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Application of an alliin-based precursor for the synthesis of silver nanoparticles (Ag NPs) which is an
emerging, reliable and rapid sensor of heavy metal ion contaminants in water is reported here. The Ag
NPs were characterized by using UV-visible spectroscopy, X-ray diffraction, transmission electron
microscopy, X-ray photoelectron spectroscopy and Raman spectroscopy analysis techniques. The Ag
NPs simultaneously and selectively detect Hg?* and Sn?* ions from aqueous solution. The sensitivity and
selectivity of the prepared Ag NPs towards other representative transition-metal ions, alkali metal ions
and alkaline earth metal ions were also studied. For more precise evidence, a density functional theory
study was carried out to understand the possible mechanism and interaction in the detection of Hg?*
and Sn?* by Ag NPs. The limits of detection for Hg?* and Sn?* ions were found as 15.7 nM and 11.25 nM,
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Introduction

Heavy metals usually refer to elements with atomic weight and
density higher than 5 times that of water. Some of these metallic
compounds are considered highly toxic to humans and other
organisms. Extensive use of these metals or their compounds in
industrial, agricultural, domestic and health sectors releases them
in the environment, raising health and environmental concerns.*
Mercury (Hg) is a heavy metal that is reported to be hazardous in
some forms. However, metallic Hg is still used in thermometers,
barometers, batteries, electrical appliances, dental fillings, some
religious remedies etc. Some inorganic mercury compounds are
used as fungicides, cosmetics, antiseptics, paints, tattoo dyes etc.>*
All Hg compounds that are discharged in the environment ulti-
mately end up in soil or surface water." Likewise, plant products

“Natural Product Chemistry Section, CSIR-North East Institute of Science and
Technology, Itanagar, Arunachal Pradesh-791110, India. E-mail: c.tamuly@gmail.com
*Dept of Chemistry, Cotton University, Guwahati, Assam-781001, India

‘Academic of Scientific & Innovative Research, CSIR-North East Institute of Science and
Technology, Jorhat, Assam-785006, India

“Material Science and Technology Division, CSIR-North East Institute of Science and
Technology, Jorhat, Assam-785006, India

T Electronic  supplementary
10.1039/d0ra09926k

information (ESI) available. See DOIL

14700 | RSC Adv, 2021, 11, 14700-14709

may also contain Hg derived from some sprays with Hg
compounds as one of the components.*

Elemental Sn has significant applications with other
elements like Al, Fe, Cu etc. in brass, bronze and solder. One of
the major applications of Sn compounds is as intermediate
materials for the synthesis of organo-Sn compounds and for
electroplating composites. Organo-Sn compounds are exten-
sively used as stabilizing agents in the preparation of materials
like PVC, as homogenous catalysts for polyurethane foam
formation, for glass coating, and as pesticides and disinfec-
tants. However, use of certain organo-Sn compounds is dis-
continued due to their toxicity and hazardous nature in the
environment.>® Naturally occurring Me-Sn are formed from
inorganic Sn by the action of mainly soil- and sediment-
dwelling bacteria and other microorganisms.”*

Stannous chloride (SnCl,) is most commonly available in
packed food, cold beverages, pesticides, toothpaste etc. It
interrupts ossification in the fetal skeleton and may cause
complete post-implantation loss.” Certain  organo-Sn
compounds like trimethyl-Sn and triethyl-Sn are reported as
highly neurotoxic.'® Butyl-Sn and octyl-Sn are known to impair
the immune system in different animal groups. Likewise,
anaemia is reported in rats with oral exposure to some of the
organo-Sn compounds like dibutyltin dichloride, tributyltin
oxide, or dioctyltin dichloride which also causes teratogenic
effects in rat embryo and induces carcinogenicity."*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Therefore, monitoring of Hg”* and Sn>" ion level which varies
with source is important to protect human and environmental
health. Many techniques including HPLC, electrochemical, fluo-
rescence and colorimetric methods are used to detect heavy and
hazardous metals in the environment and water.">** Many of these
can detect even trace amounts of contaminants. But, these are
expensive and need complicated setups or involve tedious
processes. Colorimetric sensors are cheaper with comparatively
easier processing methods.*

