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Abstract Nowadays necessities for the green synthesis of
nanoparticles are enlarged because of its neutral toxicity
and eco-friendly advantages. In this present study, we have
explored the rapid biosynthesis of AgNPs at room tem-
perature by the fresh leaf aqueous extract of Anacardium
occidentale. Aqueous extracts were prepared at different
temperatures 60, 80 and 100 °C. Formation of silver
nanoparticles (AgNPs) was confirmed by surface plasmon
resonance (SPR) peak observed around 400-420 nm in
UV-Visible spectra. Among the extracts prepared, 80 °C
extract showed good shift in UV-Visible spectrum during
Cr(VI) detection and a good linear relationship was found
between the absorbance ratio (As;¢/A4g) against 100 mM—
1 uM concentration of Cr(VI). Cr(VI) was confirmed by
the red shift of SPR position from 400 to 510 nm. Detec-
tion limit of our prepared probe is 1 pM and this simple
technique exhibiting high selectivity to Cr(VI) over other
tested heavy metal ions. Finally, efficient 80 °C extract
synthesized AgNPs were characterized by XRD, SEM and
TEM. XRD characterization confirmed its face centered
cubic structure and confirmed that the prepared AgNPs are
crystalline in nature. TEM and SEM characterization
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results revealed that the AgNPs are in spherical nature. The
size of AgNPs was found to be 40-60 nm.
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Introduction

Nanoparticles/nanomaterials are of great interest in the
scientific community because of their unique properties
and they bridge the gap between bulk materials and atomic
or molecular structures. A bulk material has constant
physical properties regardless of its size, but at the nano-
scale this is often not the case. One of the examples are
nanoparticles possess a very high aspect ratio.

Noble metal nanoparticles are intensely studied due to
their unique optical, electrical and catalytic properties and
it is being used in the fields of medicine, biology, material
science, physics and chemistry. To utilize and optimize
chemical or physical properties of nano-sized metal parti-
cles, a large spectrum of research has been focused to
control the size and shape, which is crucial in tuning their
physical, chemical and optical properties (Alivisatos 1996;
Coe et al. 2002; Moronne et al. 1998). Various techniques,
including chemical and physical methods have been
developed to prepare metal nanoparticles, such as chemical
reduction (Yu 2007; Tan et al. 2002; Petit et al. 1993;
Vorobyova et al. 1999), electrochemical reduction (Liu and
Lin 2004; Sandmann et al. 2000), photochemical reduction
(Mallick et al. 2005; Keki et al. 2000), heat evaporation
(Bae et al. 2002; Smetana et al. 2005), Langmuir-Blodgett
(Zhang et al. 2006; Swami et al. 2004) and biological
techniques (Naik et al. 2002) and so on. In most cases,
the surface passivator reagents are needed to prevent
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nanoparticles from aggregation. Unfortunately, many
organic passivators are toxic and enough to pollute the
environment if large scale nanoparticles are produced.

Biosynthesis of nanoparticles has received considerable
attention in material synthesis field due to the growing need
to develop environmentally benign technologies and to
reduce the use or generation of hazardous substances to
human health and the environment. This approach provides
a facile and convenient entry for producing multiple inor-
ganic NPs, especially metal nanoparticles, such as Ag, Au,
Pt and Pd have been synthesized by different methods,
including bacteria (Husseiny et al. 2007), fungi (Sastry
et al. 2003) and plants (Sharma et al. 2007). Microbe-
mediated synthesis of nanoparticles is not industrially
feasible as they require the maintenance of highly aseptic
conditions (Sathishkumar et al. 2009).

The use of plant extract for the synthesis of nanoparti-
cles is a relatively under exploited field and is recently
gaining wide attention and could be advantageous over
other environmentally benign biological processes by
eliminating the elaborate process of maintaining cell cul-
tures. Plants that secrete the functional molecules for the
reaction is compatible with the green chemistry principles.
Advantages of using this biomaterial are (1) ecofriendly,
(2) the reducing agents employed, and (3) the capping
agent in the reaction. Jose-Yacaman and co-workers
(Gardea-Torresdey et al. 2002, 2003) first reported the
formation gold and silver nanoparticles by living plants.
Green silver nanoparticles have been synthesized using
various natural products, such as green tea (Camellia sin-
ensis) (Vilchis-Nestor et al. 2008), neem (Azadirachta
indica) leaf broth (Shiv Shankar et al. 2004), natural rubber
(Abu Bakar et al. 2007), starch (Vigneshwaran et al. 2006),
aloevera plant extract (Chandran et al. 2006), lemongrass
leaves extract (Shankar et al. 2004, 2005) leguminous
shrub (Sesbania drummondii) (Sharma et al. 2007),
mushroom extract (Philip 2009), Coleus amboinicus lour
(Narayanan and Sakthivel 2011), Medicago sativa (Luk-
man et al. 2011), and Citrus sinensis peel (Kaviya et al.
2011) to name few.

