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ABSTRACT

We report one pot synthesis of uniform and stable polyvinyl pyrolidone (PVP) protected gold nanoparticles (Au NPs)
using environmental friendly, glycerol as reducing agent. The effect of the presence of a capping agent (PVP) and the
concentration of reactants (glycerol, tetra chloroauric acid, and NaOH) on the size and homogeneity of the Au NPs
formed were investigated. Highly stable and well-distributed Au NPs were obtained at higher concentration of NaOH in
the presence of PVP with a clear dependence of the size and the concentration of glycerol, NaOH and the presence of
capping agent, whereas, large heterogeneous Au NPs were obtained in absence of PVP. The particle morphology, size
and crystallinity were characterized using UV-Vis spectroscopy, transmission electron microscopy and X-ray diffrac-
tion techniques. The catalytic performance of as synthesized Au NPs for the reduction of o-nitro aniline was investi-

gated in aqueous solution. The pseudo-first-order rate constants were also calculated for the catalytic reaction.
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1. Introduction

In recent decades there in growing interest in the syn-
thesis of metal nanoparticles due to their unique proper-
ties, which are significantly different from the behavior
of the respective bulk material [1,2]. Gold nanoparticles
(Au NPs) have wide attraction because of their elec-
tronic, biosensing, plasmonic, photonics, catalysis, bio-
medical and surface-enhanced Raman scattering (SERS)
properties [2-7]. Most of the chemical methods reported
in the literature for the synthesis of Au NPs often in-
volve use of toxic reducing agents (such as sodium
borohydride, hydrazine, etc.) and harsh reaction pa-
rameters like high temperatures in the polyol method
[8-10]. Glycerol, also known as glycerin, is commonly
used in the pharmacological application and its deriva-
tive used in the synthesis of drugs [11]. It is also used as
a sweetener in food industry and due to its hygroscopic
nature it is widely used as dehydrating and moistening
agent [12]. Besides that it is easily biodegradable in
aerobic conditions thus can be replaced by traditional
reducing agent.

Few studies have been reported in the literature dem-
onstrating the formation of silver and Au NPs using glyc-
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erol as reducing agent at low temperature. Genc et al.
have shown low temperature method to obtain mo- no-
dispersed Au NPs using glycerol-incorporated nano-
sized liposome, where glycerol, is incorporated on both
the external and internal polar surfaces of liposome en-
capsulating chloroauric acid, facilitates the reduction of
Au(IIl) to form Au(0) atoms and subsequently nanopar-
ticles [13]. Singh et al. have reported the formation of
nickel nanoparticles in glycerol at 100°C by using hydra-
zine hydrate in alkaline medium [14]. Nisaratanaporn
and Wongsuwan prepared silver powders of par- ticle
size more than 63 nm using silver alkoxide as sil- ver ion
precursor and glycerol as a reducing agent at high tem-
perature [15]. Grace and Pandian reported the synthesis
of spherical and prism shaped Au NPs in gly- cerol at
both reflux and microwave conditions [16].

As water is the most beneficial solvent it will be of
interest to study the effect of water in glycerol on the
formation of NPs. To the best of our knowledge, there
is no report demonstrating the effect of concentration of
glycerol, NaOH and capping agent on the formation of
Au NPs at room temperature without requiring any ad-
ditional reactants. In this paper we report environmen-
tally friendly, low temperature method to prepare Au
NPs without using any external reducing agent. The
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formed particles were further studied for their catalytic
application in reduction of o-nitro aniline.

2. Materials and Methods
2.1. Materials

Tetra chloroauric acid, glycerol, PVP (Mol. wt. 40000),
sodium hydroxide, o-nitro aniline and sodium borohy-
dride were purchased from Sigma-Aldrich and used as
received. Millipore purified water having 18.2 MQ elec-
trical resistivity was used for making solutions.

2.2. Characterization

Absorption measurements were carried out on a Jasco V-
650 spectrophotometer. The spectra were recorded at
room temperature using 1 cm quartz cuvette. Samples for
transmission electron microscopy (TEM) were prepared
by putting a drop of the colloidal solution on a copper
grid coated with a thin amorphous carbon film placed on
a filter paper. The excess solvent was removed using a
filter paper, and letting the solvent evaporate at room
temperature. TEM characterization was carried out using
a Phillips CM 200 electron microscope with working
voltage 200 kV having magnification 34,000 to 78,000.
Particle size was measured by TEM photograph and cal-
culated the size by considering at least 100 particles.
XRD measurement was carried out on precipitated
nanoparticles using Philips X’pert Pro machine with
monochromatised CuKa X-ray source operated at 20 kV
and 30 mA.