Developing a robust system for detecting Hg”* and Sn>* with
high sensitivity and selectivity against other common metal
ions dissolved in water has been a challenge in recent years.
From an environmental point of view, the development of a low-
cost, simple, selective and sensitive technique of detection of
these ions becomes very important. Therefore, the present study
attempts to assess selective and sensitive detection of Hg”* and
Sn*" ions using phyto-synthesized silver nanoparticles (Ag NPs).
Here, garlic (Allium sativum), a common spice and medicinal
plant, was used to synthesize the Ag NPs. Garlic is widely
consumed as spice and medicine throughout the world in many
cultures and traditions over centuries of human civilization. It
is also used in Ayurvedic medicine for treatment of different
diseases.’ Garlic contains various organo-S compounds,
responsible for its specific flavour, aroma and medicinal prop-
erties. Alliin is the major S compound present in garlic. The
alliin content in garlic cloves is reported as ~8 g kg™ ."” Garlic
has several advantages compared to other reducing agents. It is
commonly available throughout the year and widely available. It
is also available worldwide. It is easy to preserve at normal
temperature. It has a significant advantage compared to other
biomaterials for reduction of Ag" ions. However, it is trans-
formed to allicin(diallylthiosulfinate) rapidly by the action of
the enzyme alliinase after crushing or cutting garlic cloves.'®*
Accordingly, hot extraction was carried out of garlic paste in our
study to avoid this transformation at about 60 °C.

Here, it is proposed to synthesize Ag NPs using garlic extract
that contains alliin as the major bioactive ingredient. The
synthesized Ag NPs were further used for highly selective
sensing of Hg*>" and Sn®>" metal ion contaminants in water. In
addition, a density functional theory (DFT) study was carried
out to support the experimental evidence and to reveal
a possible mechanism for the sensing of the metal ions. For
precise application or practical utility of our method, the
experiment was done for water samples collected from three
ponds of different locations of Arunachal Pradesh.

Results and discussion
Formation of Ag NPs

The formation of Ag NPs was characterized by using UV-visible
spectra. The Ag NPs were synthesized using garlic extract (Fig. 1).
After addition of garlic extract, the colourless AgNO; solution
turned to a brownish colour. This indicates the action of the garlic
extract as a reducing agent to form Ag NPs.** The absorption
spectrum of the Ag NPs was bell-shaped with a peak at a wave-
length of 420 nm (Fig. 2A). This band corresponds to the typical
surface plasmon resonance (SPR) of conducting electrons from the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic diagram of formation of Ag NPs from garlic extract.

surface of Ag NPs and was used to confirm the reduction of Ag" to
Ag®2>* The SPR peak for synthesized Ag NPs was also reported at
a wavelength of 420 nm in previous studies.*>*®

X-ray diffraction (XRD)

The crystalline nature of the Ag NPs was characterized by using the
XRD technique. There were four well-defined characteristic
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diffraction peaks at 26 values of 38.16°, 44.54°, 64.82° and 77.56°
(Fig. 2B). These characteristic peaks revealed the reflection planes
(111), (200), (220) and (311) of face-centred cubic (FCC) structure of
crystalline metallic Ag as per JCPDS file no. 04-0783.*”?® This is also
supported by our previously reported results.”” In the presence of
Hg”" and Sn*' ions the peaks at 38.16°, 44.54°, 64.82° and 77.56°
disappear due to the disappearance of Ag NPs. This is shown in
Fig. S1 [ESIt].

Raman spectroscopy

The Raman spectrum of the Ag NPs was recorded to find out the
possible surface-bound functional groups of the active
compounds in garlic extract (alliin) associated with the stabili-
zation of Ag NPs (Fig. 3). The broad band at 1580 cm ™" revealed
asymmetric C=0 stretching vibrations of carboxyl (O-C=0)
group. This peak indicates that the active molecule of garlic
extract is bound to the surface of the Ag NPs through formation
of chemical bond between Ag and carboxylate (-COO ™) group of
alliin. The shoulder peak at 2350 cm™ " may be due to C=C
stretching.*** Raman analysis was also carried out for Ag NPs +
Hg®" and Ag NPs + Sn>" mixtures. The spectra are shown in
Fig. 3. The peak at 1585 cm ™" for Ag NPs + Hg>" and Ag NPs +
Sn** revealed the presence of C=O stretching vibration of
carboxylate ion. The peak 2350 cm™ ' may be due to C=C
stretching of alliin molecule. The peak is sharper compared to
that of Ag NPs synthesized via alliin. This may be due to surface
alliin molecules becoming more labile and Ag’ state dis-

