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ABSTRACT

Stable aqueous dispersions with high concentration of silver nanoparticles were synthesized by a facile and green synthetic
route by treating silver ions with aqueous Citrus limon extract, used as a reducing and capping agent. The formation and growth
of silver nanoparticles, prepared by this simple and convenient method, was monitored using UV-visible absorption
spectroscopy. The effects of Ag concentration, Citrus limon extract concentration, in-situ and ex-situ pH variations upon NaOH
addition on the structural, optical and plasmonic properties of the synthesized Ag nanoparticles were investigated. X-ray
diffraction studies revealed the formation of Ag nanoparticles, whose morphology was studied using atomic force microscopy.
UV-visible absorption studies revealed surface plasmon resonance (SPR) peak around 465 nm, confirming the presence of Ag
nanoparticles. The SPR peak blue shifted along with significant enhancement in intensity with increase in Ag concentration and
pH, due to the growth and increased aggregation of Ag nanoparticles. We have shown that addition of NaOH is a key to rapid
biosynthesis of stable aqueous dispersions of high concentration of silver nanoparticles. This green synthetic route provides
faster synthesis of silver nanoparticles with improved colloidal stability, which can be used in foods, cosmetics and biomedical
applications. Copyright © 2015 VBRI press.
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Introduction

Noble metal nanoparticles find promising applications in
fields ranging from nano to biotechnology due to their
unique shape and size-dependent optical and electronic
properties [1]. When excited by light noble metal
nanoparticles  exhibit wavelength  selective photon
absorption and huge enhancement in local electric fields,
due to a phenomenon known as surface plasmon resonance
(SPR), which forms the basis of their diverse applications.
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Among the noble metal nanoparticles, silver nanoparticles
exhibit the strongest SPR absorption and find widespread
applications in sensing [2-4], catalysis [5], photonics [6],
medicine [7], antimicrobials [8-12], and surface enhanced
Raman spectroscopy [13,14]. Silver nanoparticles have
been synthesized by various physical and chemical methods
[15-24]. While the physical methods are costly, chemical
methods employ toxic and hazardous chemicals which pose
serious threat to the environment and the synthesized silver
nanoparticles can have adverse effects in biomedical
applications because of the toxic chemicals adsorbed on
their surface. This has led to the development of
environmentally benign nanoparticle synthesis protocols
that do not use toxic chemicals. Biosynthesis using various
microorganisms or plants is a promising route to
eradication of this problem by preparing silver
nanoparticles with improved biocompatibility [25, 26].
Among the biosynthetic routes, plant mediated synthesis of
nanoparticles is particularly interesting, simple and
advantageous since it avoids maintaining cell cultures,
needed to handle microorganisms [27, 28].

Biosynthesis of silver nanoparticles using plant extracts,
which usually contain a combination of biomolecules viz.
amino acids, polysaccharides, enzymes, proteins, vitamins,
and organic acids, is environmentally benign but complex.
Plant extracts can act as reducing as well as capping agents
in synthesis of silver nanoparticles by bioreduction of silver
ions. Both intra- and extra-cellular synthesis of silver
nanoparticles using living plants and plant extracts have
been reported by various research groups. Gardea-
Torresdey et al. [29] were the first to report synthesis of
silver nanoparticles within living alfalfa plants which
uptake silver ions from the solid media. They also showed
that silver nanoparticles were formed by rapid bioreduction
of silver ions when geranium leaf extract came in contact
with silver nitrate solution [30]. Biosynthesis using leaf
extract of neem (Azadirachta indica) revealed competing
reduction of Ag* and Au** ions [31-33]. Vilchis-Nestor et
al. [34] reported simple biosynthesis of silver nanoparticles
using green tea extract. Biosynthesis of silver nanoparticles
using leaf extracts of Emblica officinalis [35], Aloe vera
[36], Chenopodium album [37], Murraya Koenigii [38] and
Cinnamon camphora [38], Hibiscus rosa sinensis [39],
Rosa rugosa [40], Cochlospermum gossypium [41], Citrus
limon [42], Mangifera indica [43], banana peel extract
[44], seed extract of Jatropha curcas [46] and flower
extract of Saraca indica [47] have also been reported.
Though there has been various works on the biosynthesis of
silver nanoparticles concentrating on the size and shape
control, little progress has been made towards rapid
biosynthesis of stable aqueous dispersions of silver
nanoparticles using plant extracts.