2.3. Method

2.3.1. Synthesis of Au NPs in Glycerol or Water:
Glycerol System

All the solutions were prepared freshly in order to avoid

any photochemical reactions and experiments were car-

ried out in an aerated condition. Gold sol was prepared

by mixing the required concentration of NaOH (5 x 107*
M -1 x 10 M) and chloroauric acid solution (1 x 10™*
M - 1 x 10 M) in either neat glycerol or glycerol-water
mixtures [80 to 20% (v/v) glycerol in water] at room
temperature in the absence or presence of PVP [0.05% -
0.1% (w/v)]. Gradual formation of different color with
time indicates the formation of Au NPs (Scheme 1). The
experiments were repeated at least three times and found
to be within the experimental error of + 5%.

2.3.2. Catalytic Reduction of o-Nitro Aniline

The catalytic reduction reaction was carried out in 5 ml
volumetric flask. In a typical reaction excess of ice cold
NaBH, (3 x 102 M) was mixed with o-nitro aniline (2.3
x 107 M) solution in water. This was followed by the
addition of Au NPs. The absorption spectra were re-
corded immediately after mixing with a time interval of 2
min in a scanning range of 200 - 600 nm at 25°C till the
yellow colored o-nitro aniline solution became colorless
(from 4 - 25 min depending upon the concentration of
catalyst used). The experiments were repeated at least
three times and found to be within the experimental error
of £ 10%.

3. Results and Discussion
3.1. Formation Au NPs in Neat Glycerol

Metal nanoparticles (especially Ag, Au and Cu) exhibit a
unique UV-Vis absorption band derived from collective
oscillation of conduction electrons upon interaction with
electromagnetic radiation, known as surface plasmon
resonance (SPR) [2]. The absorption maximum of SPR
depends on the shape and size of the particles [2]. This
optical property of noble metal NPs is exploited for many
applications [2]. In the present work Au NPs were pre-
pared by simply adding NaOH to the tetra chloroauric
acid solution in neat glycerol. Formation of nanoparticles

NaOH
_—
HAuCl,
= - -
e
Neatglycerol PVP
OR

Glycerol+H,0

Gold nanoparticles

Scheme 1. Synthesis of gold nanoparticles.
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was observed, after 2 min of shaking, by change in the
color of the solution from light yellow to colorless to
pinkish violet. Figure 1 shows the typical changes in
absorption UV-Vis spectra of the Au NPs in neat glyc-
erol. The initial peaks at 505 nm due to the surface plas-
mon resonance of Au NPs which is red shifted up to 536
nm along with formation of new band at longer wave-
length (748 nm) with time, this might be due to forma-
tion of the anisotropic Au NPs which always exhibit two
to three SPR bands depending on their shape compared
with single SPR for small spherical nanocrystals [17]. As
can be seen from the TEM image of the Au NPs, pre-
pared in neat glycerol (Figure 1(b)), that the formed par-
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Figure 1. (a) Variation in the surface plasmon absorption
band of Au NPs formed on mixing 5 x 10~ M HAuCl,and 1
x 10~ M NaOH in neat glycerol (i) after 3 min (ii) after 5
min (iii) after 48 min (iv) after 24 hr (v) after 6 days; (b)
Corresponding TEM image and electron diffraction pat-
tern.
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Figure 2. XRD pattern of Au NPs.

