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Abstract: Nonessential heavy metals are toxic to human health. In this study, mercury, a hazardous
metal, was detected by colorimetric analysis using Artemisia vulgaris-mediated silver nanoparticles
(AgNP) without any modification in an aqueous solution. The UV–vis spectroscopy showed a
characteristic SPR band of Ag0 at 418 nm, indicating the formation of AgNPs. The AgNPs were
crystalline, with an average size of 7 nm, as calculated from the XRD data. The SEM images revealed
the spherical and polycrystalline AgNPs within the agglomerated form. The FTIR spectra elucidated
the functional group of the extract attached with the Ag0. The broad, strong peak at 3632 cm−1

indicated the involvement of the -OH group of compounds of extract in reducing silver ions. The
peak of EDX spectra around 3 keV confirmed the silver in the nanostructure. A colorimetric method
was employed for the heavy metal sensing in the aqueous medium without modification of AgNPs
suspension. The obtained AgNPs were found to be selective and highly sensitive toward Hg2+ ions.
The AgNPs suspension turned colorless after adding 380 µL of 1 mM Hg2+. The synthesized AgNPs
showed the catalytic activity on reduction of 4-nitrophenol in the presence of NaBH4 within 8 min
with a rate constant of 1.21 × 10−2 s−1. The outcome of these findings suggests that the application
of Artemisia vulgaris influenced AgNPs for metal sensing and green catalysis.

Keywords: nanoparticle; silver nanoparticle; mercury sensor; green synthesis; catalysis

1. Introduction

Nanoparticles (NPs) exhibit enhanced or significantly improved properties based
on specific characteristics, such as morphology, size, and distribution. Bulk and atomic
structures differ in their properties, and metal NPs bridge the gap between them with their
unique physicochemical properties, i.e., large surface area, high reactivity, large surface-to-
volume ratio, spatial confinement, tunable pore size, and particle morphology. The NPs
developed with noble metals, particularly Au, Ag, Pt, and Pd, are researched effectively [1].
Due to their unique physical and chemical properties, such as high thermal and electrical
conductivity, good chemical stability, and nonlinear optical properties, silver nanoparticles
(AgNPs) have piqued the interest of researchers over NPs made from other noble metals [2].
The shape, size, and composition of AgNPs can severely influence their efficacy; extensive
research has been conducted to synthesize and characterize AgNPs.

Green and quick NP synthesis methods derived from plant extracts have gained
popularity due to their convenience of use, underlying safety, and convenience [3]. Bio-
logical techniques employ the green chemistry criterion to replace harsh chemicals with
natural products such as enzymes, phytochemicals, and biodegradable polymerase [4].
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Biomolecules contained in plant parts, such as alkaloids, flavonoids, and various phenolic
compounds (lignin, phenolic acids, tannins, and stilbenes), are responsible for the rapid
reduction along with stabilizing and capping of metal salts [5]. These biomolecules affect
the morphology of synthesized NPs [6,7]. It also determines the reduction potential of ions,
which in turn determines the amount of NPs accumulated [8]. The exact mechanism based
on AgNPs production by plants is not thoroughly studied. It is believed that biomolecules
are responsible for the reduction of ions and the formation of AgNPs [9]. The green synthe-
sis of metal NPs, reduction, capping, and stabilization steps occur, and the biomolecules,
such as enzymes, proteins, sugars, etc., are present in the plant extract [10]. The principle
involved in each plant may differ depending on the types of phytoconstituents, but the
primary mechanism is ion reduction.

Heavy metals are referred to as heavy metals that adversely affect the environment and
living organisms and possess a specific density of more than 5 g cm−3 [11]. Nonessential
heavy metals, such as lead (Pb), chromium (Cr), cadmium (Cd), mercury (Hg), arsenic
(As), and antimony (Sb), are non-biodegradable, highly toxic, and carcinogenic even at a
trace level. Heavy metals enter the surroundings through human activities and natural
means [12]. Heavy metals are up-taken from contaminated soil by plants and eventually
passed along the food chain to herbivorous animals. Contamination of crops such as veg-
etables and cereals is a severe problem concerning contamination of humans. Consumption
of toxic-heavy-metal-contaminated cereals and meat may risk human health [13]. When
heavy metal enters our body, it combines with enzymes and proteins to form strongly
stable chemical bonds and thus inhibits regular functioning. The equations below show
their reactions during the formation of bonds with the sulfhydryl groups (-SH) of cysteine
and sulfur atoms of methionine (-SCH3) (Scheme 1) (Duruibe et al., 2007) [14].
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Scheme 1. Reactions representing the formation of bonds with the sulfhydryl groups (-SH) of cysteine
and sulfur atoms of methionine (-SCH3) (Duruibe et al., 2007) [14], where (A,B) are intramolecular
bonding, P is protein, E is the enzyme, and M is metal. “Reprinted/adapted with permission from
Ref. [14]. 2022, ACADEMIC JOURNALS”.