In the present study, we have synthesized stable
aqueous dispersions of silver nanoparticles with high
concentration by a facile, rapid and green synthetic route by
treating silver ions with aqueous Citrus limon extract,
which was used as a reducing and capping agent. The
effects of Ag concentration, extract concentration, in-situ
and ex-situ pH variations upon NaOH addition on the
structural, optical and plasmonic properties of the as-
synthesized Ag nanoparticles have been investigated. We
have demonstrated that NaOH addition leads to formation
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of stable aqueous dispersions silver nanoparticles with high
concentration and stronger plasmonic response.

Experimental
Materials

Fresh Citrus limon fruits, AQNO; and NaOH were used as
starting materials for green synthesis of Ag nanoparticles.
Fresh Citrus limon fruits were purchased from Dwarka
market, while AgNO; was purchased from Merck, India.
The chemicals used were of analytical grade and were used
without further purification. Double distilled water was
used as the solvent in all the experiments.

Synthesis of dispersions of silver nanoparticles

Lemon juice extracted from fresh Citrus limon fruits was
filtered through filter paper and then centrifuged to remove
the unwanted materials. The supernatant was collected and
diluted 10 times with double distilled water and then used
as the reducing agent as well as for capping agent in the
green synthesis of Ag nanoparticles. In a typical synthesis,
glass vials with 10 mL of the aqueous Citrus limon extract
were kept in a water bath maintained at 90°C. Different
amounts (0.5, 1, 2 and 4 mL) of aqueous 10 mM AgNO;
solutions were added into these hot solutions to reach
varying AgNO; concentrations in different vials. These
samples with different AQNOj; concentrations of 0.48, 0.91,
1.67 and 2.86 mM are hereafter referred to as Al, A2, A3
and A4, respectively. The color of the solutions changed
from faint yellow to stronger reddish brown color
depending on the starting AgNOj; concentration. After
AgNO; addition, the vials were removed from the hot bath
after different durations of time. Another set of samples
were synthesized by adding different amounts of aqueous 5
mM AgNO; solutions into 10 mL diluted lemon extract
solutions. These solutions were then heated at 90°C to
synthesize Ag nanoparticle dispersions. The pH of these
solutions before addition of AgNO; as well as after the
synthesis of Ag nanoparticle dispersions was varied from 3
to 11 by addition of different amounts of aqueous 0.1 M
NaOH solution.

The effects of concentration of Citrus limon extract on
the synthesis of Ag nanoparticle colloids were also studied
by using dilutions (1:1, 1:5, 1:10) of the extract with double
distilled water. For this study, 10 mL of aqueous 2 mM
AgNO; solution was taken in three vials and kept in the
bath maintained at 90°C. Aqueous 2 mL solutions of
different dilutions (1:1, 1:5, 1:10) of the Citrus limon
extract were added into these vials and heated at 90°C for
synthesis of Ag nanoparticles.

Characterization

The optical and plasmonic properties of as-synthesized
colloidal solutions were characterized by UV-visible
absorption spectroscopy in the wavelength range 300 to
800 nm using HITACHI U3300 spectrophotometer. The
structural properties of the synthesized Ag nanoparticles
were studied by X-ray diffraction (XRD). The morphology
of the synthesized nanoparticles coated onto Si substrates
was studied using Park Systems XE-70 atomic force
microscope.
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Results and discussion

Atomic force microscopy (AFM) was used to study the
morphology and the size distribution of the as-synthesized
silver nanoparticles, deposited onto Si substrates. Fig. 1(a)
and (c) show the AFM images of the as-synthesized silver
nanoparticles in the samples A3 and A4, respectively. The
average sizes of nanoparticles in these two samples were
estimated to be 16 and 18 nm, respectively from Gaussian
fitting of the size distribution histograms shown in Fig. 1(b)
and (d). It can be clearly seen that increase in Ag
concentration from 1.67 and 2.86 mM resulted in a slight
increase in the size of synthesized Ag nanoparticles. Fig.
2(a) and (b) show the 3D AFM images of the samples A3
and A4, respectively.
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Fig. 1. AFM images of Ag nanoparticles in as-synthesized sample (a) A3
and (c) A4, (b) and (d) corresponding size distributions of Ag
nanoparticles.