ticles are nonspherical including nanorod with average
particle size 30 nm. This non spherical nature of the na-
noparticles caused the absorption at longer wavelength
in absence of stabilizing agent. Yang et al. have shown
the formation of anisotropic Au NPs of average diame-
ter of 50 - 100 nm without using any stabilizing agent
[18]. The colloidal stability of particles prepared in neat
glycerol was not good as they starts to aggregate after
about 24 hrs. Figure 2 shows the XRD pattern in the 26
range 30° - 70° for Au NPs prepared in neat glycerol.
The patterns exhibit peaks due to diffraction from (111),
(200) and (220) planes of metallic gold (JCPDS No.
04-0784). The XRD pattern suggests the formation of
crystalline Au NPs with face-centred cubic (fcc) struc-
ture. Broadening of XRD peaks clearly indicate that the
samples are nanocrystalline in nature. The particle size
(d) was also calculated from XRD line broadening data,
after instrumental line broadening correction, using
Scherrer formula, k1 = d.f.cosf, where 4 is wavelength
of the X-ray used, and it is 1.5406 A, § is the angular
line width at half maximum intensity, 6 is Bragg dif-
fraction angle and k is a constant, and is equal to 0.9
[19]. The particle size calculated from Figure 2, was
found to be ~25 nm.

3.2. Effect of PVP Concentration

Figure 3 also shows the effect of concentrations of PVP
on UV-Vis optical absorption spectra of the Au NPs sols
prepared by addition of 1 x 10 M NaOH and 5 x 10°*
M tetra chloroauric acid in neat glycerol. PVP was found
to be a very efficient stabilizer for the stabilization of Au
NPs. Even a small concentration of PVP (0.05%) was
sufficient to stabilize the Au NPs. When concentration of
PVP decreased to 0.01% the red shift of absorption
maxima was observed which might be due to the increase
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in particle size of the Au NPs. However, concentration of
PVP (20.05%) has no significant effect on stability as
well as size, as Au NPs prepared with different concen-
trations are equally stable for more than a year. Since the
particles were stable in the sol form XRD could not be
carried out, nevertheless, TEM and selective area elec-
tron diffraction (SAED) confirmed the presence of fcc
Au NPs (results not shown).

3.3. Effect of NaOH Concentration

The above results showed that concentration of PVP (>
0.05%) had no significant effect on the stability of the
particles; hence, for the preparation of particles we had
selected 0.1% PVP to make sure that the particles do not
aggregate. Figure 4 shows the effect of NaOH concen-
tration (5 x 107* M - 1 x 107° M) on the UV-Vis absorp-
tion spectrum of Au NPs in presence of 0.1% PVP in
neat glycerol. The blue shift of SPR band with increas-
ing concentration of NaOH indicates the decrease in
particle size of Au NPs. The corresponding TEM image
of Au NPs formed in presence of 5 x 10* M -1 x 107
M NaOH (Figures 5(a) and (b)) shows that the average
particle size falls from 20 nm to 5 - 7 nm when the
NaOH concentration was increased from 5 x 107 M - 1
x 10~ M NaOH. Since the particles were stable in the
sol form XRD could not be carried out. Chen et al. have
observed similar results where palladium nanoparticles
in the size range of 8.6 to 2.4 nm were prepared by
changing the concentration of NaOH in presence of PVP
[20]. However, in our case, no particle formation was
obs§wed when concentration of NaOH was below 5 x
10" M.

2.0
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Figure 3. Effect of PVP concentration (wt %) on the optical
absorption spectrum of Au NPs prepared by addition of 1 x
10 M NaOH and of 5 x 10 M tetra chloroauric acid. (i)
0.01 (ii) 0.05 (iii) 0.075 and (iv) 0.1. Spectra were recorded
after 48 hr.
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Figure 4. Effect of NaOH concentration on Au NPs sol syn-

thesized by the reaction of (i) 5 x 107, (i) 7.5 x 10™* and (iii)

1 x 107 M NaOH with 5 x 10~* M auric acid in the presence

of 0.1% PVP in glycerol.

a 5 . Ve -
% » . P, .
” ' - »
N -~
- y -
+ v‘. X?e A ®
8. 9. _
a8, - P
. .. .

(b)
Figure 5. TEM image of Au NPs obtained with different
concentration of NaOH other conditions are same as Figure
4.(@)7.5x10* M (b) 1 X 107 M.
3.4. Effect of Gold Ion Concentration