Heavy metals can combine with antioxidants of the body and deactivate their activity.
For example: In the reaction between heavy metal (M) and glutathione, the metal substitutes
H atoms from SH groups on two adjacent glutathione molecules. The involvement of the
two glutathione molecules in forming a strong bond with the metal renders them inactive
for future reactions (Scheme 2) (Kamraj et al., 2012) [15].
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Mercury is caustic and carcinogenic with high cellular toxicity that can damage the
kidney, nervous system, heart, and endocrine system [16]. Similarly, lead (Pb) is the second
most abundant toxic element in the environment due to its use in gasoline, batteries, and
pigments [17]. Lead can cause developmental, neurological, cardiovascular, and reproduc-
tive disorders even at low exposure levels [18]. Arsenic is a well-documented carcinogen,
with over 200 million people worldwide exposed to arsenic-contaminated groundwater at
concentrations above the WHO’s permissible limit of 10 mg L−1 (10 ppb) [19].

The metal-based nanoparticles, including Au, Ag, Cu, Pt, and Pd, have gained atten-
tion because of their promising catalytic properties [20]. The metal nanoparticles-mediated
reduction of 4-NP (nitrophenol) to 4-AP (aminophenol) was demonstrated for the first
time in the presence of NaBH4 [21]. The 4-NP to 4-AP alteration is thermodynamically
achieved in the presence of NaBH4 but kinetically restricted due to a lack of effective cata-
lyst [22]. Green synthesized nanoparticles from various plant extracts have been examined
for catalytic activity against various organic contaminant dyes in recent years.

Herein, we report the green synthesis and colorimetric metal sensing of biofunctional-
ized AgNPs from Artemisia vulgaris plant extracts. Green synthesized AgNPs colorimetric
sensing potential was studied for Fe2+, Ba2+, Hg2+, Cu2+, Mn2+, Zn2+, As3+, Ni2+, Cr3+, and
Cd2+ metal ions. Similarly, AgNPs displayed catalytic reducing properties in converting
4-nitrophenol to 4-aminophenol.

2. Results and Discussion
2.1. Study of Optical Properties of AgNPs by UV-Vis Spectrometry

The formation of AgNPs was observed at room temperature by the change in color of
the solution from yellow to reddish-brown by adding plant extract to 1 mM silver nitrate
solution. The color formation might be due to the surface plasmon resonance (SPR) effect,
and aqueous extracts change Ag+ ions to Ag0 [23]. The initial yellow color of the solution
was observed as the plant extract was added drop by drop on a magnetic stirrer.

The reaction mixture (pH 10) was stirred for further 30 min; the solution turned to
a brown color, as illustrated in Figure S1. Finally, the solution was incubated in the dark
for 24 h at room temperature to reduce Ag+ to Ag0. The color of the mixture remained
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unchanged, and no SPR band was observed at normal conditions (pH 6.4) even after 24 h.
Hence, the pH of the solution mixture was maintained by adding 0.1 M NaOH. A sharp
and narrow absorption peak was observed only at pH 10, which was not obtained at other
pH values, as shown in Figure 1a.
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The UV–vis spectra at different times is shown in Figure 1b. The characteristic UV
absorption peak at 418 nm indicated the formation of AgNPs. The increase in the intensity
of the spectrum with time could be due to the number of AgNPs forming due to the
reduction of silver ions present in the aqueous solution. The UV-vis spectra of synthesized
nanoparticles showed a single SPR band, indicating spherical-shaped nanoparticles present
in the solution [24]. Even a month after their synthesis, the AgNPs were found stable in the
solution of pH 10. By stability, we mean that there was no discernible change in the optical
properties of the nanoparticle solutions over time.