Fig. 3 shows the XRD pattern from the synthesized
sample A4. The presence of distinct diffraction peaks at
38.14° and 44.28° corresponding to the (111) and (200)
reflections, respectively confirm the presence of Ag
nanoparticles with FCC structure (JCPDS card no. 04-
0783) in the sample.

Fig. 4(a) shows the optical absorption spectra of as-
synthesized samples Al, A2, A3 and A4 prepared with
varying AgNO; concentrations of 0.48, 0.91, 1.67 and 2.86
mM, respectively. The spectrum for sample Al does not
show any clear peak in the visible region, while the
spectrum for sample A2 shows a broad absorption band
around 465 nm, which is due to SPR absorption of small
Ag nanoparticles formed in the solution. Increasing the Ag
concentration to 1.67 mM (sample A3) resulted in a
significant enhancement in intensity, narrowing together
with a marked blue shift of 47 nm (465 to 418 nm) in the
SPR peak of Ag nanoparticles. Further increase in Ag
concentration to 2.86 mM (sample A4) led to an increase in
intensity of SPR peak, which significantly broadened and
red shifted to about 450 nm. The photographs of the vials
with the as-synthesized Ag nanoparticle dispersions are
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shown in Fig. 4(b). The yellowish color confirms the
presence of Ag nanoparticles in these samples. It can be
clearly seen that the color of the dispersions changes from
pale yellow to reddish brown color as Ag concentration is
increased from 0.48 to 2.86 mM. The reddish brown
appearance of the dispersions indicates the presence of Ag
nanoparticles at high concentrations. It must be pointed out
here that this set of samples were prepared using 1:10
diluted extract solution with highly acidic pH of 3.

o 9

Fig. 2. 3D AFM images of as-synthesized sample (a) A3 and (b) A4.
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Fig. 3. Typical XRD pattern of biosynthesized Ag nanoparticles in sample
A4,
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Fig. 4. (a) Optical absorption spectra of samples Al, A2, A3 and A4,
prepared with different AQNO3 concentrations using 1:10 diluted aqueous
lemon extract at a pH of ~ 3, (b) Photographs of vials with the above Ag
nanoparticle samples Al, A2, A3 and A4.

In order to study the effects of pH on the formation and
growth of Ag nanoparticles using Citrus limon extract, an
aqueous 0.1 M NaOH solution was added into the solution
before addition of AgNO; into the diluted extract. Fig. 5(a)
shows the optical absorption spectra of sample Al
synthesized at different pH values (6, 9 and 11) attained
with the addition of different amounts of 0.1 M NaOH
solution, before the addition of 0.48 mM AgNO; into the
extract. No SPR peak could be seen for pH of 6, indicating
the absence of Ag nanoparticles. It can be clearly seen that
as the pH of the growth solution is increased to 9, SPR
peak appears at 394 nm. Further increase in pH to 11
resulted in a significant enhancement in intensity,
narrowing (FWHM decreases from 0.84 to 0.61 eV) and
red shift (394 to 401 nm) of the SPR peak of Ag
nanoparticles. This clearly indicates growth of Ag
nanoparticles with higher number density in the dispersion.
Fig. 5(b) shows the optical absorption spectra for sample
A4 synthesized at different pH values of 6, 9 and 11. A
very broad absorption band around 430 nm can be seen in
the absorption spectrum of sample prepared at pH of 6. For
the sample prepared at pH of 9, the SPR peak has been
found to blue shift to 408 nm with an increase in the
intensity. No SPR peak could be seen in the sample
prepared at pH of 11. Surprisingly, the SPR peak observed
at lower pH values completely disappears when the pH of
the solution before AgNO; addition is increased to 11. To
understand the effects of pH variation by NaOH addition on
the formation and growth of Ag nanoparticles and their
plasmonic response better, two more samples prepared with
different AQNO; concentrations were also studied.
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Fig. 5. Optical absorption spectra of samples (a) Al and (b) A4, prepared
with different AQNO3 concentrations using 1:10 diluted aqueous lemon
extract with pH adjusted to 6, 9 and 11 before AgNO3 addition.