appearing in the presence of Hg*" and Sn**.3%%

Transmission electron microscopy (TEM) analysis

The Ag NPs were further characterized by TEM analysis. The
TEM analysis revealed that the Ag NPs are spherical in shape
and with sizes in the range 2.0 + 0.3 to 17.6 £ 0.6 nm. The
average size of the NPs is 10.3 nm. This is supported by reported
literature.*>* Fig. 4A indicates the presence of spherical Ag NPs
in the system. The inset of Fig. 4A shows the HR-TEM image
with a scale of 2 nm which reveals the spherical surface pattern
of Ag NPs. The diffraction pattern of the Ag nanocrystal surface

—— AgNPs
—— AgNPs+Sn?*
—— AgNPs+Hg™

Intensity(a.u.)

Raman Shift (cm™)

Fig. 3 Raman spectra of Ag NPs, AgNPs + Hg?* and AgNPs + Sn?*.
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Fig. 4 (A) TEM image of Ag NPs with scale bare of 20 nm. (B)
Diffraction pattern of Ag NPs.

is shown in Fig. 4B. The diffraction pattern reveals the (111),
(200), (220) and (311) planes of Ag crystalline surface.?*?

X-ray photoelectron spectroscopy (XPS)

XPS was used to interpret the chemical nature and surface
constituents of the Ag NPs synthesized using aqueous garlic
extract. The survey scan shows the existence of Ag, O, C, S and N
elements. The atomic composition of elements was found as: C
15 - 58.78%, O 1s — 34.4%, N 1s - 5.51%, Ag 3d - 0.37% and S 2p
- 0.05%. Fig. 5A presents an XPS spectrum of the Ag NPs with
a range of 0-1300 eV. The HR-XPS core-level spectra of S(2s),
C(1s), Ag(3d), N(1s), and O(1s) are shown in Fig. 5B-F. The Ag 3d
region shows two characteristic peaks at 372.9 eV and 366.9 eV
(Fig. 5B) that occur due to the spin orbital splitting representing
Ag 3d3, and Ag 3ds), core levels, respectively.**** The result
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Fig. 5 (A) XPS spectrum of Ag NPs and high-resolution XPS spectra of
(B) Ag 3d core levels, (C) N (1s), (D) O (1s), (E) C (1s), (F) S (2p) regions.
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suggests the formation the Ag NPs. Fig. 5C presents the HR-XPS
spectrum for the N(1s) region. The binding energy was recorded
at 398.9 eV. Fig. 5D presents the HR-XPS spectrum of the O(1s)
region. Here, a peak at 532.2 eV was observed for the Ag-O
bond.* The Ag-O bond was formed due to strong interaction
between a vacancy in the d-orbital of Ag and the active
biomolecule present in the extract of Allium sativum. The peak
seen at binding energy of 531.6 eV shows the existence of S=0
and O-C=0 bonds.** Fig. 5E depicts the C(1s) spectrum that
refers to bonds with C atoms. Here, peaks were noted at
283.8 eV and 285.2 eV ascribed to C-O and C=O0, respectively.**
Fig. 5F presents the S(2p) spectrum showing the existence of S at
167.5 eV for S 2p;/,. The binding energy of S corresponds to
established data for S 2p.*®

Metal ion sensitivity of the Ag NPs

The aqueous solution of the synthesized Ag NPs was brown in
colour which may be ascribed to the excited vibrations of the
SPR band. The SPR peak was recorded at 420 nm. The colour of
the freshly prepared Ag NPs solution turns from brown to col-
ourless gradually on addition of Hg>* and Sn>" ions. Response
of Ag NPs to other metal ions did not show changes in the SPR
band (Fig. 6). The metal ions Fe**, Ni**, Pd**, Pb**, Na*, AI*",
Zn**, K', Cu®*, Ca**, Ba®", Sn>" and Hg”" were taken to evaluate
the sensitivity of Ag NPs. But, except Hg”* and Sn**, the other
metal ions did not show any sensitivity towards the as-
synthesized Ag NPs. In this case, 0.2 ml of 1 mM salt solution
of metal ion was added to a 3 ml solution of Ag NPs at similar
experimental conditions. Fresh solution of Ag NPs was used for
detecting the metal ions. The study revealed that the colour of
the Ag NPs solution turns from brownish to colourless on
addition of freshly prepared Hg>" and Sn** ions.

