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A highly selective colorimetric sensor of mercury(i)
ions and hydrogen peroxide by biosynthesized
silver nanoparticles in water and investigations of
the interaction between silver and mercury+t
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Silver nanoparticles (AgNPs) are promising for their exceptional properties for various applications. This
study applied a facile and green method to synthesize AgNPs in an aqueous medium using Averrhoa
bilimbi fruit extract as a reducing and stabilizing agent. The formation of AQNPs was confirmed by using
UV-visible spectroscopy, X-ray diffraction pattern (XRD), and High-resolution transmission electron
microscopy (HRTEM). The synthesized AgNPs consist of face-centered cubic crystals and exhibit
homogeneous spherical morphology with an average size of 11 nm. Heavy metals like mercury
contamination in water and food pose global health risks, leading to disability issues, even at trace levels.
Beside, H,O, is a reactive oxygen species. Thus, elevated H,O, levels can harm cell membranes,
proteins, and DNA in aquatic creatures, resulting in oxidative stress that may affect physiological
processes. Therefore, there is an urgent need for effective monitoring and prevention. The synthesized
AgNPs were utilized as a colorimetric probe for the detection of mercury (ng+) jons in water at room
temperature and found to be highly sensitive and selective with a limit of detection (LOD) of 1.58 uM and
a limit of quantification (LOQ) of 5.27 uM. Furthermore, the detection of Hg?* was unaffected in the
presence of other pertinent metal ions. The prepared AgNPs probe can also enable detection of ng+
with the naked eye. In addition, the AgNPs probe was investigated for detecting Hg?" ions in real water
samples, which offered satisfying recovery rates ranging from 90.60 + 2.60 to 96.73 + 2.83%, confirming
the probe's practicability. The capping agent stabilized on the surface of AgNPs can effectively pre-
concentrate Hg®* ions through the chemical interaction between AgNPs and Hg®* ions to form Ag—Hg
amalgam. This leads to a decrease in the SPR peak from AgNPs. The interaction between Ag and Hg was
investigated using synchrotron radiation-induced X-ray photoelectron spectroscopy (SR-XPS). In
addition, the AgNPs probe effectively detected hydrogen peroxide (H,O,) in an aqueous medium with
a LOD of 3.21 uM and LOQ of 10.70 uM. This study aimed to develop a rapid, easy-to-use, eco-friendly,
and reliable colorimetric sensor that may quickly identify dangerous pollutants in agueous samples.
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ultra-small size, greater surface area-to-volume ratio, and
unique thermal, physiochemical, and biological properties,
leading to potential applications in many scientific fields." In
this regard, metal nanoparticles such as gold nanoparticles
(AuNPs) and AgNPs have received great attention recently due to
their application in sensing various analytes.®® SPR has unique
optical properties, which have led to the development of
nanoparticle-based sensing devices to measure the concentra-
tion of ions and biomolecules in environmental and biological
samples.” The particle size, shape, and inter-particle spacing
significantly influence the SPR band. In the presence of any
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form of ions, this SPR band may interact with the NPs effi-
ciently. There might be a color change from dispersion to
aggregation due to the coupling of plasmon absorbance.* Metal
NPs are becoming important colorimetric sensors for different
cations and anions because they can monitor ion recognition
events through color change and shifting of the absorption
spectrum.”™™ To employ a metal sensing probe, NPs are
usually functionalized with a capping agent, which may interact
with the incoming metal ions by forming a covalent connection
in the surface of NPs.'* The electrostatic repulsion of the
negative capping agent opposes the van der Waals attraction
between the NPs, keeping the nanoparticles stable. As a result,
when sufficient foreign cations are added, the repulsion
between nanoparticles is reduced, causing the nanoparticle to
aggregate and change color accordingly.”**” Functionalized
nanoparticle-based sensors can identify environmentally
harmful ions that threaten human health.*®

Heavy metals like lead, mercury, and arsenic pose serious
risks to both the environment and human health, leading to
disability issues, even in small amounts. Long-term exposure to
these metals through water and food can result in bio-
accumulation in the body, leading to developmental delays,
organ damage, cognitive decline, neurological disorders,
cancer, and mental health issues.”* Among various toxic
metal ions, mercury (Hg®") is known to be extremely dangerous
to humans and other living things, even at low concentrations.
Because mercury is not biodegradable, it may accumulate in the
food chain and become the most hazardous element.***®
Mercury is usually released into the different environmental
segments via various natural phenomena, including earth-
quakes, volcanic eruptions, and crustal leakage.** Mercury
compounds prepared for industrial uses are present almost
everywhere in the environment. Even at low concentrations,
mercury is extremely harmful to human health, leading to
major illnesses of the heart, liver, kidneys, endocrine, brain,
and neurological systems.?”*® Therefore, mercury is recognized
as a hazardous pollutant for the environment and human
health. Thus, developing a low-cost, high-selectivity, and
sensitive mercury detection probe is essential to protecting
both. A variety of detection methods, including surface-
enhanced Raman scattering (SERS),*® atomic absorption/
emission spectrometry (AAS/AES),***' inductively coupled
plasma atomic emission spectroscopy (ICP-AES),*> high-
performance liquid chromatography (HPLC),** electrochemical
sensors,* chemiluminescent (CL) immune chromatographic
assay strip (ICAS),* have been used. Although these techniques
offer exceptional sensitivity and selectivity for detecting Hg>",
they are expensive, sophisticated, and non-portable.