Shankar et al. (2004) and Shiv Shankar et al. (2004)
reported the metallic silver and gold nanoparticle synthesis
by using Neem (Azadirachta indica) leaf broth. The time
required for >90 % reduction of Ag" and Au®" ions using
Neem leaf broth was approximately 4 and 2 h, respec-
tively. To enable the biological methods of nanoparticle
synthesis to compete with the chemical methods, there is a
need to achieve faster synthesis rates with good stability.

In the last few decades, there has been a considerable
increase in release of chromium in aquatic and terrestrial
ecosystems as a consequence of anthropogenic activities
(Basu et al. 2010; Broadhurst and Domenico 2006). Oxi-
dation state of chromium determines its level of toxicity.
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Hexavalent chromium [Cr(VI)] is highly soluble, thus it is
biologically available in the ecosystems. Cr(IIl) is an
essential nutrient for maintaining normal physiological
function (Wang et al. 2004), whereas Cr(VI) is about
100-1,000 times more toxic than the trivalent form (Sarkar
et al. 2006). It is considered as a severe environmental
pollutant, due to its highly carcinogenic properties (Zhang
et al. 2009; Wu et al. 2010). The ubiquity of chromium in
the environment can be traced in natural waters due to its
extensive use in a variety of industries like electroplating
and tanning industries, dyeing, sanitary landfill leaching,
and water-cooling towers (Han et al. 2007). Until now,
various sensor systems have been reported before (Margui
et al. 2010; Li et al. 2011; Xin et al. 2012). To circumvent
this problem low cost, sensitive sensor to be developed.

Therefore, the objectives of our present work include
(i) rapid synthesis of AgNPs by using Anacardium occi-
dentale plant leaves. To the best of our knowledge, there
were no reports published for the rapid green synthesis of
silver NPs by the use of A. occidentale fresh leaves extract
at room temperature/higher temperature, whereas Sheny
et al. (2011) were synthesized AgNPs by dried powder of
A. occidentale (Sheny et al. 2011) (ii) developing a novel
probe for sensing chromium ions [Cr(VI)] by the as pre-
pared AgNPs, (iii) characterization of the synthesized NPs
using UV-Visible spectrophotometer, theoretical particle
size, XRD, SEM and TEM.

Materials and methodology
Materials

A. occidentale leaves were obtained from the plantations of
Udaya School of Engineering (USE), Vellamodi and
washed thoroughly with Double Distilled Water (DDW).
The plant leaves without stems were cut into fine pieces
and used for the experiments. Other chemicals for the
experiments were procured from HiMedia and Sigma
Aldrich.

Methods
Preparation of extracts

Here aqueous extracts were prepared from A. occidentale
fresh leaves. In brief, 10 g of fresh leaves was packed
down into the beaker containing 100 ml of DDW. Then,
they were boiled for 30 min at three different temperatures
60, 80 and 100 °C, respectively, and thus the extract
formed was filtered using Whatman Grade 1 filter paper
(pore size 25 um).The filtrate was further filtered through
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0.6-pum filter and used for the further experiments. These
aqueous extracts were stored for further synthesis of NPs.

Synthesis of silver nanoparticles by leaf extracts

1 mM of AgNOj; was dissolved in 100 ml of DDW and
beaker was placed on the magnetic stirrer. To that the
aqueous extract was added in a dropwise manner and
vigorous stirring was given. Reactions were stopped when
the colloidal solution becomes brownish black.

