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Silver nanoparticles synthesis mediated by plant extracts involves the colloidal stability of generated metallic
particles in solutions. Formation of micelles in solutions influences the nanoparticle synthesis process and
consequently, the surface plasmonic response (SPR) of the formed silver nanoparticles. Critical micelle
concentration (CMC) of Sapindus mukorossi aqueous extract has been determined with ultraviolet-visible
spectroscopy, two methods were used: dye micellization method, and correlation of silver nanoparticles
SPR with the variation of surfactant concentration. Results obtained for CMC determination by the two
methods were highly reproducible and in good correlation indicating that micelles formed by saponins
present in the Sapindus mukorossi aqueous extract are useful as effective structure-driving agents to
synthesize colloidal metallic nanoparticles, offering them proper growth conditions. Silver nanoparticles
synthesis mixtures were studied, with Sapindus mukorossi aqueous extract and silver nitrates as precursors,
in acidic and basic media, at room temperature to establish correlations between saponins structure
modifications and surface plasmonic response of metallic nanoparticles. Light absorption spectrometric
techniques (ultraviolet-visible and infrared), X-ray diffraction and scanning electron microscopy were used
to characterize the synthesis process.
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Saponins derived from natural renewable sources have
a potential use as surfactants due to their high degree of
biocompatibility and biodegradability. Studies on their
physico-chemical characterization (either in mixtures, or
as individual components) have been reported [1-3]. The
fruit pericarp of trees from Sapindaceae family is widely
used as natural detergent and its extract is commercially
used as foam stabilizing and emulsifying agent in cleansers,
shampoos, and cosmetics; the reason is that pericarp is
abundant in saponins, mostly of triterpenoid-type with high
surface activity [4].

Surfactants are amphiphilic substances consisting in a
long-chain hydrocarbon tail and a polar head. A unique
property of surfactants is that, their molecules arrange
themselves into organized molecular aggregates, known
as micelles if the concentration exceeds a specific value,
called critical micelle concentration (CMC) [5].

The value of critical micelle concentration can be
correlated with the changes in physico-chemical properties
of the surfactant solution. The micelles forming property is
affected by temperature, salt concentration and pH of the
aqueous phase [6, 7]. It was experimentally demonstrated
that CMC value increases with temperature and pH, and is
lowered by increased salt concentrations [8]. With regards
to size of saponins micelles, it was found that temperature
has a significant influence. Increase of temperature lead
to higher dimensions of micelles, while salt concentration
and pH have a weak influence in this respect [7]. Among
the solution physico-chemical properties that may have
influence on CMC specific value, solution detergency,

viscosity, density, conductivity, surface tension, osmotic
pressure, interfacial tension, refractive index, and light
scattering have been reported. However, depending on the
methods used to study the behavior of bulk solutions
containing surfactants, some differences are observable
in values of CMC obtained for the same surfactant. It was
generally accepted that the critical micelle concentration
is not a precisely defined value, but a range of
concentrations at which micelles are formed [9, 10].

Common spectroscopic methods for determining
aqueous critical micelle concentration make use of
additives whose change in ultraviolet-visible absorbance
or fluorescence emission indicate the onset of micelle
formation. In a typical setup, a constant amount of organic
dye is solubilized in solutions while increasing the amount
of surfactant added to solution. Changes of absorption or
emission is plotted against the surfactant concentration,
and, the inflection point of sigmoidal curve obtained is taken
to be the critical micelles concentration [5]. In an ideal
case, the amount of solubilized substance varies linearly
with the surfactant concentration above the CMC. Other
experiments using this method, as well as techniques using
stable silver nanoparticles solutions have been described
recently [12-14, 25]. However, these methods generally
referred to chemical synthetic surfactants, and when plant
derived surfactants were studied, previous steps of
separation and/or isolation were applied prior to CMC
determination.