The results show that the presence of standard solution of
Fe?*, Ni**, pd**, Pb**, Na*, AI**, Zn**, K*, Cu*', Ca** and Ba**
ions does not cause apparent changes in the SPR band and
colour of Ag NPs solution, in contrast to Hg>" and Sn>" that turn
the colour of the solution from brown to colourless. Experi-
ments to detect Hg®" and Sn>" ions were performed using UV-

Absorbance(a.u.)

Wavelength(nm)

Fig. 6 UV-visible spectra of Ag NPs after addition of different metal
ion solutions. The colour of the solutions is shown in the inset
photograph.
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visible spectroscopic and XRD methods. The change in colour
with respect to time is shown in Fig. 6. The colour of the solu-
tion is yellowish brown in the absence of Hg”* and Sn*" ions.
The Hg2+ ion has a closed-shell d,, and this configuration does
not exhibit significant optical spectroscopic property. In the
presence of 10 ul of 1 mM Hg>* and Sn>* ions the colour of the
Ag NPs solution disappears. This is accompanied by broadening
of the SPR band. The colourless solution did not show the peaks
at 38.04°, 45.82°, 64.62° and 77.4° corresponding to the reflec-
tion planes (111), (200), (220) and (311) of the FCC structure of
Ag NPs [Fig. S1, ESIt]. This indicates that the Ag NPs dis-
appeared in the presence of Hg>" and Sn*" ions.

Possible mechanism of Ag NPs synthesis and binding with
Hg”* and Sn** ions

In present study, the garlic paste was boiled immediately after
grinding. This destroyed the enzyme activity of alliinase to
convert alliin to allicin.'”*® Therefore, alliin was involved as
stabilizing agent of the synthesized Ag NPs. In this regard,
HPLC analysis was done for further confirmation about the
presence of major bioactive constituent (alliin) which may play
a major role in synthesis and stabilization of the Ag NPs. The
HPLC results clearly revealed the presence of alliin instead of
allicin in this study (Fig. 7A and B). The peak at retention time of
2.45 min in Fig. 7A revealed the presence of alliin in garlic
extract as major constituent. The HPLC trace of standard alliin
is shown in Fig. 7B where the retention time is found at
2.45 min. In both cases the HPLC was run with the solvent
system consisting of A:B (80:20) (acetonitrile : water with
0.2% phosphoric acid).

Hence, alliin is the major chemical constituent of hot
aqueous garlic extract. So, it plays significant role in the

mAU
A PDA Multi 1 190nm,4nm

500
Alliin

250

0.0 25 5.0 7.5 10.0
min

mAU

B PDA Multi 1 190nm,4nm

3000
Alliin Std

2000

1000

0.0 25 5.0 75 10.0
min

Fig. 7 HPLC traces of (A) garlic extract and (B) alliin standard.
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synthesis of Ag NPs as reported in Fig. 8. Here, one Ag' ion
directly attaches with one carboxylate ion of alliin which may
further form a cluster of three Ag® ions with three carboxylate
ions of alliin. After addition of Hg>" and Sn>" ions, the solution
becomes colourless. This results in degradation of the Ag NPs in
the solution as indicated by UV-visible spectroscopy and XRD
study. Based on these observations, it may be stated that these
phenomena may be due to a redox reaction between Ag® and
Hg”" with standard potentials of 0.8 eV (Ag'/Ag) and 0.85 eV
(Hg**/Hg), respectively.”” Similar phenomena may also be
attributed to Sn** ion. It is also expected that added Hg>* and
Sn** ions to the freshly prepared Ag NPs replaced the stabilizing
compound alliin.