On addition of NaOH (1 x 10° M) to different concen-
trations of the tetra chloroauric acid solution in absence
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of PVP, the color of the solution changed from light yel-
low to colorless to shades of blue and violet. However, in
presence of PVP the color of the gold sol range from
wine red to pink to magenta to violet for gold ion con-
centration of 1 x 10 *M, 2 x 10*M, 5 x 10 *M and 7.5
x 107" M, respectively. Figure 6 shows the UV-Vis spec-
tra of the Au NPs obtained for various concentrations of
gold ions in the absence and presence of 0.1% PVP, at
room temperature. The peak at ~530 nm corresponds to
the surface plasmon absorption of Au NPs. The absorp-
tion peak intensity of Au NPs in both absence and pres-
ence of PVP was found to increase and the Ay, gradually
shifted towards higher wavelength with the increasing
concentration of gold ions, this is possibly due to the
formation of large size spherical nanoparticles at higher
concentrations of gold ions. However, for the gold ions
concentration of 5 x 10~*M and above in absence of PVP,
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Figure 6. UV-Vis spectra showing effect of tetra chloroauric
acid concentration on Au NPs sol synthesized by the reac-
tion of (i) 1 x 107, (ii) 2 x 107, (iii) 5 x 10 *and (iii) 7.5 X
10* M auric acid with 5 x 10™* M NaOH in glycerol. (a)
without PVP (b) with 0.1 % PVP. All spectra were taken
after 24 hr.

Copyright © 2013 SciRes.

the shoulder at 635 nm in the case of 5 x 10™*M or new
peak at 735 nm in the case of 7.5 x 10™*M was observed
which is possibly due to formation of nonsherical Au NPs
as explained in Figure 1. Similar results were obtained by
S. Boopathi ef al. in the synthesis of Au NPs using tetra-
phenylborate and PVP for colorimetric detection of mer-
cury ions [21]. Oza et al. studied the effect of chloroauric
acid concentration on the formation of gold nanorods in
presence of cetyl trimethylammonium bromide (CTAB)
and it was found that high yield of nanorods formation
occurred when the concentration of gold ions was >1 x
107 M, whereas, yield of spherical Au NPs was high at
lower concentration of gold ions [22]. However, in our
study it was found that, on addition of stabilizing agent
PVP during the synthesis, the band at longer wavelength
was not observed indicating formation of almost spheri-
cal nanoparticles. This might be due to the combine ef-
fect of viscosity of medium and adsorption of PVP on the
surface of nanoparticles during growth which result in to
the formation of spherical nanoparticles. The increased
absorbance may be correlated to the production of metal
nanoparticles in larger quantities in the presence of higher
concentration of gold ion precursor. It was also seen that
at concentration of 5 x 10° M and 7 x 10* M tetra
chloroauric acid more stable, spherical and small size Au
NPs were formed. Also, the yield of the Au NPs was rea-
sonably good. At both the concentrations similar size of
particles (~10 nm) were observed (results not shown). As
mentioned above due to the good stability of the particles
XRD could not be carried out.

Based on above results to get the good dispersion as
well as stable Au NPs in neat glycerol the optimum con-
centrations of tetra chloroauric acid, NaOH and PVP are
5x 107" M, 1x 107 M and 0.1 % (w/v), respectively.
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Figure 7. Effect of glycerol concentration on the UV-Vis
spectra of Au NPs in presence of 1 X 10> M NaOH and 7 X
10*M HAuCl, without using PVP.
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3.5. Synthesis of Au NPs in Glycerol:
Water Mixture

To see the effect of concentration of glycerol on the par-
ticle size and shape of nanoparticles, synthesis of Au NPs
were carried out at different concentrations of glycerol in
water with fixed concentration of NaOH without using
PVP. Figure 7 shows the UV-Vis spectra of the Au NPs
obtained with different concentration (v/v) of glycerol. In
80% glycerol two SPR band centered at 543 and 694 due
of Au NPs was observed. This new band formation at
longer wavelength indicates the presence of nonspherical
nanoparticles along with spherical NPs. However when
concentration of glycerol decreased up to 20%, almost

spherical and monodispersed nanoparticles were obtained.

Figure 8 shows the TEM images of Au NPs obtained at
80%, 50% and 20 % of glycerol. The shape and average
particle size obtained by TEM measurements at different
concentration of glycerol is summarized in Table 1.

The above results show that at low concentrations of
glycerol it is possible to stabilize the particles without
using stabilizer. It seems that the stability of the particles
depend on the viscosity of the medium though not in direct
proportionality. High viscosity means that formation of
nuclei in a smaller zone and thus the interaction of parti-
cles in a smaller confined volume results in aggregation of

the particles. At appropriate viscosity the interaction be-
tween the particles decreases and this leads to the stability
of the particles. Thus, it can be concluded that for the
preparation of small and stable Au NPs the mixture of
glycerol:water is better as compared to neat glycerol.