Silver nanoparticle synthesis by gallic acid

It was expected that gallic acid acted as the premier
reducing agent for the synthesis of AgNPs from A. occi-
dentale leaves extract since the aqueous leaves extract of
A. occidentale contains gallic acid. Even though the aqueous
extract contains protocatechuic, p-hydroxybenzoic, cin-
namic, p-coumaric and ferulic acids (Kogel and Zech 1985;
Lin et al. 2010) specifically gallic acid was chosen to study
the synthesis of nanoparticles. 2 % stock solution of gallic
acid was prepared and used for further experiments. Syn-
thesis protocol was the same which has been used for the
aqueous extract. In brief, 1 mM AgNO; was dissolved in
100 ml DDW and the stirring was continued. To that, 2 %
of gallic acid was added drop wise till the brownish black
color was observed.

UV-Visible spectrometer characterization

Preliminary characterization of the silver nanoparticles was
carried out using UV-Visible spectroscopy. The reduction
of AgNOj; to the AgNPs was monitored by measuring the
UV-Visible spectra of the solutions after diluting the
sample with DDW water in quartz cuvette. The spectra
were recorded on Intech spectrophotometer from 300 to
600 nm. DDW was used as blank. The spectra recorded
were then replotted in origin 8 software.

Theoretical size prediction

Theoretical predictions of the SPR peak (nanoparticle size)
were made using Mie calculations, performed with soft-
ware “MiePlot v.4.3” which is based on the Mie theory.
The size of the surface of refractive index mismatch is
expressed as a size parameter x:

X = 27rimed/ A (1)

By this model, we have theoretically calculated the
particle size distribution of the solution by plotting the
scattering efficiency as a function of wavelength. The
sphere was selected as silver and the surrounding medium
was selected as water. The wavelength range was selected

from 300 to 600 nm. The corresponding graph obtained
from this model was compared with the experimental data
to derive the theoretical particle size. The size of the
particles was also estimated using XRD by Debye—Scherrer
equation, SEM and TEM.

Particle size distribution

Size distribution of the synthesized AgNPs and its poly-
dispersity was checked using a particle size analyzer. The
colloidal NPs were analysed by Malvern Instruments Nano.
Particle size was arrived based on the measuring the time-
dependent fluctuation of scattering of laser light by the
nanoparticles undergoing Brownian motion.

XRD

AgNPs colloidal solution was centrifuged at 8,000 rpm for
15 min then the pellet formed were washed thrice with
DDW and finally with 100 % ethanol. Then it was poured
on the petriplates and allowed to dry in the hot air oven.
Then the dried NPs were scrapped from petriplates and was
used for further characterization and application studies.
The formation and quality of compounds were checked by
XRD technique. XRD was done at CECRI-CSIR Karaik-
udi, Tamil Nadu, India. PANalytical (X’per PRO) was used
to record the diffraction pattern of the synthesized NPs.
Spin-coated AgNPs on glass substrate were recorded in a
wide range of Bragg angles 20 at a scanning rate of
2° min~".

TEM and SEM characterization

The morphology of the synthesized NPs was determined
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). For SEM analysis, thin films
of the sample were prepared on a carbon-coated copper
grid by simply dropping a very small amount of the
sample on the grid, with excess solution being removed
using blotting paper. FEI Quanta FEG 200 instrument
used for the morphology analysis. For TEM studies, the
solution containing the nanoparticles was diluted and a
drop of it was placed on copper grid and allowed to dry in
vacuum. TEM photographs were recorded using JEOL
3010.

Colorimetric detection of Cr(VI)

Colorimetric detection of Cr(VI) was carried out by adding
350 pl of Cr(VI) to 650 pl of freshly prepared AgNPs and
checked for instant coloration. Absorption spectra of the
final mixture were recorded using cells with 1 cm path
length.
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Results and discussion

There are several reports has been published for the syn-
thesis of AgNPs by both chemical and biological reduction
(Yu 2007; Tan et al. 2002; Petit et al. 1993; Vorobyova
et al. 1999; Vilchis-Nestor et al. 2008; Shiv Shankar et al.
2004; Abu Bakar et al. 2007; Vigneshwaran et al. 2006;
Chandran et al. 2006; Shankar et al. 2004, 2005; Philip
2009; Narayanan and Sakthivel 2011), but still we need a
standard strategy for the synthesis of AgNPs with good
stability and almost neutral toxicity. In this present study,
we attempted to synthesize the NPs with good stability
from A. occidentale (locally named as Kolla maram, Tamil
Nadu, India) leaf extracts extracted at different tempera-
tures 60, 80 and 100 °C, respectively.