For more precise evidence, a DFT study was carried out to
understand the possible interaction of alliin with Ag ions
during formation of Ag NPs. A similar study was also conducted
for analysing the optimized nanocluster in sensing Hg*" and
Sn** ions. The calculation reveals that the interaction of Ag®
nanocluster with alliin stabilizes the cluster. The calculated
stabilization energy is 18.4 keal mol ™ *. This energy is sufficient
to hold together the Ag’ nanocluster. This nanocluster also
interacts with Hg® in its oxidized form, i.e., Hg®" state. Fig. 9
shows the optimized geometry of the Ag" nanocluster interact-
ing with each of Hg>* and Sn>". It is also to be noted that while
interacting with Hg>", alliin separates from the Ag* nanocluster.
The interaction energy of Ag" nanocluster with Hg>" is calcu-
lated to be 7.6 kcal mol ™" while it is 8.3 keal mol " for Sn*".
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Fig. 8 Schematic illustration of proposed synthesis of Ag NPs using
hot aqueous garlic extract and analytical detection of mercury ion
(Hg?")/stannous ion (Sn*) using synthesized Ag NPs.
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Fig.9 Optimized geometry of Ag(0) nanocluster stabilized by alliin ion
and the Ag()-Hg(0) and Ag(1)-Sn(0) interactions. Kinetics for binding
Ag NPs with Hg?* and Sn?*.

Similar phenomena are also expected for interaction between
Ag NPs and the Sn*" ion.

To estimate the kinetics of the binding of Hg>* and Sn>" ions
with Ag NPs, we studied the time-dependent absorbance from
the UV-visible absorption spectra of the Ag NPs in the presence
of different concentrations of Hg”" and Sn”" ions. We recorded
the time-dependent UV-visible spectra at intervals of every
5 min. The absorbance of Ag NPs + Hg*" and Ag NPs + Sn>" was
found to decrease with increasing time (Fig. 10A and B) in
similar reaction conditions. This also corresponds to a decrease
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Fig.10 Effect of kinetics on UV-visible absorption spectra of Ag NPs in
the presence of (A) 5nM Hg?* and (B) 5 nM Sn?* and at time intervals of
5 minutes.
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Table 1 Rate constant for binding of Ag NPs with Hg?* and Sn®* at
different concentrations

Rate constant

No. Concentration (K) (min™")
1 10 nM Hg** 0.01434
2 5 nM Hg>* 0.00689
3 1 nM Hg*" 0.00508
4 10 nM Sn** 0.00907
5 5nM Sn** 0.00791
6 1 nM Sn** 0.00674

of the rate constant (Table 1) with decreasing concentration of
Hg>* and Sn®" ions. When the concentration of metal ion
increases, the Ag NPs released the bioactive compound, ie.
alliin, simultaneously, then formed a cluster with Ag® ion. The
mechanism has already been discussed in the previous section.
The same phenomenon was observed in the case of Sn>* ions.

Effect of pH in sensing of Hg”" and Sn>* ions

The effect of pH in sensing the metal ions, i.e. Hg** and Sn*",
was investigated in Ag NPs solution at 4.0, 7.0 and 9.0, respec-
tively. At pH = 4.0 the Ag NPs solution turned colourless faster
after addition of Hg>" and Sn>'. This was indicated by a rapid
decrease in absorbance of the solution. At pH = 9.0 the Ag NPs
solution became colourless slowly compared to at pH 4.0 and
7.0 for both metal ions. The results indicated a decrease in rate
of the reaction with increase of pH. The pH-specific colorimetric
change was also noted for other Ag NPs.*® The rate constant of
the reaction is shown in Table 2.

Limit of detection (LoD) of Hg”" and Sn** ions by Ag NPs

The sensitivity and the minimum detectable concentration of
Hg>" in aqueous solution were evaluated by colour change of the
system, and monitoring the UV-visible absorption. Different
concentrations of aqueous solutions of Hg>" and Sn** ions were
added to a solution of the Ag NPs (3 ml). The experiment was
carried out at room temperature (25 °C). The LoD for Hg>" and
Sn** was determined using the SPR peak of Ag NPs at 420 nm.