Therefore, it isn't easy to use in field applications. To address
the problems mentioned earlier, additional test techniques
should be quick, accurate, visible, and reasonably priced.>¢3*
Therefore, colorimetric probes offer a significant benefit in that
real-time detection may be achieved using a basic spectropho-
tometer or the naked eye.****

On the other hand, hydrogen peroxide (H,O,) is a crucial
biological material and mediator employed in many areas,
including biology, environmental protection, medicine,
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diagnostics, and food security.*** The use of H,0, has
tremendously increased due to the advancement of civilization.
However, the mishandling of H,0, might negatively affect the
environment and public health. H,0, can induce mild mucosal
irritation, vomiting, and significant gastrointestinal discomfort
at small concentrations (about 3% solution) as well as biological
harm such as cancer, aging, and neurodegeneration.**>’ As
a result, extremely sensitive H,0, determination is essential for
safeguarding the environment and public health. Numerous
analytical techniques, including colorimetry, fluorescence,
chromatography, chemiluminescence, and electrochemistry,
have been used to investigate several H,O, sensors.”*">*

The goal of the study is colorimetric and spectroscopic
detection of Hg>" and H,0, using green synthesized AgNPs.
Many researchers are interested in the green synthesis of AgNPs
since they are environmentally safe, convenient to use, and eco-
friendly.>>*® Various plant extracts, such as Piper chiba, Citrus
macroptera, Cinnamon zeylanicum, Lantana camara leaf, have
been applied as reducing and capping agents for the green
synthesis of AgNPs.*** The current work used fruit extract from
Averrhoa bilimbi and employed the green synthesis approach to
synthesize AgNPs. While several studies have been conducted
on the green synthesis of AgNPs using Averrhoa bilimbi fruit and
leaf extract, colorimetric probes utilizing AgNPs have not been
examined.®**” A phytochemical study has shown that Averrhoa
bilimbi contains various bioactive compounds, such as ascorbic
phenolic compounds, alkaloids, flavonoids, saponins, terpe-
noids, and tannins, which are eco-friendly reducing and stabi-
lizing agents for nanoparticle synthesis.®® Using conventional
chemicals like sodium borohydride (NaBH,) as reducing agents
to synthesize AgNPs could be harmful to health and the envi-
ronment due to their toxicity. On the other hand, the fruit
extract from Averrhoa bilimbi is environmentally friendly. The
fruit extract, a natural, biodegradable substance, reduces the
risk associated with harmful chemicals and provides a far safer
substitute. Additionally, the fruit is easily accessible in Ban-
gladesh, which lowers the total cost. In this work, we investi-
gated the colorimetric detection of Hg** and H,0, for
theoretical simplicity and low technical demands. AgNPs have
an advantage over other metal nanoparticles in colorimetric
assays because of their greater extinction -coefficients.™
Furthermore, Ag is more readily available and less expensive
than other metals, but it also exhibits strong SPR performance,
making it a viable option for use as a colorimetric probe.

Hence, this study aimed to utilize an environment-friendly
and simple synthetic route to prepare AgNPs using Averrhoa
bilimbi fruit extract for colorimetric and spectroscopic detection
of Hg”" ions and H,0,.