The increased use of nanoparticles recorded in the last
years lead to an important development of knowledge
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related to synthesis process. Metallic nanoparticles are
prepared in aqueous or non-aqueous solutions by reducing
metal ions (added in the reaction medium as metallic salt)
with a reductive agent. A significant variety of plant extracts
were studied to grow silver nanoparticles, the aggregation
behavior of the formed particles being related with the
reductive and stabilizing capacity of their organic
constituents [15,16].

In present study, an original experimental setup was
used for critical micelles concentration determination by
correlating the changes of the optical properties
(specifically of the SPR) of solutions containing silver
nanoparticles synthetized using raw Sapindus mukorossi
aqueous extract. Silver nitrate was used as silver ions
source for the synthesis. An adapted dye micellization
method [13] was applied to compare and validate obtained
values. Also, the potential influence of micelle formation,
and corresponding CMC values, on silver nanoparticles
synthesis process was studied, for different compositions
of synthesis mixtures, acid and alkaline. Reactants and
reaction products were characterized by light absorption
spectroscopy (infrared (IR), ultraviolet - visible (UV-Vis)),
X-ray diffraction (XRD) and scanning electron microscopy
(SEM), and conclusions about the role of critical micelles
concentration on silver nanoparticles synthesis were
drawn.

All experiments were conducted in aqueous media that
was considered the best choice in terms of efficiency of
saponins extraction, comparing with use of organic
solvents. Also for potential large-scale applications,
environmental and cost efficiency are significantly better
for the use of water as solvent [1,11].

Experimental part
Materials and methods

The plant aqueous extract was obtained using dried
Sapindus mukorossi soapnut shells of Indian origin,
purchased from a local authorized supplier (EcoNat); raw
product of same batch was used during tests. Silver nitrate
(crystalline, 99.80% purity), potassium hydroxide (pellets,
85 - 100 %, < 1 % carbonate) and methylene blue (dye
content > 82 %, spectrophotometrically) reagents, for
analysis purity, were purchased from Merck Millipore; all
other solvents and chemicals were of analytical grade from
Chimopar SA. Redistilled water (conductivity at 25°C bellow
0.5 µS·cm-1) was used for extraction, determination of CMC,
nanoparticles synthesis and for other analytical methods
applied during experiments.

The pH of solutions was measured with Inolab Multi
9430 meter using IDS SenTix 980 pH-sensor, with an
accuracy of 4·10-3 pH units. Centrifugation was performed
with a Rotofix 46 Hettich Lab Technology centrifuge, at a
speed of 1000 rpm.

Spectroscopic measurements were performed on the
ultraviolet-visible double beam Evolution-260BIO
spectrophotometer (Thermo Scientific), using quartz
cuvettes of 1 cm as sample support.

Sapindus mukorossi extract preparation
Air-dried, powdered soapnut shells (30 g) were mixed

with redistilled water (300 mL) for 6 hours under magnetic
stirring, at room temperature. After centrifugation at 1000
rpm for 10 minutes and the resulted extract was filtered
(Whatmann no. 4). This extract stock solution was stored
at 4°C for further tests.

Critical micelle concentration (CMC) determination
CMC was evaluated by two experimental procedures

performed at room temperature, obtained values were

compared. First method was based on dye micellization
procedure [12, 13], and the second one used the surface
plasmon response characteristic of metallic nanoparticles
[14-16, 25]. All these experiments used raw soapnuts
extract, without previous isolation of saponins.

The method proposed by Patist et al. [13], adapted for
the working conditions, was applied to calculate the critical
micelle concentration of soapnuts extract by using
methylene blue (methylthioninium chloride) dye, aqueous
solution with concentration of 10-4 M. A series of test
samples were prepared by adding different aliquots of
extract stock solution (100÷1000 µL), each in a 25 mL
volumetric flask where a volume of 2.5 mL of methylene
blue 10-4M was previously pipetted, then filled to the mark
with redistilled water. For the spectroscopic
measurements, individual reagent blank solutions for tested
samples were used; these were prepared in the same
manner as samples, but without soapnuts extract,
redistilled water was added instead. Visible spectra of
samples were recorded in the wavelength range of 500-
800 nm, at 1 nm intervals, versus the reagent blank prepared
as above. For all the scanned solutions, the wavelength
corresponding to the absorption maxima λmax) were read
and centralized. These values were then plotted versus the
extract concentration in studied samples. The CMC was
calculated as the value corresponding to the crossing point
of the two linear tendency segments of the graph.

