient nanomaterial for both
heavy metal sensing and wastewater treatment. This work underscores the potential of
green-synthesized AgNPs as a sustainable alternative to conventional sensing and reme-
diation technologies, paving the way for future applications in environmental monitor-

ing and industrial wastewater management.
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