Results and discussion

In this study, Averrhoa bilimbi fruit extract was utilized with an
aqueous silver nitrate solution at 60 °C to swiftly and safely
synthesize AgNPs in an eco-friendly manner. After 30 minutes of
mixing the two solutions, the color changed from colorless to
brownish, signifying the formation of AgNPs. It was believed
that the phytochemicals included in the Averrhoa bilimbi fruit
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extract led to color changes in the solution by reducing the silver
ions (Ag") to silver nanoparticles (Ag°)**®* followed by AgNPs
growth and stabilized by phytochemicals shown in Fig. 1(a)
shows the UV-vis spectra of AgNPs and Averrhoa bilimbi fruit
extract. The result showed two absorption peaks at 276 nm and
330 nm attributed to the 7 to m* electronic transition in
phytochemicals in the Averrhoa bilimbi fruit extract. These
absorption bands may be due to phytochemicals such as
ascorbic acid, phenols, alkaloids, saponins, flavonoids, and
terpenoids, as mentioned in previous studies.®® However, the
UV-vis spectrum of AgNPs shows a strong absorption peak at
400 nm, which may be assigned to the SPR peak of AgNPs, and
a shoulder appears at 276 nm due to the Averrhoa bilimbi fruit
extract.”” The disappearance of the peak at ~330 nm from the
spectrum of AgNPs indicates that phytochemicals functioned as
a capping agent to prevent the aggregation of AgNPs. In addi-
tion, a lower SPR band was observed for AgNPs compared to the
previous report, suggesting a reduced particle size. The advan-
tage of sensing is emphasized by the fact that small particles
positively affect sensing resolution.

The FT-IR spectra of Averrhoa bilimbi fruit extract and AgNPs
are presented in Fig. 1c. It is clear from Fig. 1c that the Averrhoa
bilimbi fruit extract exhibits well-defined vibrational peaks at
3158, 2998, 1556, 1401, 1247, 1087, 761, and 553 cm . These
bands are attributed to the O-H stretching, aliphatic C-H
stretching, C=0 stretching, C=C stretching, C-H bending,
C-O carboxylic acid, C-O esters, and aromatic rings.®® A
comparison of FT-IR spectra of AgNPs and Averrhoa bilimbi fruit
extract reveals crucial information on the stabilization of AgNPs
by phytochemicals in the fruit extract.
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The Averrhoa bilimbi fruit extract exhibited two distinct peaks
at 553 and 761 cm™ ', which shifted to 540 and 758 cm™?,
respectively, for stable AgNPs. Similarly, stretching vibrational
bands for the C-O group in carbohydrate and carboxylic acid of
fruit extract were observed at 1081 and 1287 cm ™, respectively.
However, these peaks were shifted at 1087 and 1247 cm !,
respectively, in the spectrum of stabilized AgNPs. Additionally,
the broadband appeared for the stretching vibration of the -OH
group in carbohydrates and polyphenols of fruit extract at
3158 cm ™', which shifted to a shorter wavelength in the capped
AgNPs at 3124 cm . All these changes demonstrated that
phytochemicals stabilized the NPs and polyphenolic
compounds reduced the Ag" ions into AgNPs.®! Thus, the FT-IR
investigations indicate that Averrhoa bilimbi fruit extract and the
functional groups present in AgNPs provide compelling
evidence for the capping agent action of phytochemicals in
preventing AgNPs from aggregating.

The crystallinity of the produced AgNPs was examined using
XRD spectroscopy; the findings are shown in Fig. 1d. Sharp XRD
peaks at 26 values of 38.19°, 44.33°, 64.54°, and 77.46° in the
spectrum, which correspond to reflections of the (111), (200,
(220), and (311) planes from a face-cantered cubic structure,
clearly demonstrate the crystallinity of the AgNPs. The XRD
profile data of AgNPs matched with the standard JCPDS file no.
04-0783 and was compatible with the crystal planes. The average
size of the crystallites was estimated to be 10.55 nm, which is
smaller than reported AgNPs using Averrhoa bilimbi fruit and
leaf extract.®*™%”

The thermal stability of the AgNPs was examined using TGA
(see ESI Fig. S1t). The thermogram shows two thermal
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(a) Schematic representation AgNPs formation using Averrhoa bilimbi fruit extract as reducing and stabilizing agents. (b) UV-visible spectra

for Averrhoa bilimbi fruit extract and AgNPs. (c) FT-IR spectra for Averrhoa bilimbi fruit extract and AQNPs and (d) X-ray Diffraction (XRD) pattern
of AgNPs synthesized using AgNOs (1 mM, 40 mL) and Averrhoa bilimbi fruit extract (200 g L™%, 1 mL) at 60 °C and pH = 10 for 30 min.
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degradation steps in the temperature range from 40 to 160 °C
and 160 to 410 °C, with corresponding weight losses of 1.4%
and 8.1%, respectively.* The losses of surface water, volatile
molecules, organic biomolecules, and heat-resistant aromatic
compounds can be connected to these degradations. Conse-
quently, the TGA findings suggest that the phytochemicals
functioned as a capping agent, which agrees well with the FT-IR,
UV-vis, and XRD results.