From Fig. 11 and 12, it was observed that the absorption
peak of Ag NPs decreases with increasing concentration of Hg”*
and Sn>" ions and there is a linear relationship (Y = 0.0366X +
0.2301, R* = 0.8821; and Y = 0.0234X + 0.1170, R> = 0.9386,
respectively) between the changes of absorbance and the

Table 2 Rate constant for binding of Ag NPs with Hg®* and Sn®* at
different pH

Rate constant

No pH (K) (min™)
1 Hg™" 4.0 0.00924
2 7.0 0.00621
3 9.0 0.00168
4 Sn** 4.0 0.00853
5 7.0 0.00560
6 9.0 0.00147

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.11 UV-visible absorption spectra of Ag NPs upon addition of Hg®*
solution of various concentrations (1.0-16 nM). The inset shows the
absorbance versus concentration of Hg?*.

concentration of Hg>* and Sn>" ions over the range 1-15 nM at
403 nm and 1-11 nM at 405 nm, respectively (Fig. 11 and 12).
The synthesized Ag NPs can be used for the colorimetric
detection of Hg>" and Sn** with LoD of 15.70 nM and 11.25 nM,
respectively, which are very significant results compared to re-
ported data (Tables 3 and 4).

Determination of Hg”>* and Sn”* in water samples

To study the practical utility of the developed method for
sensing and detection of heavy metal ion contaminants in
water, three water samples were collected from ponds of
different locations of Arunachal Pradesh. Detection of Hg>* and
Sn** in pond water with added Fe*", Ni**, Pd**, Pb**, Na*, AI**,
zZn*', K, cu**, Ca** and Ba®" ions showed mean absorbance of
0.486 + 0.007 nm for solution with added Hg>", 0.3789 =+
0.005 nm for solution with added Sn**, and 0.4884 + 0.0089 for
solution containing both Hg>" and Sn**. The relative standard

—_—
iiﬁiiih

0.9 * R’=0.9386

0.8

=0 nM
===1nM
) NM
=3 nM
=——4nM
=5 nM
=6 nM
=7 nM
8 nM
=9 nM
=10 "M
=11nM

Absorbance(a.u.)

) ) 1 L) 1
300 400 500 600 700
Wavelength(nm)

Fig. 12 UV-visible absorption spectra of Ag NPs upon addition of Sn®*
solution of various concentrations (1.0-11 nM). The inset shows the
absorbance versus concentration of Sn®*.
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Table 3 Comparison of LoD for Hg(il) analysis using the proposed Ag
NPs protocol with previously reported methods

Probe

LoD/M (reference)

A. Ligand spectrophotometry
(i) Rhodamine derivative
(if) Ruthenium complexes

B. Electrochemical detection
(i) AgNPs

C. Nanomaterial spectrophotometry

77 nM (ref. 39)
100 nM (ref. 40)

8.43 pM (ref. 41)

(i) AuNPs 750 nM (ref. 40)

(i) AuNPs 55 nM (ref. 42)

(iii) AuNPs 10 000 nM (ref. 43)
(iv) AuNPs 20 000 nM (ref. 44)

(v) AgNPs 800 nM (ref. 45)

(vi) AgNPs 2200 nM (ref. 46)

(vii) AgNPs 85 000 nM (ref. 47)
(viii) AgNPs 1500 nM (ref. 48)

(ix) AgNPs 300 nM (ref. 49)

(x) AgNPs 5 nM (ref. 50)

(xi) AgNPs 17 nM (ref. 51)

(xii) AgNPs 0.007 mg L™ " (ref. 52)
(xiii) AgNPs 6.2 ppb (ref. 53)

(xiv) AgNPs 100 nM (ref. 54)

(xv) AgNPs 6.25 ppb (ref. 55)
(xvi) AgNPs 15.70 nM (present study)

deviations for water samples from the three ponds were calcu-
lated as 1.488%, 1.430% and 1.638%, respectively, for these
solutions. A t-test also showed a statistically significant differ-
ence for these absorbance values at <0.01% confidence level (F
= 288.74). These results show that the proposed method has
great potential for the sensing of Hg?* and Sn*" in environ-
mental samples.

Experimental
Chemicals and reagents

Garlic was purchased from Naharlagun market, Arunachal
Pradesh, India. Silver nitrate (AgNO;) and alliin were purchased
from Sigma-Aldrich (USA). Metal salts of Al(NOs);, AgNOs;,
Cr,0;, FeCl,, KCl, FeSO,-7H,0, CuCl,, NaCl, NiCl,, Zn(NOs),,
and Pb(NOj3), were purchased from Merck India Ltd.