Fig. 6(a) and (b) show the optical absorption spectra of
the samples prepared with AgNO; concentrations of 0.23

mM and 0.83 mM, respectively using 1:10 diluted aqueous
lemon extract with pH adjusted to 6, 9 and 11 by adding
NaOH solution before AgNO; addition. It can be clearly
seen that at lower Ag concentration, increase in pH leads to
significant enhancement in the plasmonic response, in the
form of increased intensity and narrowing of the SPR peak.
For the sample prepared with 0.83 mM AgNOj;, the SPR
peak increased in intensity and narrowed as the pH was
increased to 9 by adding NaOH before AgNO; addition,
while it decreased in intensity as the pH is increased to 11.
The observed changes in optical and plasmonic properties
of biosynthesized Ag nanoparticle dispersions with in-situ
pH change with NaOH are very interesting and promising
for diverse applications in nanobiotechnology.
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Fig. 6. Optical absorption spectra of samples prepared with AgNOs
concentrations of (a) 0.23 mM and (b) 0.83 mM using 1:10 diluted
aqueous lemon extract with pH adjusted to 6, 9 and 11 before AgNO3
addition.

In order to study the effects of pH on the stability of the
synthesized dispersions of Ag nanoparticles, 0.1 M NaOH
was added into the as-synthesized sample A4 to adjust the
pH to 6, 9 and 11. The optical absorption spectra of sample
A4 with Ag nanoparticles, following ex-situ addition of
NaOH to vary the pH from 6 to 11 are shown in Fig. 7(a).
The absorption spectrum of the sample at pH 6 shows a
SPR peak at 401 nm. Increase in pH of the Ag nanoparticle
dispersion to 9 resulted in a significant enhancement in the
intensity, narrowing (FWHM decreases from 1.03 to 0.56
eV) of the SPR peak which is slightly red shifted to 405
nm. It can be clearly seen that further increase in pH of the
sample to 11 led to a slight decrease in intensity along with
appreciable broadening (FWHM increases from 0.56 to
0.82 eV) and red shift in the SPR peak to 415 nm. The
photographs of the dispersions in vials are shown in Fig.
7(b), which reveals distinct changes in the color from
brown to dark reddish brown color at higher pH values.
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Fig. 7. (a) Optical absorption spectra of Ag nanoparticles sample A4 with
pH adjusted to 6, 9 and 11 with NaOH addition after synthesis of Ag
nanoparticles and (b) Photographs of vials with Ag nanoparticles
dispersions sample A4 with pH adjusted to 6, 9 and 11 with NaOH after
synthesis of Ag nanoparticles.
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The effects of Citrus limon extract concentration on
formation and growth of Ag nanoparticles and their optical
and plasmonic properties have been studied using different
dilutions of the aqueous extract for the synthesis. Fig. 8(a)
shows the optical absorption spectra of Ag nanoparticle
dispersions synthesized using 2 mM AgNO; and three
different dilutions (1:1, 1:5 and 1:10) of the aqueous
extract. The absorption spectrum of sample prepared with
1:1 diluted extract shows SPR peak at 415 nm with
maximum intensity among the three samples. For the
sample prepared with 1:5 diluted extract, a broad SPR band
consisting of two distinct peaks at 397 and 525 nm are
observed. The sample prepared with the most dilute (1:10)
concentration of the extract, broad SPR consisting of two
peaks at 397 and 501 nm are observed. The observed
decrease in intensity and broadening leading to two distinct
peaks clearly reveal aggregation of Ag nanoparticles due to
reduced capping action of the diluted extract. The increased
aggregation of Ag nanoparticles leads to red shift of the
SPR peak due to stronger electromagnetic coupling within
Ag nanoparticles. The photographs of these three Ag
nanoparticle dispersions prepared at different extract
concentrations are shown in Fig. 8(b). The color of the
dispersion changes from dark brown to yellowish brown
color with decrease in the concentration of the extract. The
yellowish brown color indicates the presence of large
density of small Ag nanoparticles, aggregation of which
leads to the emergence of additional SPR band which is red
shifted to ~ 500 nm. The reduced intensity of the SPR peak
and emergence of an additional red shifted SPR peak
clearly indicate that lower concentration of extract have
inefficient capping action leading to the increased

aggregation of Ag nanoparticles.
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Fig. 8. (a) Optical absorption spectra of Ag nanoparticle dispersions
synthesized using 2 mM AgNO; and three different aqueous dilutions