The synthesized AgNPs were examined using SEM and TEM
microscopes to determine their sizes and morphologies. The
AgNPs have a uniformly spherical structure in a highly aggre-
gated state, as seen by the FE-SEM images in Fig. 2a. The
phytochemicals serve as capping agents, covering the surface of
the particles with an organic layer. The approximate size of the
particles was estimated to be between 26 to 60 nm, even though
strong aggregation makes it impossible to assess the sizes of the
particles from SEM images. In addition, the HR-TEM image in
Fig. 2c and TEM images in Fig. 2b help to clarify the shape and
size of the synthesized AgNPs. The AgNPs were found to have
a spherical shape and an average size of 11 nm, as revealed by
the TEM images. Small clusters of particles were also identified,
likely the result of accumulation during sample preparation.
Furthermore, the size of AgNPs was determined using the
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Debye-Scherrer equation and TEM image. The findings
demonstrated that the particle sizes were almost identical. The
elemental composition of the AgNPs was investigated by EDX
analysis (please see ESI Fig. S2) and the study revealed 78.05%
silver, 14.76% O, and 6.35% C in the sample.

The maximum weight percentage of Ag in the sample and
the lowest levels of other elements indicate that phytochemicals
are likely involved as capping agents. Therefore, it can be
concluded from every characterization that AgNPs capped with
phytochemicals are present in the fruit extract of Averrhoa
bilimbi.

Proposed mechanism for Hg®" and Ag-Hg interaction
investigation

In this work, synthesized AgNPs exhibit a dark brown color with
an average particle size of 11 nm and act as promising colori-
metric probes to establish a visual approach for Hg>* detection
in environmental water. AgNPs-based colorimetric detection of
Hg>" ions is a practical and understandable strategic approach
as it is straightforward, fast, and gives visible results (Fig. 3).
When Hg?" was introduced, the originally generated AgNPs
underwent a significant color shift. The solution's color
changed from brownish to transparent, showing that AgNPs
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(a) SEM, (b) TEM, (c) HR-TEM images of AgNPs and (d) size distribution plot of AgNPs obtained from TEM result.
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Fig.3 Schematic representation of Ag and Hg interaction during Hg®*
detection using AgNPs due to oxidation reduction reaction.

were a unique indication of Hg”" detection. As a result, Hg>"
ions are visible to the unaided eye, and AgNPs offer a viable
colorimetric sensor for Hg>" detection. This observation was
further supported by UV-vis spectral analysis, in which the
presence of Hg>" eliminated the absorption peak at 400 nm (see
Fig. 4a), a characteristic SPR peak of AgNPs. The disappearance
of the SPR peak of AgNPs may be due to the interaction of AgNPs
and Hg>*, where NPs' oxidation occurred.” As previously
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reported, Hg®" can interact with the capping agent stabilizers on
the surface of AgNPs.”*”® Therefore, the proposed mechanism
can explain the colour change from brown to colourless AgNPs-
Hg'. First, the Hg”" interacts with the capping agents bound to
AgNPs. Then, Hg>" reacts with Ag atoms and a redox reaction
occurs due to the standard potential of Ag being lower than that
of Hg (E° of Ag"/Ag = 0.80 V and E° of Hg>*/Hg = 0.85 V).”
Therefore, an Ag-Hg amalgam alloy is formed in the solution
that can no longer absorb light, making the AgNPs and the
solution colourless. Furthermore, AgNPs and Hg>" ions inter-
actions were investigated employing synchrotron radiation-
induced X-ray photoelectron spectroscopy (SR-XPS) measure-
ments (Fig. 4b). The suggested signal assignments, relative
intensity values, binding energy (BE) (eV), full width at half
maximum (FWHM), and core-level spectrum collection findings
for C 1s, O 1s, Ag 3d, and Hg 4f are provided. C 1s, O 1s, Ag 3d,
and Hg 4f core level spectra were collected on AgNPs stabilized
by Averrhoa bilimbi fruit extract. The stability of AgNPs was
improved by the stabilizing agent of Averrhoa bilimbi fruit
extract's capping efficacy.”’® The major element at 285.0 eV, is
attributed to the C-C group. The contamination of samples
always occurs in an aqueous solution and during drying in the
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Fig. 4 Absorption spectra showing (a) SPR bands of AGNPs and AgNPs-Hg?*. Inset image showing colorimetric picture AgNPs (brown colour
solution) and AgNPs-Hg?" (colourless). (b) SR-XPS survey spectra of AgNPs-Hg. (c) XPS Ag 3d core level spectra (d) XPS Hg 4f spectra.
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air (286.6, 288.3, and 289.8 eV are associated with aliphatic
carbon) (see ESI Fig. S37).””