The aqueous leaf extract of A. occidentale contains
gallic acid, protocatechuic, p-hydroxybenzoic, cinnamic,
p-coumaric and ferulic acids (Kogel and Zech 1985; Lin et al.
2010) with high potential of antioxidant and antimicrobial
activities. On adding the extracts to the 1 mM AgNO5; with
continuous stirring, the color was changed from transparent
to brownish black within 5 min. Rapid reduction was
observed with all the three extracts. Although the reduction
by gallic acid took more than 1 h. The appearance of
brownish black color was due to the excitation of surface
plasmon vibrations and it provides a convenient spectro-
scopic signature to indicate the formation of AgNPs
(Henglein 1993). This rapid synthesis is advantageous in
our present study. It is quite much more faster than the
other previous plant extract-based synthesis of AgNPs
(Kumara et al. 2012; Kreibig and Volmer 1995; Saha and
Orvig 2010).

The mechanism of formation of NPs can be explained
by the following: when the concentration of metal atoms in
solution reaches supersaturation, nucleation burst takes
place. In the subsequent step, the nuclei formed grow as
primary particles by the diffusional capture of remaining
atoms which were in excess of the solubility concentration
(Kumar et al. 2012).

UV-Visible spectroscopy characterization

After obtaining the brownish black color, the as prepared
AgNPs by green chemistry principle were characterized by
UV-Visible spectroscopy. UV-Visible spectroscopy is one
of the important techniques to discover the formation and
stability of metal nanoparticles in aqueous solution.
Metallic nanoparticles display a characteristic optical
absorption spectra in the UV-Visible region called SPR.
The physical origin of light absorption of metallic nano-
particle is the coherent oscillation of the conduction elec-
tron induced by the interacting electromagnetic field
(Xia and Halas 2005). When a small spherical metallic
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nanoparticle is irradiated by light, the oscillating electric
field causes the oscillation of conduction electron to
oscillate coherently. When electron cloud is displayed
relative to the nuclei a restoring force arising coulomb
attraction between electrons and nuclei that results in
oscillation of electron cloud relative to the nuclear frame-
work. These resonance is known as SPR and are actually
small particle effect since they are absent in their indi-
vidual atom, as well as in their bulk. Electrons conform to a
specific vibration mode by particle size and shape.

Figure 1a shows the SPR position of the synthesized
AgNPs by using A. occidentale leaf extracts extracted at
different temperature namely 60, 80 and 100 °C. Absorp-
tion maxima of the synthesized AgNPs were 415 + 0.68
nm, 400 £+ 1.45 nm and 410 & 0.98 nm at the different
extraction temperature 60, 80 and 100 °C, respectively.
This red or blue shift of the SPR position in between the
reactions of different extract leads to different size of NPs.
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Fig. 1 a UV-Visible spectrum of the synthesized AgNPs at different
temperature of extract from Anacardium occidentale. b UV-Visible
spectrum of the synthesized AgNPs using gallic acid
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Figure 1b shows the SPR position of the AgNPs synthe-
sized by gallic acid. Maximum red shift was observed in
the gallic acid reduction reaction, when comparing SPR
position of gallic acid synthesized AgNPs with the AgNPs
synthesized by aqueous extract. In addition, the time for the
reduction reaction is also more in the case of reduction by
gallic acid. The reason for the rapid reduction by aqueous
extract is due to the other compounds (Kogel and Zech
1985; Lin et al. 2010) present in it.

Particle size prediction by Mie plot

Theoretical particle size of the experimental AgNPs was
calculated by Mie plot v4.3 software. Particles were
assumed to be sphere and might be polydisperse and a
standard deviation of 10 % was used. Algorithm of Mie
plot software based on the principle of Mie scattering from
sphere particles. From the obtained absorption maxima of
the experimental values, the theoretical particle sizes were
calculated using MiePlot. We made an attempt to derive
the practical relationship correlating the theoretical particle
size from the absorption maxima.

Supplementary Fig. Sla shows the relationship between
the standard SPR position and the assumed particle size.
With the increase in particle size there was red shift in the
SPR position (increase in wavelength). SPR position with
the assumed particles sizes approximated with linear
function. The theoretical fitted linear function was to be

y = 1.3209x + 343.38 (2)

with the R* value of 0.9852.