For CMC determination using the SPR of nanoparticles,
mixtures of soapnuts extract and a stable silver
nanoparticles colloidal solution were used, according to
an adapted method described in the literature [14]. Choice
of the stable silver nanoparticles solution was done
according to previous studies [15, 16]. Tests were
performed at room temperature, samples absorbances at
the fixed wavelength of 418 nm were recorded. This value
corresponds to the maximum absorbance recorded for the
chosen stable nanoparticles solution. First sample was
prepared by adding an aliquot of 50 µL from Sapindus
mukorossi extract stock solution to10 mL silver
nanoparticles stable solution. Absorbance of this mixture
was read at 418 nm, over a blank prepared the same way,
but with redistilled water instead of nanoparticles solution.
Incremental addition of 50 µL aliquots was used to prepare
next samples and corresponding individual blanks, and
absorbance was measured after each addition. In the end,
recorded absorbance values were plotted versus the extract
concentration in studied samples, and CMC was
determined as the value corresponding to the inflection
point graphically identified.

Silver nanoparticles synthesis
Silver nanoparticles were obtained by mixing Sapindus

mukorossi extract stock solution with silver nitrate (10 mM)
solution in different proportions. Synthesis experiments
were done in acidic and alkaline media. The acidity of
solutions resulted after mixing the nanoparticles precursors
was considered appropriate for the study (pH = 4.4), no
other pH buffer was added. The pH adjustment for alkaline
media was obtained by adding 1 M potassium hydroxide
solution to all alkalinized samples, up to a pH value around
8.2). Total volume of all tested solutions was 50 mL, and
redistilled water was used for necessary dilutions. The
mixing order of samples constituents was: dilution water,
potassium hydroxide solution (where the case), soapnuts
extract, and, after a waiting time of 20 min, the silver nitrate
solution. During experiments, mixtures were kept in dark,
at room temperature, except the short periods of UV-Vis
spectra recording.
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Ultraviolet - visible spectroscopy
Spectroscopic study of the colloidal solutions containing

nanoparticles prepared during experiments was realized
by recording corresponding spectra in the range 230 – 750
nm, at 1 nm intervals. Triplicate synthesis samples were
tested, at different mixing ratios of precursors (silver nitrate
and soapnuts aqueous extract). Spectra were recorded for
each sample versus a blank prepared in the same manner,
but without silver nitrate.

Infrared (IR) spectroscopy
The infrared spectra were recorded for the soapnut shells

extract samples and synthesis mixtures on Fourier
Transform Infrared Spectrometer Vertex V80 (Bruker) in
the wavenumber range of 4000 cm-1 to 400 cm-1. Prior to
scanning, samples were placed in glass Petri dishes and
dried in oven at 30°C for 24 hours. The use of infrared
spectroscopy data aimed to identify structural changes that
may suggest the nature of interactions of soapnut extract
components and silver nanoparticles synthetized.

X-ray Diffraction / XRD
Present study used X-ray diffraction technique to

characterize the nanoparticles synthetized using Sapindus
mukorossi aqueous extract and silver ionic solution.
Samples were prepared by mixing the plant extract,
prepared as described above, with 10 mM silver nitrate
solution in five different proportions: 1:1, 1:2, 1:4, 2:1 and
4:1. The mixtures were kept for three hours in dark, at
room temperature, then samples were evaporated to
dryness in a lab circulation oven, at 30 °C. The solid matter
was analyzed by X-ray diffraction using a Rigaku Ultima IV
instrument, equipped with Cu Kα (λ= 1.54056 Å) radiation
source, set at 40 kV and 20 mA. Powder diffraction patterns
were recorded for dried plant synthesis mixtures and blank
(dried plant extract). The geometry used was parallel
beam, in continuous scan mode at 1 deg./min. speed and
0.02 deg. step width, in the 2-theta range of 5 - 80 deg.