2.2. Structural and Morphological Analysis

Scanning electron microscopy (SEM) analysis provides further insight into the mor-
phology and size details of the silver nanoparticles. SEM images (Figure 2a,b) confirmed
the formation of highly crystalline nanostructures, roughly spherical with various size
distributions. The SEM image indicates the polycrystalline particles. The observation of
larger nanoparticles may be attributed to AgNP’s proclivity to agglomerate due to their
high surface energy and ultra-fine nanoparticle high surface tension. The elemental compo-
sition of the green fabricated silver nanoparticles sample is shown by the energy dispersive
X-ray (EDX) analysis spectrum (Figure 2c). Due to the SPR effect, the optical absorption
peak at 3 keV and peaks at between 2 keV and 4 keV, associated with silver properties lines
L and K, were found [25–27]. Such absorption peaks displayed the presence of silver in
the nanostructure. In addition, other elements such as carbon (C) at 0.31 keV and oxygen
(O) at 0.525 keV were also seen. In the tested samples, oxygen peaks appeared from the
biomolecules bound to the silver nanoparticle surface. Therefore, the peak corresponding
to C may be attributed to the conductive carbon tape.

Crystalline size and structure of the biosynthesized AgNPs were analyzed via XRD.
AgNPs synthesized using Artemisia vulgaris extract were further demonstrated and con-
firmed by the characteristic peak observed in the XRD image (Figure 3a).
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The four distinct diffraction peaks of the 2θ values of 38.260, 46.610, 67.440, and
77.700 can be indexed as (111), (200), (220), and (311), respectively. All diffraction peaks
correspond to the characteristic face center cubic (FCC) silver lines, which is in good
agreement with powder data of JCPDS file no. 84-0713. The XRD pattern shows that
the AgNPs synthesized using Artemisia vulgaris are crystalline. The XRD is comparable
to the reference presented in Figure 3b [28]. The asterisk (*) in Figure 3a are related to
the impurities. The average crystallite size of Ag NPs was calculated from the FWHM of
peaks using the Debye–Scherrer formula and was found to be 7 nm. SEM analysis is a
more appropriate method for visualizing particle size, whereas XRD estimates the exact
size of the NPs. In SEM images, it is seen that the agglomerate of the nanoparticles is
formed. Thus, particle size differs from the Debye–Scherrer formula and SEM analysis. A
few unassigned peaks (marked with stars) were also observed, indicating that bio-organic
phase crystallization occurs on the surface of the silver nanoparticles and possibly silver
oxide due to partial oxidation of silver. Similar spectra of silver nanoparticles synthesized
using Coleus aromaticus leaf extract were reported [29].

FTIR spectra of both Artemisia vulgaris extract and biogenic AgNPs were analyzed to
obtain information on the biomolecules’ active functional groups in the bioreduction of
Ag+ and the capping of AgNPs. The FTIR analysis was performed in the range of 400 to
4000 cm−1.

The FTIR spectra showed the absorption bands at 3262, 2929, 1632, 1518, 1435, 1373,
1219, and 1045 cm−1, indicating the presence of capping agents with the nanoparticles
(Figure 3c). In the case of AgNPs, the broad and strong band at 3262 cm−1 was assigned
to O-H stretching vibration of alcohol and phenol. The bands at 2929 cm−1 and 2848
cm−1 correspond to the C-H stretching vibration of aromatic compounds [30]. The peaks
observed at 1632 cm−1 were due to the presence of C-C and C-N stretching vibrations,
indicating the presence of proteins, which was observed both in AgNPs and Artemisia
vulgaris extract. [31]. The peak at 1435 cm−1 was assigned for N-H stretching vibrations
present in the amide linkage of the proteins. The bands at 1373 cm−1 was designated for the
proteins’ N-H vibration. Moreover, the band at 1219 cm−1 was C-N stretching of amines.
The broad, strong peak at 3262 cm−1 is weak in nanoparticles, which means the -OH group
of the extract compounds is involved in reducing silver ions. The peak at 1045 cm−1 is
attributed to the C-OH of the phenols, boosting the reduction of Ag+ into Ag0 through the
sharing of polyphenols, such as flavonoids and triterpenoids. Such results come closer to
the findings of Litvin and Minaev [32].