(1:1, 1:5 and 1:10) of the extract and (b) Photographs of the vials with the
above three Ag nanoparticle dispersions.
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The formation of Ag nanoparticles by bioreduction of
silver ions with Citrus limon extract can be understood as
follows. Citrus limon extract is a rich source of citric acid
and ascorbic acid [48, 49] both of which act as reducing
agents for Ag” ions. In addition, Citrus limon extract also
contains a humber of phytonutrients including flavonones-
hesperidin, eriocitrin and phenolic compounds such as
umbelliferone and glycosides-quercetin [50]. The capping
action of citric acid during Ag nanoparticle growth by
chemical methods is well known and has been reported by
various groups. The formation of stable dispersion of Ag
nanoparticles by bioreduction of silver ions using Citrus
limon extract mainly relies on the reducing action of citric
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acid and ascorbic acid in addition to other constituents and
the capping action of citric acid. With increase in AgNO;
concentration, the concentration of reduced Ag atoms in the
solution reaches supersaturation leading to nucleation of Ag
clusters, which act as nuclei and grow in size taking more
Ag atoms resulting in the formation of Ag nanoparticles. It
has been shown that addition of NaOH leads to
enhancement in the reducing action of ascorbic acid and
reduction of Ag® ions in an alkaline medium favors the
synthesis of Ag nanoparticles [51]. The addition of NaOH
controls the pH of the reaction dispersion and alters the
ionic environment by supplying —OH radicals which can
interact with the capping agent, reducing agent and the
metal ion species. In the absence of NaOH addition, the
rate of formation of Ag nanoparticles is much slower.
When NaOH is added before AgNO; addition, the
reduction of Ag® ions by Citrus limon extract is completed
within few tens of minutes, indicating the strong catalytic
activity of NaOH in the bioreduction process. Such rapid
synthesis is very important for diverse applications as it
minimizes the cost significantly saving energy and produces
highly biocompatible Ag nanoparticles. It must be pointed
out here that the important factors controlling the rapid
biosynthesis of stable aqueous dispersions of Ag
nanoparticles using NaOH addition include (i) change in
the reactivity of Ag® ions with varying pH, which depends
on the NaOH concentration, and (ii) the enhancement in the
reducing capability of ascorbic acid and citric acid in the
extract by NaOH and (iii) the change in the capping action
of citric acid for Ag nanoparticles. In addition to the
enhancement of reducing capability of ascorbic acid and
citric acid, NaOH addition also results in the formation of
AgOH nanoprecipitates, due to reaction of Ag” ions with —
OH radicals supplied by NaOH, which transform into Ag,O
nanoparticles at 90°C. Due to this NaOH addition results in
a large density of small Ag,O nanoparticles by
heterogeneous nucleation in the reaction dispersion. The
enhanced reducing action of citric acid and ascorbic acid in
the presence of NaOH leading to an alkaline medium,
results in the formation of high density of Ag nanoparticles,
stabilized well by the efficient capping action of citric acid
in the Citrus limon extract. Our optical absorption results
also go in line with this. We have demonstrated a simple
way to rapid biosynthesis of stable dispersions of high
concentration of Ag nanoparticles.

Conclusion

We report on an environmentally benign, inexpensive and
facile method of preparing stable dispersions of high
concentration silver nanoparticles in the size range of 10-30
nm by a green synthetic route involving bioreduction of
silver ions with aqueous Citrus limon extract. Citric acid
and ascorbic acid present in Citrus limon extract are
believed to be responsible for the reduction of silver ions,
leading to formation of silver nanoparticles. The
synthesized aqueous dispersions of silver nanoparticles
were found to be stable due to the efficient capping action
of citric acid in the extract. UV-visible absorption studies
revealed SPR peak of Ag nanoparticles which showed blue
shift with increase in Ag concentration and pH. We have
demonstrated a simple way to rapid biosynthesis of Ag
nanoparticles by introducing NaOH as a reaction initiator to
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accelerate the bioreduction of Ag ions leading to the
formation of high density of Ag nanoparticles. The
synthesized stable aqueous dispersions of Ag nanoparticles
are ideal for diverse industrial and biomedical applications.
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