Scanning electronic microscopy
Scanning electronic microscopy (SEM) was used to

characterize the size, shape and morphology of the
synthesized silver nanoparticles. A microscope Hitachi SU-
70 with field emission was used, with a resolution of 1 nm
at 15 kV acceleration voltage. Samples of colloidal silver
nanoparticles were placed on aluminium stubs, dried for
30 min at 40°C in a laboratory oven, and then measured at
different magnification orders and 25 kV acceleration
voltage [21-24].

Results and discussions
Evaluation of critical micelles concentration using dye
micellization method

For dye micellization experiments, methylene blue
(methylthioninium chloride) was chosen because it has a
relative narrow absorption maximum (λmax) around 670
nm in aqueous solutions [19, 20]. Thus, when mixing
methylene blue solution with studied surfactant the shifts
of the wavelength corresponding to maximum absorbance
could be easily noticed when surfactant content was
modified. The dye significantly changes its ultraviolet -
visible response, once the micelles are formed, specifically
when surfactant concentration exceeds CMC. Following
the association of surfactant molecules as micelles, the
ultraviolet - visible spectrum shows a significant shift of
the absorption maximum when CMC is reached [13].

The micelles presence in the aqueous extract of
Sapindus mukorossi was correlated with changes in
ultraviolet - visible spectrum of methylene blue added to
the mixture. The wavelength values for the maximum
absorption recorded as described in the experimental
section were plotted versus Sapindus mukorossi extract
content of studied solutions, as shown in figure 1. Two
distinct linear segments were noticed, a slow increase of
the λmax, the wavelength corresponding to absorption
maxima, was recorded as seen in the first region, followed
by a second linear segment with a sudden increase of the
wavelength represented on Y axis. Micelles formation is
associated with the rapid increase of the λmax. The CMC
was calculated as the corresponding X axis value for the
crossing point of the tendency line of the two linear
segments, obtained value was 2.71 ± 0.11 %.

Correlation of surface plasmonic response (SPR) of silver
nanoparticles with the critical micelles concentration
(CMC)

Salem et al. [14] reported the use of spectral shift of
SPR bands for N-cetyl-N, N, N- trimethylammonium
bromide, hydroxyethyl laurdimonium chloride, and N-
cetylpyridinium bromide monohydrate to set the value of
CMC. In another paper, Karimi et al. [25] showed that the
absorption intensity at a fixed wavelength for sodium
dodecyl sulfate and trimethyl ammonium bromide
changes radically when the surfactant concentration
increases over CMC value. Considering these references,
an adapted method was developed and applied in present
study. The CMC of Sapindus mukorossi extract was
determined using silver nanoparticles solutions.  By plotting

Fig. 1. Critical micelle concentration determination of Sapindus
mukorossi extract using dye micellization method

Fig. 2. Critical micelle concentration determination of Sapindus
mukorossi extract using SPR band sensitivity of a stable silver

nanoparticles solution (418 nm)
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maximum absorbance (Amax) versus Sapindus mukorossi
extract content in test solution, CMC was determined using
linear regression (fig. 2) as 2.68 ± 0.13 %, v/v.

The determined CMC of aqueous Sapindus mukorossi
extract by the two described spectroscopic methods
showed good correlation (2.71 ± 0.11 %, v/v and 2.68 ±
0.13 %, v/v respectively).