2.3. Analytical Application of Synthesized AgNPs

Synthesizing AgNPs using the plant extract is a cost-effective, eco-friendly, and fast
technique used in this research. There could be many analytical applications of AgNPs in
different sectors, some of which were studied in this work.

Colorimetric sensing of AgNPs

The selective colorimetric-sensing ability of the Artemisia vulgaris-mediated AgNPs for
a series of heavy metals was explored in an aqueous solution. In this study, 10 different
metal ions were used for colorimetric detection. Figure S2 showed the color change of
AgNPs after adding a different heavy metal solution of 0.01 M concentration. There was
a bathochromic shift in the λmax value and a decrease in absorbance of the AgNPs after
adding a 0.01 M metal solution except for Hg2+, as shown in Figure 4a. Due to the size
effect, the UV absorption peak of Ag NPs is not fixed. The blue shift and red shift also
occurred because of the same reason. The addition of Hg2+ selectively converted the
reddish-brown-colored AgNPs solution into a completely colorless solution, which our
naked eye can clearly distinguish, while observable color change was not obtained for the
remaining metal solution.
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There was no appreciable shift in the λmax value of AgNPs on the addition of Cu2+

(418 nm to 417 nm); however, the highest shifting was noticed for the Fe2+ (from 418 nm to
435 nm). A similar red shift in the SPR absorption of AgNPs from 418 nm to 430 nm was
observed for Ni2+ and Zn2+ ions. When other metal ions Ba2+, Cr3+, Mn2+, As3+, and Cd2+

were added to AgNPs, shifting of λmax values from 418 nm to 426 nm, 423 nm, 428 nm,
421 nm, and 429 nm, respectively, were recorded.

There was no peak for the AgNPs dispersion with Hg2+ due to the interaction of the
Hg2+ with the biomolecules adsorbed on the surface of AgNPs. Because of the strong SPR
absorption band, the fresh biologically synthesized AgNPs were yellowish-brown in color.
The yellow AgNPs solution became colorless in the presence of Hg2+, accompanied by the
broadening and blue shifting of the SPR band, indicating the selective sensitivity of AgNPs
towards the Hg2+ ion.

The selective nature of green synthesized AgNPs with different metal ions was further
studied by plotting AgNP solutions’ absorbance with all-metal ions. The ∆A intensity
ratio of AgNPs of different metal ions indicated the selectivity for Hg2+ ions, as illustrated
in Figure 4b. The ∆A value of AgNPs with different metal ions was less than 0.2 except
for Hg2+ ions, which was more than 0.5. This result showed that aggregated AgNPs
(transparent color) accounted for a significant absorption ratio. In contrast, highly dispersed
AgNPs had a lower ∆A value [33].

Sensitivity of AgNPs towards Hg2+ ions

The sensitive nature of the green synthesized AgNPs were examined by adding
the different volumes of Hg2+ ions solutions to the 1 mL AgNPs dispersion at room
temperature. The minimum detectable Hg2+ ion was identified within the aqueous system
by a visible color change and monitored by the UV-vis spectra. There was a color change
from yellowish-brown, yellow, light yellow, and light salmon to transparent after adding
the different volumes of Hg2+ solutions incrementally from 20 to 600 µL, as illustrated in
Figure S2a. Upon addition of 300 µL Hg2+, the solution remained pale yellow; however,
the solution turned colorless while adding 400 µL and a higher volume of Hg2+ solution in
the first step of the experiment, as shown in Figure S2a.

In the second phase of the experiment, different volumes between 300 µL to 400 µL
were added. When 380 µL Hg2+ (190 µM in terms of concentration) solution was added to
AgNPs dispersion, the solution turned completely colorless, indicating the sensing range
of the AgNPs as shown in Figure S2b.