Using that empirical linear equation, theoretical particle
size was calculated for the experimentally synthesized
AgNPs at different temperatures. This theoretical particle
size was compared with the particle size analysed by DLS
was shown in Supporting Fig. S1b. PDI values of the as
prepared AgNPs were tabulated in Table 1. Theoretical
particle size were 53.7, 43.2, 48.6 nm and the DLS mea-
sured particle size were 59.2 & 1.78, 42.3 £ 1.16,
53.4 &+ 4.67 nm at the temperatures 60, 80, 100 °C,
respectively. Mie plot calculates particle size using scat-
tering efficiencies as a function of wavelength. In general,
for smaller radius particles, light absorption is more and for
larger particles light scattering becomes the dominant
process (Sileikaite et al. 2009).

Table 1 Particle size and poly dispersity index of the synthesized
AgNPs

Extract temperature (°C) Particle size (nm) PDI

60 592 £ 1.78 0.218 £ 0.023
80 423 £ 1.16 0.196 £+ 0.0178
100 53.4 £ 4.67 0.268 £ 0.026

Henglein reported that when electrons are donated to the
particles the surface plasmon band shifts to the blue and
when holes are injected to the clusters it turns to the red. In
the case of bare clusters (which can be positively or neg-
atively charged), the Mie theory accounts for the nature of
the plasmon shifts observed (Goia and Matijevic 1999). All
the experiments were done in triplicates and mean values
were taken for plotting the graphs.

Stability of the synthesized Ag NPs

Stability is one of the important factor for all the NPs. Our
AgNPs synthesis reaction is very rapid when comparing
with the other previous reported methods (Kumara et al.
2012; Kreibig and Volmer 1995; Saha and Orvig 2010) so
this made us to think of checking the stability of our syn-
thesized AgNPs. UV-Vis spectra were recorded for the
AgNPs by A. occidentale leaf’s different extracts against
day of the incubation. Figure S2a shows the plot of SPR
position of the AgNPs versus day. It revealed that A. oc-
cidentale leaf 60 C extract showed stability till 6th day of
incubation at room temperature, after that SPR position
was increased (red shift was observed) from 415 + 0.69 to
492 £+ 1.49 on its 20th day of the incubation whereas
100 °C extract synthesized AgNPs showed stable SPR
position till its 7th day after that red shift was observed and
on its 20th day of incubation SPR position was found at
460 + 2.3 nm. However, 80 °C extract synthesized AgNPs
showed highest stability till its 11th day after that red shift
was attained that is from 400 £ 1.38 to 438 & 2.61. The
increase in intensity could be due to increase in amount of
the absorbing species present in the aqueous solution
(Li et al. 2007). After attaining the stability of SPR position
against its day interval this SPR position was fitted with
theoretical particle size which was calculated using Mie
Plot v4.3 software. Figure S2b showing the respective
particle size change during the incubation period. It
revealed that 60 °C extract synthesized AgNPs size was
increased from 54 4+ 0.41 to 112 &+ 2.65 nm and 80 °C
extract synthesized AgNPs size was increased from
43 £ 0.69 to 72 £ 1.58 nm and 100 °C extract synthe-
sized AgNPs size was increased from 48 + 0.92 to
90 &+ 2.16 nm.

Stability of the AgNPs was also checked by potentio-
metric measurements. This was shown in Fig. S2c. This
results were comparable with the stability of the SPR
position and its theoretical particle size. Apparent changes
were observed in all the cases. Changes observed after 6th
day in the case of AgNPs synthesized by 60 °C extract and
for 100 °C it was observed from 7th day and most stable
AgNPs synthesized by 80 °C were shown changes from its
11th day. From these stability experiments, we concluded
that the 80 °C extract reduce the silver ions effectively with
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good stability and then this 80 °C extract synthesized
AgNPs were characterized by XRD, SEM and TEM.

Sensing Cr(IIT)

As prepared colloidal AgNPs from both the extracts were
confirmed by the typical strong plasmon resonance band at
415 + 0.68, 400 £ 1.45 and 410 £ 0.98. Cr(VI) (1 mM)
were interacted with both colloidal AgNPs and intense
color change was observed from brownish black to purple
due to aggregation of the particles. The aggregation was
commensurate with the red shift of the UV—-Visible spectra.
The plasmon band centered on 390 nm shifted to the right
forming a distinct second peak at 510 nm with 60 °C
extract, with the 80 °C extract distinct peaks were observed
at 400 and 509 nm and with the 100 °C extract peak shifts
were observed from 415 to 510 nm (Fig. 2a—c). This
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Fig. 2 a UV-Visible spectra of 60 °C extract synthesized AgNPs
and its interaction with Cr(VI). b UV—Visible spectra of 80 °C extract
synthesized AgNPs and its interaction with Cr(VI). ¢ UV-Visible
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second peak was might be formed due to the aggregation of
the particles with Cr(VI). Particle size analysis was done to
corroborate the results with the UV spectrophotometric
finding. The average hydrodynamic diameter of the un-
interacted particle was almost tenfolds lower than the
interacted particles with Cr(VI) (Fig. 2d).