Micelles formation and surface plasmonic response of
silver nanoparticles synthesized with Sapindus mukorossi
extract involves the colloidal stability of the metallic
particles in solution. Therefore, the formation of micellar
surfactants in the mixture may influence the formation
equilibrium of metallic nanoparticles. Consequently, the
plasmonic response of the silver nanoparticles formed in
solutions having mixtures with different initial volumetric
ratios Sapindus mukorossi extract: silver nitrate was
examined. The CMC value taken as a reference for the
micelles presence in the synthesis solutions, where silver
nanoparticles are formed, was found to be approximately
2.7 %, according to results described above.

Metallic nanoparticles synthesis by bottom-up approach
involves two main processes, the reduction of metallic ion
and colloidal stabilization of the particles formed in solution.
The freshly formed small dimension particles coalesce due
to their low colloidal stability to form larger nanoparticles
with different shapes and sizes until they reach a stable
form, interfacial force being the main interaction that
controls this process. Usually organic compounds, such
as surfactants, polymers and stabilizing ligands, are used
to passivate the particles to prevent them from further
aggregation, the choice of protective agent being one of
the most important factors in nanoparticles synthesis [26].

The change of micelle structures has an energetic
barrier as May and Ben-Shaul reported [27]. It was found
that at low surfactant concentrations, spherical micelles
appear in solution. When the surfactant concentration in
solution reaches a well-defined saturation value, the
energetic barrier is overcame and the micelle structure
changes from spherical micelles to other structures, and
the micelles will have new stable forms in another
concentration range. The special micelles are useful as
effective structure - driving agents to prepare nanoparticles
with desired morphologies [26]. Thus, the micelle formed
by the surfactant with a certain favorable concentration
can offer appropriate growth conditions for nanoparticles.

The size and distribution of silver nanoparticles is an
outcome of different kinetics of all the stages involved in
the nanoparticles formation process. Result of this
influence is reflected in the shape of absorption band in
the region 350 - 600 nm, cumulating plasmonic properties
of all silver nanoparticles in solution [28]. In present study,
the surface plasmon response of the particles was
followed by recording the UV-Vis spectra of the synthesis
mixtures containing plant extract and silver nitrate as
precursors.

Figure 3 is presents the UV-Vis spectra for solutions
containing silver nanoparticles prepared by adding Sapindus
mukorossi extract and silver nitrate 10 mM solution with
1:1 volumetric ratio. The inset of the graph presents
coresponding relative areas versus volumetric content of
Sapindus mukorossi extract, calculated for 3 days spectra.

 The sample blank solutions (diluted plant extract
solutions) and the samples containing silver nitrate had
pH values around 4.4, this behavior showing that the
extract has buffering properties. The pH value is consistent
with the saponins structure, of weak acidic species,
reported to be present in the aqueous extract of Sapindus
mukorossi [29].

It was observed that, in these conditions, formation of
nanoparticles is a very slow process, notable changes both
in color of colloidal solutions (colorless to light pink and
reddish) and ultraviolet - visible spectra were observed at
three days from the mixing moment.

Relative areas calculated as the area under the
absorption band recorded for samples relative to blank
extract solutions in the 350 - 600 nm wavelength domain
were correlated with the existence and growth of silver
nanoparticles. Relative area vs. plant extract volumetric
content plots was preferred to plot of the maximum
absorption vs. extract content, because absorption bands
had different characteristics (maximum intensity,
bandwidth, shape) when different volumetric contents of
plant extract were used. The calculation wavelength range
has been selected as it is the area of spectra comprising
main silver nanoparticles plasmonic properties
modifications [28].

The plots represented in figure 3 showed broad
absorption bands centered at about 450 nm for all studied
samples when they are recorded after three days after the
initial mixing moment of the extract stock and silver nitrate
solutions. It was observed that, when the volumetric
percentage of plant extract solutions exceeds the value of
2.6 ± 0.10 % (fig. 3) the absorbance of the nanoparticles

Fig. 3. UV-VIS spectra after 3 days, in acidic media (pH = 4.4), for
samples with initial volumetric ratio Sapindus mukorossi extract :
silver nitrate of 1 : 1, for different extract concentrations (%, v/v):
line 1) 0.8 %; line 2) 1.6 %; line 3) 2.7 %; line 4) 3.6 %; line 5) 5 %.

solution increases suddenly. The volumetric content of 2.6
% is confirmed by inflection point value of the graph
confirming the assumption that micelles may become
driving structures for nanoparticles formation.