After adding a different volume of Hg2+ ion solutions, the UV-vis spectra were
recorded. It showed that the SPR band was blue-shifted with decreasing the intensity
and broadening of the peak on increasing the volume of the Hg2+ ion solution, as illus-
trated in Figure 5a. The SPR band of AgNPs disappeared after adding the 250 µL and
higher volume of Hg2+ solution (Figure 5a,b). It can be explained that the result obtained
is possibly due to the redox reaction between the Hg2+ and Ag+. Because of the higher
reduction potential of Hg2+ (E0

Hg2+/Hg = +0.85 V) than Ag0 (E0
Ag+/Ag = +0.80 V) [34], it
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has a tendency to oxidize to Ag+. The metallic mercury was formed after the reaction of
AgNPs with Hg2+. The newly formed metallic mercury could offer a strong bonding on
the surface of silver and forms a layer around silver particle radiolytically, or an amalgam
could be formed, which caused the blue shift and broadening of SPR band [35]. The plot
of the λmax against the volume of Hg2+ showed an exponential curve, as in Figure 5c. The
maximum absorption value decreased with the volume of the Hg2+ ion.
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Catalytic degradation of 4-nitrophenol (4-NP)

The catalytic activity of the AgNPs was examined by the reduction of 4-NP into 4-
AP (aminophenol) in the presence of NaBH4. The reduction was detected by observing
the absorption on a UV-visible spectrophotometer. The absorption peak of 4-NP was
shifted from 318 nm to 400 nm after the addition of NaBH4 due to the formation of the
4-nitrophenolate ion. The absorption maximum at 400 nm was not decreased with time,
as illustrated in Figure 6a. The NaBH4 is inert to the aromatic compounds containing the
-NO2 groups, and this is because of the kinetic barrier between the BH−4 and 4-NP [36]. The
absorption intensity decreased rapidly within the 8 min by adding AgNPs, and a new peak
was observed at 298 nm (Figure 6b). The new peak that appeared at 298 nm confirms the
conversion of 4-NP to 4-AP [37].
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The concentration of NaBH4 was in a large excess of that of 4-NP. Thus, the reduction
is a pseudo-first-order reaction concerning 4-NP alone. Therefore, the reaction kinetics can
be described as:

ln (Ct/C0) = kt

where, k = apparent rate constant (min−1), t = reaction time, and Ct and C0 = concentrations
of 4-NP at time t and 0, respectively.

The linear relationship between ln (Ct/C0) and reaction time was observed, represent-
ing that the reduction of 4-NP follows the pseudo-first-order kinetics with a correlation
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coefficient of 0.9993, as shown in Figure 6c. The rate constant k was calculated from the
slope of the straight line and found to be 0.1604 min−1.

3. Materials and Methods

The outline of the preparation of the plant extract and its commercial metal sensing
application along with catalytic activity on the reduction of 4-Nitrophenol is presented in
the Scheme 3.
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3.1. Plant Extract Preparation

Fresh leaves of Artemisia vulgaris were collected from the open spaces of the Kritipur,
Kathmandu, with geographical distribution (27◦40′54.62”N, 85◦17′11.26”E). The clear
digital images of the Artemisia vulgaris leaves are shown in Figure S3. The collected leaf
was rinsed adequately with running tap water, followed by distilled water, and then dried
at room temperature in the shade for two weeks. An electrical blender was used to grind
the air-dried leaves into powder, then stored in polyethylene bags for future use. The leaf
broth solution was prepared by adding 10 g of the final powder sample and 100 mL of
distilled water. A magnetic stirrer stirred the solution at 60 ◦C for 45 min. After cooling,
they were filtered through standard filter paper and Whatman Filter Paper No. 1. The
filtrates were used for experiments, and the remaining extract was stored at 40 ◦C for
further experiments.

3.2. Biosynthesis of Silver Nanoparticles

A stock solution of 50 mM AgNO3 was prepared by dissolving 4.247 g of AgNO3 in
500 mL distilled water in a volumetric flask. Next, 10 mL of stock solution was diluted
to 500 mL to prepare 1 mM AgNO3 to synthesize AgNPs. All the solutions in volumetric
flasks were wrapped with a black covering and kept in the dark. Then, 10 mL of plant
extract was added (drop-wise) to 90 mL aq. AgNO3 solution was used for reducing Ag+ on
a magnetic stirrer for 25 min at room temperature and left in the dark for 24 h for further
analysis. The pH of the solution was maintained at 10 by using the 0.1 M NaOH. The color
change of the solution was observed. The UV–vis spectra were recorded at different time
intervals to confirm the formation of AgNPs. The fully reduced solution after 24 h was
centrifuged by Sorvall ST 8R centrifuge at 9000 rpm for 20 min at 25 ◦C. The supernatant
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liquid was discarded, and the pellet obtained was redispersed in distilled water. The
centrifugation process was repeated three times to wash off any adsorbed substance on the
surface of silver nanoparticles and finally by absolute ethanol. Thus, purified AgNPs were
dried at room temperature and stored in an Eppendorf tube covered with aluminum foil
for further analysis.