Selectivity and sensitivity of the AgNPs probe

The selectivity of the sensor for Cr(VI) was evaluated by
monitoring the absorbance response in the presence of
other heavy metal ions including Cr(IIT), Mg(II) (Magne-
sium chloride), Mn(II) (Manganese chloride), Ca(Il) (Cal-
cium chloride), Fe(Il) (Ferric chloride) and Zn(II) (Zinc
sulphate) at the concentration of 1 mM. The results showed
an excellent selectivity of the sensor for Cr(VI) and mod-
erate reliability for Cr(Ill). The results obtained clearly
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spectra of 100 °C extract synthesized AgNPs and its interaction with
Cr(VI). d Particle size of AgNPs colloidal solution before and after
interaction with the Cr(VI)
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indicate that except Cr(VI) and Cr(Ill) no other heavy
metal tested exhibited any distinct color change (Fig. 3a,
b). In addition, UV-Vis graphs also showed no existence of
peak at around 510 nm in the other tested heavy metals
except Cr(VI) and Cr(IIl) (data not shown).

To confirm the sensitivity of the colloidal AgNPs with
the Cr(VI), colloidal AgNPs were interacted with different
concentration of Cr(VI) ranging from 10 to 100 nM. Ag-
NPs synthesized from 60 and 100 °C were not sensitive
that much since it did not show intense color change with
respect to the UV spectrometric peak shift when reducing
the concentration of Cr(VI) (data not shown). Hence, 80 °C
extract synthesized AgNPs was alone taken for the sensi-
tivity experiments.

Different concentration of Cr(VI) ranging from 10 mM
to 100 nM were interacted with the as prepared AgNPs.
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Fig. 3 a Absorbance ratio (Asio/A490) comparison with different
metal ions. b Photographic images of AgNPs colloidal solution with
different metal ions [From left to right: Cr(VI), Cr(IIl), Mg(I),
Mn(I), Ca(Il), Fe(I), Zn(Il)]. ¢ UV-Visible Spectra of synthesized
colloidal AgNPs with different concentration of Cr(VI) (AgNPs

(d)

UV-visible peaks were recorded before and after interaction
with Cr(VI), results are shown in Fig. 3c (Supplementary Fig.
S3 shows all the concentration UV-Visible peaks). Particle
size analysis clearly showing that increase in hydrodynamic
particle diameter is proportional to the aggregation of AgNPs
with respect to the addition of concentration of Cr(VI) which
is also responsible for the color change. Table 2 shows the
particle size and polydispersity index (PDI) of the colloidal
AgNPs before and after interaction with different concentra-
tion of Cr(VI). It was confirmed that after interaction of Cr(VI)
with the colloidal AgNPs PDI of the solution increased it
clearly showed it was due to the aggregation of the particles.
Figure 3d shows the corresponding color changes with the
aggregation of particles. A fine degradation of color was
observed from dark purple to pink as the concentration of the
Cr(VI) was reduced from mM to nM.

(b)

Control, 1 mM, 1 pM and 100 nM). d Photographic images of
AgNPs colloidal solution with different concentration of Cr(VI)
[From left to right: AgNPs control, AgNPs + 10 mM Cr(VI),
AgNPs + 1 mM Cr(VI), AgNPs 4 100 pM  Cr(VI), AgNPs +
10 uM Cr(VI), AgNPs + 1 uM Cr(VI), AgNPs + 100 nM Cr(VI)]
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Table 2 Particle size and
polydispersity index of the
colloidal AgNPs before and

Concentration of
CR(VI) added

Particle size (nm)

Poly dispersity index (PDI)