O 1s spectra also reveal the presence of four different kinds
of oxygen atoms with increasing BE. Along with the C=0
contaminants at 531.99 eV, C-O groups contaminants at
533.04 eV, and physisorbed water, a small contribution at about
534.6 eV BE.” After interaction with Hg>" ions, the C 1s, and O
1s curve-fitting results confirm the stability of the Averrhoa
bilimbi fruit extract on the surface of AgNPs Ag 3d spectra are
asymmetric at high BE, which is a characteristic of capped NPs,
indicating that the NPs are composed of at least two distinct
types of Ag atoms.”””® The smallest signal at a higher BE is often
linked to positively charged silver atoms at the NPs surface
interacting with the capping molecule. The spin-orbit pair at
lower BE (Ag 3ds/,, = 368.09 eV BE) is ascribed to metallic silver
atoms of the nanoparticle core (Fig. 4c).”>”””® The presence of
Hg>" was detected in both samples, and the interaction between
mercury and AgNP-capping molecule was measured at the Hg4f
core level. The spectra of Hg 4f are shown in Fig. 4d. Notably,
two distinct pairings of spin-orbit components result from the
asymmetry of the Hg4f spectra in each sample. The primary
element (Hg 4f,,, BE = 99.9 eV) is consistent with Hg® atoms, as
in amalgams; for example, Hg>* ions in oxides or coordination
compounds are responsible for the lesser intensity signal (about
10% of the total Hg 4f signal) at a higher BE (around 101 eV).”3%°
This behaviour is expected for Hg>* ions interacting with silver
nanoparticles; in fact, Hg”* ions tend to react with silver atoms
at the NPs surface, giving rise to Ag-Hg alloys.”®”® even though
other heavy metals, like Ni(i) and Co(u), interact with silver
nanoparticles by coordinating them through the ligands, giving
rise to complex agglomerates with different shapes induced by
the metals. It has been proposed that this kind of interaction
may result in smaller AgNPs or core-shell nanoparticles with
a metallic silver core encircled by an Ag-Hg alloy shell.”®

Selectivity of the detection system for Hg**

The selectivity is one important element that has to be exam-
ined. Therefore, to assess the selectivity of the detection system

0.8

— AgNps
a ) —— AgNps+2Zn?*
—— AgNps+Pb?*
e AgNps+NiZ*
— AgNps+Na*
AgNps+Mn?*

- AgNps+K*

= AgNps+Fe®"
——— AgNps+Fe?*
e AgNps+Cu?*
——— AgNps+Cr**
~—— AgNps+Co?"
—— AgNps+Cd?*
— AgNps+Ca®"
—— AgNps+Ba®*
—— AgNps+Hg?"

2
(2}
1

Absorbance (a.u.)
©
¥ -

o
N

0.0

400 500 600 700

Wavelength (nm)

300 800

RSC Advances

for Hg** under optimal experimental conditions, the sensor
responses to Hg”* were compared with those of 14 other metal
ions, such as Zn*', Pb*', Ni**, Na*, Mn**, K*, Fe*', Fe**, cu**,
cr’*, Co*', C€d*", Ca®>", Ba®*. The analytical performance of
AgNPs as a colorimetric probe was investigated with those metal
ions, and the result showed that only Hg*" ions could change
the colors of AgNPs solution from brown to colorless (see ESI
S4+). By measuring SPR absorbance, the reactions of AgNPs with
different metal ions were investigated independently. The
distinctive peak of AgNPs is located at 400 nm, as shown in
Fig. 5a, and a detailed comparison of the SPR of AgNPs with all
samples was conducted. The majority of the 50 uM cations
combined with equal AgNPs individually had a little change in
absorbance intensity. Still, the peak position remained
constant, indicating that the AgNPs condition was unaffected.
However, AgNPs SPR seemed to alter upon exposure to Hg2+,
and in sharp contrast to other ions, their absorbance completely
disappeared.®* The colorimetric response and the absorbance
intensity of AgNPs with all other ions both intuitively showed
a strong contrast to the Hg>" sample, suggesting significant
Hg”" aggregation.” These data indicated that the AgNPs color-
imetric probe provided specificity for Hg** detection.

Anti-interference of the detection system for Hg>*

Optical AgNPs sensors demonstrated both a strong anti-
interference to other ions and a high selectivity for detecting
Hg”* following the various criteria of practical detection. As
a result, experiments were conducted to determine if other ions
may interfere with detecting Hg”" Fig. S5t displays the colori-
metric image of the AgNPs solution including Hg>* and other
ions. It was found that when Hg>" was present with other ions,
the colors of the AgNPs solutions changed from brown to
colorless.” However, AgNPs solution color does not change with
other ions. Fig. S5t shows the UV-vis absorbance of AgNPs in
the presence of Hg>" and interfering ions, which distinctly
disappeared. Furthermore, the UV-vis absorbance ratios of
AgNPs with Hg?" and other interfering ions showed that AgNPs
solution with Hg”" had more excellent absorbance ratios than
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Fig.5 (a) UV-vis absorption spectra of AGNPs solutions incubated with Hg?* and other 14 metal ions at the same concentration (50 uM) (b) UV-
vis absorption spectra AgNPs solution adding various concentrations of Hg?* ions in the range O to 200 pM. The inset image showed the linear
relationship between the absorbance ratios (A/Ao) versus Hg>" ion concentration.
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other ions. In addition, AgNPs can be recognized even in the
presence of 14 different ions (see ESI Fig. S61).*> The results
demonstrate that the AgNPs colorimetric sensor held good anti-
interference performance for the detection of Hg>".