3.3. Colorimetric Metal Sensing

After the different metal salt solutions were prepared, as explained in Section S2.6 of
Supporting Information File, the colorimetric metal sensing was performed. In a regular
sensing test, 1 mL of the metal solution was added to 4 mL of the noble metal nanoparticle
dispersion. The ions used for the tests were Fe2+, Ba2+, Hg2+, Cu2+, Mn2+, Zn2+, As3+, Ni2+,
Cr3+, and Cd2+ at a concentration of 0.01 M. The color change of the resulting mixture
was observed and analyzed by UV–vis spectrophotometry. Metal ions detected from the
first stage of the experiment were further analyzed by lowering their concentration. To
determine the detection limit of the synthesized AgNPs, different volumes (20–600 µL) of
that metal ion were added to 1 mL of nanoparticle dispersion. The resulting dispersion was
then analyzed by UV–vis spectrophotometry.

3.4. Catalytic Activity of the AgNPs

The catalytic role of the AgNPs was assessed using 4-NP by following the reported pro-
cedure with modifications [24] in the presence of NaBH4. The experiment was performed
by mixing 2.5 mL of freshly prepared 10 mM NaBH4, 200 µL of 1 mM 4-NP, and 10 µL of
1.5 mg mL−1 AgNPs suspension. Nanoparticle suspension was sonicated for 45 min before
the experiment. The absorption of the mixture was monitored periodically at different time
intervals between the ranges of 250 nm to 550 nm by using a UV–vis spectrophotometer.
The stability of NaBH4 with 4-NP was checked by scanning in the same range at different
time intervals for 30 min before mixing the catalyst (AgNPs).

4. Conclusions

The current study concluded that the green synthesis of AgNPs, using A. Vulgaris
extract as a reducing and capping agent, has advantages, such as ease of availability, eco-
friendliness, and economic viability. Secondary metabolites were in charge of the green
synthesis of AgNPs. More research is needed to determine the precise mechanism and to
comprehend the entire process of green synthesis of silver NPs. The formation of AgNPs
was confirmed by UV–vis spectroscopy in the aqueous medium. The synthesized AgNPs
were further characterized by SEM, FTIR, and XRD, which also revealed the formation of
AgNPs. The biosynthesized nanoparticle showed good sensing activity towards Hg2+. The
synthesized AgNPs exhibited a catalytic-reducing property in converting 4-NP to AP within
8 min. Therefore, green synthesized AgNPs could be employed to detect the hazardous
Hg2+ ion in an aqueous medium to save the environment from mercury pollution and
catalytic reduction of the organic dyes.

The present research work leaves the following prospects:

• Further optimization of protocol (effect of temperature, AgNO3 concentration, plant
extract concentration) is necessary for the large-scale production of the AgNPs.

• A comprehensive study is required to prepare the AgNPs-based sensor and application
in catalysis.

• The toxicity should be tested for commercialization of the AgNPs.
• Besides the study of sensing and catalytic activity of AgNPs, other properties and their

possible application should be studied.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics10080113/s1, Chemicals and reagents, various char-
acterization techniques for silver nanoparticles (UV–vis Spectroscopy, Fourier-Transform Infra-Red
(FTIR), X-ray Diffraction (XRD), Scanning Electron Microscope (SEM), Metal sensing activity of

https://www.mdpi.com/article/10.3390/inorganics10080113/s1
https://www.mdpi.com/article/10.3390/inorganics10080113/s1
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AgNPs, preparation of metal salt solution, colorimetric metal sensing, and catalytic activity of the
AgNPs) Figure S1: Color change during the synthesis of AgNPs nanoparticles; Figure S2: Color
change on adding (a) 20–200 µL of Hg2+ and (b) 300–400 µL of Hg2+; Figure S3: Photographic image
of Artemisia vulgaris.
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