Some reported studies showed that micelles may control
the rate of synthesis, size, and the shape of metal
nanoparticles because surfactant is in dynamic equilibrium
with its components (surfactant monomers, micellar
aggregates and monomers absorbed as a film at the
interface). Surfactant micelles surrounding the colloidal
particles also may solubilize and control the orientation of
substrates, hydrophobic and hydrogen bonding being
responsible for controlling the orientation of silver ions into
the Stern layer of micellar pseudo-phase. The micelle can
be seen like as porous clusters with aqueous cavities where
silver ions are reduced to form metallic particles [30]. Also,
the stability, shape, size, and morphologies of metal
nanoparticles depend on the method of concentration of
stabilizers [31- 33].

UV-Vis spectra for silver nanoparticles colloidal solutions
obtained at alkaline pH have been recorded during
experiments, figures 4 and 5 respectively show the data
measured at three hours and three days respectively,
counted from the moment of precursors mixing. The inset
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within each coresponding graph presents the calculated
relative areas versus volumetric content of Sapindus
mukorossi extract. UV-Vis for alkalized samples had higher
absorbances and lower peak width values corresponding
to the SPR compared with the acidic samples. This was
correlated with a successful formation of nanoparticles,
more rapid in alkaline media than in acidic ones. For
alkaline samples, maximum absorbance peaks were
centered on 419 nm after three hours from mixing start
(figure 4), while slightly red-shifted peaks centered on 425
nm can be observed in figure 5, for spectra recorded at
three days.

Values of CMC in alkaline media, determined as shown
in the insets of figures 4 and 5, showed similar values, 3.65
± 0.19 % for 3 hours, and 3.68 ± 0.12 % for 3 days. The
inflection points in the plots relative areas versus extract
concentration was assigned to increase of CMC values.
Chemical species contained by the aqueous extract have
a weak acid character. It was considered that once the
alkaline solution is added, deprotonation of acid functional
groups occurs, and a mixture of compounds having a
weaker hydrophobic character may form. Consequently,
this decrease in the hydrophobic character of studied
solutions could lead to higher values of CMC. Data presented
in figures 4 and 5 shows that CMC has a significant influence
on the formation degree of silver nanoparticles in studied
synthesis conditions.

The possible functional groups responsible for silver
nanoparticles stabilization were studied by Fourier

transform infrared spectroscopy (FT-IR). Some recent
studies in this area pointed out that saponins are clearly
detectable in the crude aqueous and alcoholic soapnut
extracts even before the purification of saponins directly
using FT-IR spectroscopy, therefore shortening the time
and the necessity for purification steps before performing

Fig. 4. UV-Vis spectra at 3 hours from mixing, in alkaline media (pH
= 8.2), for samples with initial volumetric ratio Sapindus

mukorossi extract : silver nitrate of 1 : 1, for different extract
concentrations (%, v/v): line 1) 1.6 %; line 2) 2.7 %; line 3) 3.6 %;

line 4) 5 %.

Fig. 5. UV-Vis spectra at 3 days from mixing, in alkaline media (pH
= 8.2), for samples with initial volumetric ratio Sapindus

mukorossi extract : silver nitrate of 1 : 1, for different extract
concentrations (%, v/v): line 1) 1.6 %; line 2) 2.7 %; line 3) 3.6 %;

line 4) 5 %.

Fig. 6. FT-IR spectra of Sapindus mukorossi extract line a) and the
soapnut mediated silver nanoparticles at different volumetric ratio
mixture soapnut shells extract : silver nitrate solution 10 mM line

b) 2:1 and line c) 1:1, (pH = 4.4).

analysis [34, 35]. The FT-IR spectra of Sapindus mukorossi
extract and soapnut shells mediated silver nanoparticles
are shown in figure 6.