Table 4 Comparison of LoD for Sn(i) analysis using the proposed Ag
NPs protocol with previously reported methods

Probe LoD/M (reference)

A. HPLC

(i) Reversed phase HPLC 1.4 ppb (ref. 56)

B. Inductively coupled plasma optical emission spectrometry (ICP OES)
(i) Direct method 0.0036 mg L™ (ref. 57)
(ii) Hydride generation 0.0006 mg L™ (ref. 57)

C. Nanomaterial spectrophotometry

(i) AgNPs
(if) AgNPs
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0.036-0.040 UM (ref. 58)
11.25 nM (present study)
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Preparation of garlic extract

A paste was prepared by grinding 40 g of peeled garlic bulb and
mixing in 400 ml deionized water. The mixture was shaken
using a magnetic stirrer at 60 °C for 45 minutes. The mixture
was cooled to room temperature (24-25 °C) and filtered using
Whatman filter paper (Cat no 1004 150) with pore size 20-25
um. The filtrate part was used for further experiments.

Synthesis of Ag NPs

The filtrate (hereafter called garlic extract) was used for
synthesizing Ag NPs. 10 ml of 1 mM AgNO; solution was mixed
with 2 ml garlic extract. After 48 h, the solution turned brownish
indicating the formation of Ag NPs. In order to study the
formation of Ag NPs, UV-visible absorption spectra were recor-
ded using a spectrophotometer at wavelengths of 300-700 nm

(Fig. 1).

High-performance liquid chromatography (HPLC) analysis

For determining the major bioactive molecules present in the
aqueous extract, HPLC experiment was performed. The garlic
extract was prepared in water as mentioned above. The flow rate
was 1 ml min~" and the injection volume was 20 pl. The mobile
phase was a binary solvent system consisting of A : B (80 : 20)
(acetonitrile : water with 0.2% phosphoric acid) which was
sonicated for almost 15 minutes and degassed. The tempera-
ture of the column was maintained at 30 °C. The compounds in
the chromatographic analysis were identified by comparing
with standard compounds using the retention time and the
absorption spectrum profile.

Characterization of the synthesized Ag NPs

The Ag NPs were characterized using various techniques such as
UV-visible spectroscopy, XRD, TEM, and Raman spectroscopy.
The formation of Ag NPs was monitored using UV-visible
spectroscopy in which UV-visible spectra were recorded in the
range between 300 and 700 nm (model: Lamda 25, Switzerland).
The HPLC experiment was done using a Shimadzu Prominence
HPLC instrument (LC-20AP), with PDA detector (200-800 nm)
and an analytical column of modified silica gel (C;4 column, 5
UM pore size). XRD analysis was done using a Rigaku X-ray
diffractometer (model: ULTIMA IV, Rigaku, Japan) with a Cu K
X-ray source (1.54056 A) at a generator voltage of 40 kv, current
40 mA with scanning rate of 2° min~'. High-resolution TEM
images were captured using a JEOL model 2100 EX (Japan)
operated at a voltage of 200 kV. XPS analysis was carried out
with an ESCALAB Xi + e (Thermo Fisher Scientific Pvt. Ltd, UK)
to determine the elemental composition, empirical formula,
chemical state and electronic state of the elements within the
nanoparticles. Lastly, Raman spectra were obtained with
a Thermo-Scientific DXR2 smart Raman at an excitation wave-
length of 532 nm.

Detection of metal ions using synthesized Ag NPs

To study the metal ion detection and sensing capacity of the
green-synthesized freshly prepared Ag NPs, 1 mM Fe>*, Ni**,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of calculated amount of Hg?" and Sn?* with actual value

Parameter

AgNPs + 2 nM Hg>* AgNPs + 2 nM Sn**

Change in absorption compared to AgNPs (Y)
Calculated concentration (nM) (X)
Regression model

RZ

Pearson's coefficient

Pd>", Pb*", Na¥, AI**, Zn*", K, Cu®*, Ca®', Ba®", Sn**, Hg”" were
added to 5 ml Ag NPs solution. The changes in the UV-visible
absorption spectra were monitored at room temperature (25
°C) accordingly.