Before addition

After addition

Before addition

After addition

after interaction with Cr(VI)
10 mM

1 mM
100 pM
10 pM
1 uM
100 nM

42.7 £ 0.83 487.4 £ 0.75 0.198 £ 0.018 0.486 £+ 0.01
41.64 £ 1.23 400.6 &+ 2.49 0.194 £+ 0.02 0.428 £ 0.028
42.3 £ 0.89 287.9 £ 3.71 0.196 £ 0.001 0.359 £+ 0.017
423 + 1.17 192.3 £+ 2.18 0.196 £+ 0.015 0.304 £ 0.025
424 £+ 0.18 97.8 £ 3.74 0.197 £+ 0.04 0.263 £ 0.015
419 £+ 1.34 44.6 + 2.56 0.195 + 0.026 0.202 £+ 0.018

Possible mechanism of sensing

We observed that the color of the colloidal solution AgNPs
with Cr(VI) abruptly turned into purple then to pink when
decreasing the concentration of Cr(VI). This is because of
the reductants (protocatechuic/p-hydroxybenzoic/cinnamic/
p-coumaric/ferulic acids) present in the fresh leaf aqueous
extract and the added Cr(VI). This reductants reduce Cr(VI) to
Cr(II) which in turn interacted with the capping agent pro-
duced from the leaf extract. This leads to form the aggregation
of particles due to the ligand-receptor interaction between the
Cr(VI) and the capping agent present in the solution. Possible
mechanism of Cr(VI) colorimetric sensing by the as prepared
AgNPs was diagrammatically represented in Fig. 4.

To prove that the color change was owing to interaction
of Cr(IIl) with the capping agents present in AgNPs col-
loidal solution, the nanoparticles dispersion was interacted
with Cr(IIl) solutions in the same range of concentrations.
In this case also a linear correlation was observed up to
1 uM as in case of Cr(VI) (Fig. 5a, b). Hence, we assume
that the highly selective aggregation of AgNPs on addition
of Cr(VI) is mainly related to the chelation of Cr(IIl)

"
»

Fig. 4 Possible mechanism of
Cr(III) sensing by the AgNPs
probe
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formed by reduction in Cr(VI), with capping agents present
on the as synthesized AgNPs.

The synthesis of Ag NPs was achieved by A. occidentale
based biosynthesis to yield monodispersed particles. Ag-
NPs in aqueous solution are stabilized against aggregation
due to the negatively charged ions present in the colloidal
solution electrostatically repelling against Van der Waals
attraction between AgNPs (40-60 nm). Each Cr(III) forms
complexes with AgNPs colloidal solution. Thus, Cr(III)
can act as cross-linking agent for pairs of capping agents in
the AgNPs, thereby inducing the aggregation of AgNPs.
This causes a rapid, brownish black-to-purple color change.
We have made use of this property to design the sensor for
Cr(VI). We have made sensitivity test also to prove our
sensor system is only for the detection of Cr(VI)/Cr(III).

Characterization of AgNPs

80 °C extract of A. occidentale was shown good stability
and better detection efficiency among three extracts we
used. So, 80 °C extract was used for characterization
studies.

® crvn
® cram
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Fig. 5 a Absorbance ratio (As;¢/A400) against different concentration
of Cr(VI). b Absorbance ratio (As;o/A400) against different concen-
tration of Cr(III)

The X-ray diffraction (XRD) is one of the valuable
research tools to determine the crystal structure of the NPs
and to calculate the crystalline particle size. Purified
AgNPs was evaluated by powder XRD for identifying its
crystal behavior. Powder XRD pattern of the synthesized
AgNPs showed four distinct diffraction peaks at 37.95,
45.95, 64.22 and 76.74 which could be assigned to (1 1 1),
(200),(220)and (31 1) of face centered cubic (fcc) of
AgNPs (Gopinath et al. 2012) (Fig. 6a). There were no
diffraction peaks for corresponding to the precursor
(AgNO3) and/or by-products (such as silver oxide) were
observed, which confirms that only metallic Ag was
formed in situ by A. occidentale extract reaction. The
intensity of peaks reflects the high degree of crystallinity of
the synthesized AgNPs. However, the diffraction peaks are
broad which indicates that small crystallite size is obtained.
This is in good agreement with the report done by Sheny
et al. (2011) and Kumar et al. (2012).