The FT-IR profiles of soapnut shells extract and silver
nanoparticles synthesized revealed that biomolecules have
functional groups specific to saponins and flavonoids that
might play an important role in the stabilization of silver
nanoparticles during the synthesis process [36]. The FT-IR
spectra of soapnut shells (fig. 6-a) shows the presence of
transmittance peaks at 3315, 2928, 1722, 1603, 1373, 1250,
and 1034 cm-1. The first two peaks are specific to O-H
stretching vibration of bounded and unbounded O-H [34 -
37]. The peaks at 1722, 1603, and 1373 cm-1 are
characteristic of C-O stretching vibration [4, 6, 34], C=C
bond [34], and O-H bending vibration, respectively. In
addition, the transmittance peak at 1250 cm-1 indicates
the C-O stretching vibration [36], and transmittance peak
from 1034 cm-1 can be due to existence of C-O-C [35] and
carboxylic ester [4]. The peaks at 4 2928 and 1373 cm-1

indicate also the presence of CH2 groups [4]. This finding
indicates the possible presence of carboxylic groups, which
is in good agreement with the pH value of the extract
solution.

The FT-IR spectra of the soapnut shells mediated silver
nanoparticles (fig. 6a and c) showed some shifts
corresponding to the stretching vibration of O-H bond at
2930 and 2932 cm-1 [36], the stretching vibration of C-O
from  41600 cm-1 [36] and  41724 cm-1[4], and the
stretching vibration of C-O bond at 1248 cm-1 [36]. These
observations may suggest that the resulting silver
nanoparticles might be stabilized by functional groups
present in the biomolecules of soapnut shells extract such
as saponins and flavonoids through the interactions of
carboxylic groups in the saponins as well as the carbonyl
groups in the flavonoids [36, 37].

Figure 7 shows a comparison between XRD patterns
recorded for the plant extract, and for silver nitrate-plant
extract synthesis samples, prepared according to
procedure described in the experimental section.
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Comparative evaluation of samples structure and
composition has been performed. For blank samples, the
recorded diffractogram showed a high broad peak in the
2θ range of 10-25o, with no narrow peaks, suggesting the
amorphous character of the dried aqueous plant extract.
For samples prepared with silver nitrate and plant extract,
the intensity of the amorphous peak decreases with the
volume of extract added to the initial mixture, and new
narrow peaks appear suggesting formation of crystalline
compounds during the synthesis process. Mutual existence
of crystalline and amorphous phases in samples after
synthesis may suggest that some plant constituents remain
attached to the formed particles. Consistency with infrared
and ultraviolet-visible absorption spectroscopy studies
described above could be found.

Figure 7 (lines b - f) shows that for all the samples where
the initial mixture contained silver nitrate, recorded
diffractograms present peaks at 2θ values around 28, 32

and 46o. Comparing these values with data from ICDD
diffraction cards 01-074-4790, presence of silver nitrate
may be suggested. Also, the 2θ peak from 46o decrease in
intensity with the increase of silver nitrate content in the
initial mixture. In the same time, for volumetric ratio plant
extract: silver nitrate 10 mM solution in the initial mixtures
of 1:1 (line d), other peaks appear at 2q values of 38, 44
and 64 degrees, that suggest presence of metallic
centrosymmetric silver (ICDD card 04-003-7118). Table 1
presents experimental and standard diffraction data for
silver identified as existing crystalline phase in studied
mixtures; corresponding diffraction angles, interplanar
spaces and Miller indices are included for the most
significant three peaks. Intensities of the peak at 2θ angle
of 38o were compared for the studied samples. It was
observed that the highest value was recorded for samples
with initial mixing ratio plant extract: silver nitrate of 1:1
(line d), while the intensity of this peak decreases for
samples with 1:2 (line e) and 1:4 (line f) volumetric ratios,
respectively. Also, this peak was slightly visible for samples
with initial 2:1 (line c) plant extract: silver nitrate ratio, and
did not appear when the ratio was 4:1 (line b).