Estimation of LoD for Hg>" and Sn*" ions

The sensitivity and the minimum detectable concentration of
the Ag NPs were studied by using UV-visible absorption spectra
at different concentrations of Hg** (1-15 nM) and Sn** (1-11
nM) in aqueous solution at room temperature (25 °C). Total of
3 ml of Ag NPs solution diluted with deionized water (0.2 times)
was taken for the detection of both metal ions. The respective
amount of metal ion solution was added to the solution. The
absorption was determined at 403 nm and 405 nm, respectively.
The LoD was estimated using the UV-visible absorption spectra
of Ag NPs with characteristic peak at 420 nm. Changes in
absorption were monitored with variation of concentration: 1-
15 nM and 1-11 nM for Hg>" and Sn**, respectively. The LoD
was calculated using the standard formula:*

LoD = 3.3 x SD/S

where SD = standard deviation of response (peak area) and S =
slope of the calibration curve.

Kinetics for binding of Hg”" and Sn>* with Ag NPs

The reaction kinetics and rate were studied using absorption
spectra of Hg>* and Sn** solutions at different time intervals
and concentrations. The rate constant was estimated from the
slope of the regression plot with time versus In(A,/A,), where A,
and A, are the absorbance at time ¢ and 0, respectively (Table
5)‘60

Impact of pH on detection of Hg®" and Sn** ions

The pH value of the synthesized Ag NPs solution was 6.4. It was
tuned to 4.0, 7.0 and 9.0 by adding buffer capsule of 4.0, 7.0 and
9.0, respectively, in the Ag NPs solution. The experiment was
carried out at room temperature, i.e. 25 °C. Briefly, 5.00 ml of Ag
NPs solution was taken. 10 ul of 1 mM Hg>" and Sn*" ion
solution was added where pH was maintained using a buffer
tablet. The absorbance was measured at each of 5, 10, 15, 20, 25
and 30 min.

Synthesis and sensing mechanism for binding Hg>* and Sn**

A plausible mechanism of the synthesis of Ag NPs and detection
of metal ions using the nanomaterial was predicted from

© 2021 The Author(s). Published by the Royal Society of Chemistry

0.299 0.170

1.882 2.261

Y = 0.0366X + 0.2301 Y = 0.0234X + 0.1170
0.8821 0.9386

0.9436 0.9719

previous literature, characteristics of the synthesized Ag NPs
and theoretical DFT study of optimized geometry.

Computational details

All the structures were fully optimized without any symmetry
constraint at the M06-2X level of theory.®* The effective core
potential basis set LANL2DZ was used for Ag, Hg and Sn atoms,
while the 6-31+G* basis set was used for all other main group
elements. Frequency calculations were also performed to check
the nature of the stationary states. All structures were found to
be at their local minima with all real values of the Hessian
matrix. All these calculations were performed using the
GAUSSIAN 16 suite of programs.®

Preparation of water samples

Water samples were collected from Lekhi (27°12/17.23” N,
93°73'35.73" E, altitude 281 m), Doimukh (27°14'03.52" N,
93°78'28.39” E, altitude 283 m) and Naharlagun
(27°06'16.81" N, 93°41'42.65" E, altitude 200 m), Arunachal
Pradesh. Suitable amounts of 1 mM standard solutions of Hg*",
Sn** and other metal ions were added to these collected
samples, mixed thoroughly and filtered. The water samples
were analysed following the procedures described above.

Conclusions

Avery simple, cost-effective, highly selective and sensitive, rapid
colorimetric method for detection of Hg”* and Sn”" using alliin-
mediated garlic extract-synthesized Ag NPs has been exploited
in this work. The reported probe (Ag NPs) showed high selec-
tivity and sensitivity for Hg>" and Sn** ions over several other
metal ions. The Hg>* and Sn®" ions successfully induced the
transformation of Ag" to Ag’ NPs via complex formation
yielding a blue shift in the SPR peak accompanying a colour
change from brown to colourless. The LoD for Hg>" and Sn**
ions were found as 15.7 nM and 11.25 nM, respectively, which is
very significant compared to reported information so far. The
kinetics for the binding of Hg>" and Sn** ions has also been
reported in this study. The prepared probe (Ag NPs) represents
a very significant game-changing analytical method for detec-
tion of Hg®" and Sn>* ion contaminants in water. The mecha-
nism of the protocol is strongly supported by DFT study. The
result shows that the proposed method has great potential for
the sensing of Hg>" and Sn** in environmental samples.
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