The lattice constant was in agreement with the database
of Joint Committee on Powder Diffraction Standards
(JCPDS. No. 01-087-0597). Average grain size was mea-
sured by well known Scherrer formula, D = x4/fcos 0
where k is Sherrer constant which equals to 1, A is

. .l 00nm

Fig. 6 a XRD characterization of the synthesized AgNPs. b SEM
characterization of the synthesized AgNPs. ¢ TEM characterization of
the synthesized AgNPs

wavelength of the X-ray passed (0.1541 nm), B is full
width at half maximum (FWHM), 0 is the diffraction angle
corresponds to the lattice plane. Average grain size was
calculated by Scherrer formula as 48.6 nm.
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Figure 6b shows representative SEM image which were
recorded at different magnifications from drop-coated films
of the AgNPs synthesized by treating AgNO; solution with
A. occidentale leaf extract. The resulting AgNPs were
predominantly sphere and of almost uniform in size.
Higher magnification showed the average diameter of these
sphere nanoparticles to be about 40-60 nm. TEM mea-
surements were conducted in order to estimate the exact
particle size and size distribution for the as prepared Ag-
NPs. Figure 6¢ shows representative TEM image of the as
prepared AgNPs. This fig revealed that individual silver
particles with spherical shapes without any aggregates.
Therefore, our assumption was correct for the theoretical
prediction particle size since it was assumed to be spherical.
The separation between the AgNPs seen in the TEM and SEM
image could be due to capping effect of A. occidentale extract.
This may explain the UV-Visible spectroscopy measure-
ments, which is characteristic of well-dispersed AgNPs. It was
noticed that the size ranges from 50 to 60 nm. This size sup-
porting our SEM characterization.

Application study

To confirm the practical application capability of AgNPs
probe prepared by A. occidentale extract, the concentration
of Cr(VI) in real water samples (tap water of Udaya School
of Engineering and a pond near by Manavalakkurichi,
Nagercoil) was determined by applying this assay method.
Absorbance ratios of tap water and the pond water were
noted to be 0.5 £ 0.046 and 0.607 £ 0.109. By comparing
with the calibration curve, Fig. 5a the concentration of
Cr(VI) present in the real sample was measured as
0.2-1 pM (5-50 pg/L) in the case of tap water and pond
water it was 3—5 pM (150-250 pg/L) based on the detec-
tion results which is an good agreement detection result of
14 £+ 3 pg/L (within the range of 5-50 pg/L) for tap water
and 198 &+ 6 pg/L (within the range of 150-250 pg/L) for
the pond water by ICP-AES method. Our results corrobo-
rate range of Cr(VI) concentrations in the natural water
matrices with the previous research report (Handa 1988).
Thus, our results demonstrated that the currently designed
colorimetric method is applicable for the detection of
Cr(VI) in real environmental water samples.
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Conclusion

In this present study, we have demonstrated the use of fresh
leaves extract as the reducing and capping agent for the
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rapid synthesis of spherical shaped AgNPs at room tem-
perature followed by green chemistry principle. From the
absorption maxima obtained by UV—Visible spectrometry
studies, the theoretical particle size was determined using
MiePlot v4.3 software and an empirical relationship was
derived correlating the absorption maxima and the particle
size. 80 °C extract synthesized AgNPs were more stable.
The synthesized AgNPs were involved for the detection of
Cr(VI). Both the extracts were involved in this study,
80 °C extract synthesized AgNPs showed intense shift in
UV-Visible spectrum. Detection limit of the as prepared
AgNPs probe was measured as 1 uM. Mechanism behind
this sensing process is Cr(VI) was reduced to Cr(IIl) by the
compounds present in the colloidal AgNPs solution and
this Cr(III) binds with the capping agent present in the
solution and leads to aggregation of AgNPs and color
change occurred. Tap water of Udaya college of Engi-
neering and pond water nearby Manavalakkurichi, Kan-
yakumari District, Tamil Nadu were collected and analysed
for the level of Cr(VI) present in it. It was measured as
0.2-1 pM  (5-50 pg/L) for the tap water and 3-5 uM
(150-250 pg/L) for the pond water which was compared
with the common detection instrument ICP-AES and found
out as 14 &+ 3 pg/L (within the range of 5-50 pg/L) for tap
water and 198 4+ 6 pg/L. Finally, the efficient 80 °C
extract synthesized AgNPs was further characterized by
XRD, SEM and TEM. All the size characterization studies
revealed that the particle size were around 40-60 nm. After
characterizing our AgNPs. This studies formed the base
and prompted us for the development of lateral flow strip
assay for Cr(VI) detection. Our future research will
describe in detail strip development.
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