Sensitivity of the detection system for Hg”*

To assess the sensitivity of AgNPs toward Hg>" ions, a series of
solutions with varying Hg>" concentrations were added to the
AgNPs solutions under optimal experimental conditions. Then,
the absorbance of the solutions was recorded. The SPR absor-
bance spectra of AgNPs at various Hg>" concentrations are
displayed in Fig. 5b. The SPR peak of AgNPs drastically reduced
when the quantity of Hg>" increased from 0 to 200 puM. The
associated image is shown in ESI Fig. S7t that when the
concentration of Hg”" increased, the color of the AgNPs
changed from brown to colorless. This observation illustrated
the concentration-dependent colorimetric behaviour of AgNPs
and confirmed the SPR spectra. AgNPs can be utilized as
a colorimetric probe for quantitative detection of Hg>" because
of the strong relationship between the absorbance ratio and the
Hg”" concentration. A strong linear association (R*> = 0.9965)
was found between the absorbance change ratio at 400 nm (4,/
A) and Hg”" concentrations (0-50 pmol L™ "). According to 3a/k,
where ¢ is the standard deviation of the blank specimens and &
represents the slope of the linear fitting curve.” The limit of
detection (LOD) of AgNPs colorimetric probe toward Hg”" ions
was 1.58 pM within the concentration range of 0.1 M to 50 pM.
The colorimetric probe was also used in the Hg*" quantification.
The limit of quantification (LOQ) was found to be 5.27 pM.

Detection of Hg”" in real water sample

First, the feasibility and environmental tolerance of AgNPs
colorimetric probes were assessed. The absorbance ratio (4/A,)
of AgNPs demonstrates remarkable stability on a large scale,
with minimal fluctuation. Next, the detection performance of
AgNPs toward Hg”>* in water samples was investigated. The
standard addition method was employed to calculate the
concentration and recovery percentages of Hg”" using known
concentrations (20, 30, 40, and 50 uM) of Hg** and other
pertinent ions.** Commercial drinking water was used to obtain
the real water samples. AgNPs SPR absorbance in drinking
water with all metal ions dropped noticeably. AgNPs strong anti-
interference capacity for Hg”" detection is demonstrated by
their proven specificity for Hg** drinking water. The probe's
relative standard deviation (RSD) was 1.21-2.93%, and recovery
rate ranged from 90.60 £ 2.60 to 96.73 + 2.83%, as shown in

Table 1 Detection of Hg?* in commercial drinking water
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Table 1. These findings support the appropriateness of the
probe for Hg”* detection.

H,0, detection

AgNPs-based colorimetric detection is a clear and realistic
strategic approach as it is straightforward to apply, gives results
quickly, and is visible to the naked eye. Therefore, the synthe-
sized AgNPs probe was used for the colorimetric visual detec-
tion of H,0, in water. Adding the H,O, into the AgNPs solution
caused visual color changes from brownish to transparent,
indicating AgNPs acted as a unique probe for H,0, detection.
This observation was further validated by UV-vis spectra anal-
ysis, in which the presence of H,O, eliminated the SPR
absorption peak at 400 nm (see Fig. 6a) of AgNPs due to the
interaction of AgNPs and H,0,.** A catalytic redox reaction
between H,0, and AgNPs may have occurred through the
phytochemical capping layer around the NPs. When H,0, was
added to the reaction mixture, a reactive radical was produced
that initiated the breakdown of AgNPs. In the presence of H,O,,
the following oxidation process of AgNPs occurred: Ag® + H,0,
— Ag' + 2HO .* The concentration of AgNPs was diminished
as H,0, concentration increased through oxidation from Ag® to
Ag'. As a result, the intensity of the SPR band of AgNPs was
reduced, suggesting that AgNPs were likely involved in the
breakdown process of H,0,.3*%>%¢

Furthermore, the sensitivity of the AgNPs probe was inves-
tigated for the detection of H,O,. The AgNP solution was mixed
with a series of H,O, solutions at varying concentrations, and
the mixture was incubated for 30 minutes at room temperature.
Fig. 6b shows how the SPR band of AgNPs decreases with
increasing H,0, concentration. In the control AgNPs solution,
the 400 nm SPR peak gradually decreased and reached a satu-
ration value at 250 uM H,0,. A good linear relationship (R> =
0.9967) was observed between the absorbance ratio (A/4,) and
the concentration of H,O, ranging from 0 uM to 100 uM. The
LOD and LOQ of AgNPs colorimetric probe toward H,O, was
found to be 3.21 uM and 10.70 uM, respectively, within the
concentration range from 0 pM to 100 pM.