The XRD study confirms presence of crystalline silver in
studied samples, mainly in the samples where the initial
mixing ratio plant extract: silver nitrate used for synthesis
is 1:1 or lower. Presence of non-reacted silver nitrate was
also confirmed in synthesis samples through X-ray
diffraction. With regards to silver presence in samples after
synthesis, table 1 shows a good agreement between
experimental and standard diffraction data, for an initial
mixing ratio 1:1.

As reported in other studies, the XRD setup used proved
to offer valuable experimental information on nanoparticles
identification and also on samples crystallinity evolution
related to certain control samples. [38, 39]

Figure 8 shows images obtained by SEM for samples
prepared with different concentrations of plant extract. It
was observed that when higher concentrations of extract
were used in the initial mixture particle, conglomerates
were formed. Particles formed were spherical as shape in
all cases. At higher extract concentration, larger
conglomerates appear and decrease of the nanoparticles
content was registered.

Table 1
EXPERIMENTAL AND STANDARD DIFFRACTION DATA FOR SILVER, FOR SAMPLE WITH INITIAL MIXING

RATIO PLANT EXTRACT : SILVER NITRATE OF 1 : 1.

Fig. 8. Scanning electron microscopy images
for samples with initial mixing ratio soapnuts
extract : silver nitrate 10 mM of 1 : 1, at initial
extract content(v/v) of 0.8% (a), and 2.7 % (b)

Fig. 7. Comparative graph with X-ray patterns recorded for: line a)
plant extract, and synthesis samples with initial volumetric ratio

plant extract : silver nitrate of: line b) 4 : 1, line c) 2 : 1, line d) 1 :
1, line e) 1 : 2, line f) 1 : 4, (plant extract % = 2.7 %, pH = 4.4)
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Conclusions
Sapindus mukorossi is a species of tree in the

Sapindaceae family with fruits commonly known as Indian
Soapberry. The extract of Sapindus mukorossi contains
saponins and therefore its aqueous extract behaves as
surfactant solution.

Critical micelle concentration is an important parameter
for surfactants characterization, its value indicating the
influence of surfactant concentration on the micellar
stabilization process. The critical micelle concentration
(CMC) of aqueous Sapindus mukorossi extract was
determined by dye micellization method, and by correlation
of surface plasmonic response of silver nanoparticles with
the variation of surfactant concentration. The two methods
showed high reproducible and well correlated results, 2.71
± 0.11 (%, v/v) and 2.68 ± 0.13 %, v/v) respectively. These
data indicate that micelles formation are structuring driving
agents for the formation of silver nanoparticles.

The formation of micelles in the mixture influences the
nanoparticle synthesis process and consequently, the
plasmonic response of the silver nanoparticles formed in
solutions. Sapindus mukorossi aqueous extract had acidic
pH indicating the presence of weak acidic species in the
mixture. Plant extract alkalization lead to deprotonation of
acidic functional groups from the saponins structure
present in the Sapindus mukorossi extract. Therefore, the
structure, shape, and size of micelles changes and,
consequently, the value of CMC changes also. In basic
conditions, the graphical representation of the relative
areas calculated from the UV - Vis spectrum, for the
wavelength domain 350 - 600 nm, presented an inflection
point at CMC values of 3.65 ± 0.19 % after 3 h, and 3.68 ±
0.12% after 3 days from mixing moment of plant extract
and silver nitrate. This behavior was assigned to the
hydrophobicity decrease of the weak acid species from
the extract solution due to deprotonation in the basic
medium.

The X-ray diffraction study, presence of crystalline silver
in samples after synthesis was confirmed, experimental
data being in good correlation with standard diffraction
data for silver. SEM images and FTIR spectra confirmed
also that silver nanoparticles are formed in the samples
obtained by mixing silver nitrate with Sapindus mukorossi
extract.
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