Experimental

Materials and reagents

Silver nitrate (AgNO;) (ACS reagent, =99.0%), mercury(u) chlo-
ride (HgCl,) (ACS reagent, =99.0%) were purchased from Merck
India, zinc chloride (ZnCl,) (=98%), lead(u) chloride (PbCl,)
(=98%), nickel chloride hexahydrate (NiCl,-6H,0), sodium
chloride (NaCl) (=99.5%), manganese(u) chloride tetrahydrate

Water sample Hg?" added (uM) Hg>" found (uM) % recovery + SD RSD (%)
Commercial drinking 20 18.12 + 0.52 90.60 + 2.60 2.87
water 30 29.02 £ 0.85 96.73 £+ 2.83 2.93

40 38.52 £ 0.47 96.30 £ 1.17 1.21

50 48.21 £ 1.19 96.42 £ 2.38 2.46
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(MnCl,-4H,0) (=97%), potassium chloride (KCl) (=99.5%),
ferrous (u) chloride (FeCl,) (=98%), ferric (u) chloride (FeCl,)
(=99%), cupric chloride dihydrate(u) chloride (CuCl,-2H,0)
(=99%), chromium(ui) chloride hexahydrate (m) (CrCl;-6H,0)
(=93%), cobalt(n) chloride hexahydrate (CoCl,-6H,0) (=98%),
cadmium(u)chloride monohydrate (CdCl,-H,0) (=99%), cal-
cium(u) chloride dihydrate (CaCl,-2H,0) (=99%), barium(u)
chloride dihydrate (BaCl,-2H,0) (=99%), sodium hydroxide
(NaOH) (=97%) were obtained from LOBA Chemicals, India.
Analytical-grade chemical reagents were all utilized without
further purification. Deionized water was used throughout the
study.

Measurements

The resulting Averrhoa bilimbi fruit extract capped AgNPs solu-
tion was analyzed by UV-vis absorption spectrophotometer
(Model: UV-19001I, SHIMADZU, Japan) in the range of 200-
800 nm. FT-IR spectra were collected at 25 °C using an IRSpirit
Fourier transform infrared spectrophotometer manufactured
by SHIMADZU (Tokyo, Japan) using a KBr pellet at a scan rate of
about four cm™" s~'. The XRD analysis was conducted with
a Rigaku SmartLab spectrometer and Cu-Ko radiation. The
Scherrer equation and the XRD pattern may be used to calculate
the average crystallite size of AgNPs using eqn (1).

Ki
- B cos 6 (1)

where D is the crystallite size (nm), k is the Debye-Scherrer
constant (0.89), A is the X-ray wavelength, § is the line broad-
ening in radians obtained from the full width at half maximum,
and 6 is the Bragg angle or peak position (radians).

A SHIMADZU (Tokyo, Japan) TGA-50 was used for TGA,
heated at a rate of 10 °C min~* under N,. SEM measurements
and EDX analysis were conducted on a Hitachi SU-8000
microscope at accelerating voltages of 10 and 15 kV. TEM

© 2025 The Author(s). Published by the Royal Society of Chemistry

measurements were conducted on a TEM-2100F (JEOL, Tokyo,
Japan) field emission electron microscope. SR-XPS.

Preparation of fruit extract

The fresh Averrhoa bilimbi fruit was collected from Khulna,
Bangladesh. The collected fruit was washed and chopped into
small pieces. Averrhoa bilimbi fruit extracts used in the present
study were prepared as follows. Briefly, 10 g of the chopped fruit
was added into a round bottom flask containing 50 mL of ultra-
pure water and heated at 80 °C for 45 minutes and the solution
was left to cool down. The Averrhoa bilimbi fruit extract was then
separated from the solid part and collected after filtration using
filter paper. Finally, the fruit extracts were centrifuged at 10
000 rpm, and the liquid phase was recovered and then stored in
a freezer at 4 °C for further use.

Green synthesis of AgNPs

The AgNPs were prepared according to the previously reported
literature with slight modifications.®* 1 mL of Averrhoa bilimbi
fruit extract was added to 50 mL of an aqueous solution of 1 mM
AgNO;. Then the solution mixture pH was adjusted to 10 using
NaOH (0.5 M) solution. Initially, the solution mixture was
colorless. The solution mixture was heated at 60 °C for about 30
minutes and its color turned brownish, indicating the forma-
tion of AgNPs. The obtained AgNPs suspension was stored at 4 ©
C.

Visual colorimetric detection for Hg?" ions using AgNPs probe

AgNPs were used as detection probes for the colorimetric
sensing of Hg”" at room temperature. First, 1 mL of AgNPs was
added to a clear glass vial, followed by the addition of 1 mL of
different concentrations of Hg>* solution. Finally, the color
change was observed in AgNPs probe with the naked eye.

RSC Adv, 2025, 15, 10074-10084 | 10081
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Selectivity studies

Stock solutions of different metal ions (Zn>*, Pb**, Ni**, Na*,
Mn*", K, Fe**, Fe?*, cu®, Cr’*, Co®", €d*', Ca®*, Ba®", and Hg>")
with a concentration of 1.0 mM were prepared by using the
corresponding salts in a vial. AgNPs solution added individually
with different metal ions (Zn>*, Pb**, Ni**, Na*, Mn**, K, Fe’",
Fe**, cu®’, cr*', co®, cd**, Ca®*, Ba®", and Hg”") and the
absorption  spectra recorded wusing a UV-vis
spectrophotometer.

were

Anti-interference studies

AgNPs probe demonstrated a strong anti-interference to other
ions and a high selectivity for the detection of Hg*" ions.
Therefore, Hg>* ion detection was conducted in the presence of
various metal ions. AgNPs solution was added individually with
each metal ion along with the Hg>" ion equivalently, and the
absorbance spectra were recorded using a UV-vis spectropho-
tometer. Also, absorbance spectra were recorded by adding all
metal ions including Hg>" ions, equivalently in AgNPs probe.

Sensitivity studies

To evaluate the sensitivity of the Hg>* assay process, a series of
solutions with varying Hg>* concentrations from 0 to 200 pM
were added to the AgNPs solutions under optimal experimental
conditions successively, and the absorbance was recorded
successively.

Detection of Hg”" in real water sample

To calculate the concentration of Hg”* and the recovery
percentages, the real water sample, commercial drinking water
was spiked with 20, 30, 40, and 50 pM of Hg2+ solution. The
standard addition method used known spiked samples of 20,
30, 40, and 50 uM of Hg>* solution. The detection process was
conducted to develop a standard curve for estimating Hg>" ions
in unknown samples.

Colorimetric sensors for H,O,

H,0, colorimetric detection was investigated using a synthe-
sized AgNPs probe for visual detection in water using the naked
eye at room temperature. First, 1 mL of AgNPs was added to
a clear glass vial, followed by the addition of 1 mL of different
concentrations of H,O, solution, and the observed color change
of the solution mixture was with the naked eye.

The sensitivity of the AgNPs probe for H,0, detection was
conducted by adding a series of solutions with varying
concentrations of H,O, solution from 0 to 250 uM to the AgNPs
solutions under optimal experimental conditions, and the
absorbance was recorded successively.

Conclusions

In this study, the AgNPs colorimetric probe was successfully
synthesized using green approaches and employed to detect
Hg>" and H,0,. The fabricated probe quickly and preciously
sensed Hg>* and H,0, by changing colour from brownish to
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colourless, which was observed with the naked eye, and the
intensity of the colour change depended on the concentration
of Hg”" and H,0,. The LOD and LOQ of Hg>" were determined
throughout a linear range of concentration 0-50 uM, and the
estimated results were 1.58 and 5.27 uM, respectively. Similarly,
LOD and LOQ of H,0, were found to be 3.21 and 10.70 uM,
respectively, throughout a linear range of 0-100 uM. The AgNPs
probe preferentially detected Hg>" by competing with Zn>",
Pb**, Ni**, Na*, Mn**, K*, Fe**, Fe**, cu®*, cr**, Co**, cd?', ca®",
Ba®" ions. The presence of Hg”* was easily quantified with the
probe in real water samples, and the results were acceptable.
More importantly, SR-XPS analysis confirmed the interactions
between AgNPs and Hg®" ions and demonstrated the partial
reduction of Hg>" ions to metallic Hg® as well as the partial
oxidation of Ag® to Ag®" and the overall stability of the capping
agents in AgNPs surface. Thus, the analysis revealed a direct
interaction between mercury and silver, indicating the possi-
bility of a mixed AgNP-Ag/Hg amalgam system. Therefore, the
prepared AgNPs probe could be an environmentally benign,
cost-effective, and easy detector for Hg>" and H,O, in water
samples. This investigation enhances the early detection of
heavy metal contamination, such as Hg>* ion in water, helping
prevent health disabilities and reducing the risks of pathogens
associated with various diseases.
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