3.6. Catalytic activity of Au NPs

Aromatic amino compounds are widely used in industry
as an intermediate in the preparation of polymers, azo
dyes, etc. However, the chemical reduction of aromatic
nitro compounds with sodium borohydride is extremely
slow, and the use of a catalyst is essential. Of late, metal
nanoparticles have been explored for this reaction. In this
the reduction of nitro aromatics to its corresponding
amino derivatives with an excess amount of NaBH,4 has
frequently been used as a model reaction to examine the
catalytic performance of metal nanoparticles [23,24].

It is often discussed in the literature that the presence
of stabilizer can inhibit the catalytic activity of the metal
nanoparticles [2]. In the present work it was possible to
stabilize small Au NPs in the absence of PVP in 20:80
(v/v) glycerol:water mixture. Hence, for catalytic reac-
tion Au NPs prepared in 20:80 (v/v) glycerol:water mix-
ture were used; however, the catalytic reaction was car-
ried out in an aqueous solution. The strong UV-Vis peaks

iSOnm I

(b)

Figure 8. TEM images of Au NPs obtained in presence of different concentration of glycerol (a) 80% (b) 60% and (c) 20%.
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Table 1. Summary of particle size and shape of Au NPs at different glycerol:water ratios (v/v) in the absence of PVP.

% conc. of glycerol ~ SPR peak (nm)  Shape and size distribution ~ Particle size by TEM (nm) Colloidal stability
554 Non spherical, Polygonal .

0, >

100% 748 and polydispersed 50 Turbid after 1 day

0% 543 Non spherical, polygonal 25 Stable at least up to 8
? 694 and polydispersed months

50% 533 Spherl(?al and nearly 20 Stable at least up to 8

monodispersed months
20% 522 Spherical and 3 Stable at least up to 8

monodispersed

months

Table 2. Variation in the rate of reduction of o-nitro aniline with increasing amount of Au NPs.

Sr. No. Concentration of Au NPs (ng/mL) Kobs, s !
1 14 25x107
2 27 32x107°
3 54 7.5%x107°
4 82 3x107

0.0

15 05

cy/Co

-1.0.
K=3.2x10-3 s-1

() 15
Pt .
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Figure 9. Time-dependent variation in the absorption spec-
trum of o-nitro aniline reduced by 5 pL/mL of Au NPs pre-
pared in 20% glycerol. Inset: Plot of In(C/C,) versus time.

characteristic of o-nitro aniline appears at 412 nm and
283 nm [25]. It was found that there was a very slow
decrease of absorbance during the chemical reaction
without catalyst. However, after the addition of Au na-
noparticles a decrease in the absorbance at 412 nm and
shift of the peak from 283 nm to 289 nm with reaction
time usually indicate steady reduction of o-nitro aniline
to benzenediamine (Figure 9). The progress of reduction
reaction was monitored by measuring UV-Vis absorption
recorded at different times; ¢, at 298 K at different con-
centration of Au NPs. The ratio of C,and C,, where C,
and C, refer to the concentration of o-nitro aniline at
times ¢ and 0, is measured from the relative intensity ratio

Copyright © 2013 SciRes.

of the respective absorbance, at 412 nm. The linear cor-
relation of In(C,/C,) versus time is shown in inset of Fig-
ure 9 indicating the reaction follows pseudo first-order
kinetics. The rate constant (k) for the reaction, directly
calculated from the slope of the straight line, for different
concentration of Au NPs are tabulated in Table 2. It was
found that when the gold content of the dispersion (ran-
ging from 14 to 82 pg/mL) was varied keeping other
parameters constant, to determine the effect of the
amount of catalyst on the rate of the reaction, the rate
constant showed an increase of factor ca. 10 times.

4. Conclusion

Green synthesis of Au NPs was carried out by simply
adding NaOH to the tetra chloroauric acid solution pre-
pared in glycerol. Glycerol is used both as a reducing and
stabilizing agent. The different size and shape of Au NPs
can be prepared by varying the concentration of glycerol,
concentration of NaOH and concentration of gold ions.
Generally, stabilizers are added in the synthesis of the
nanoparticles to prevent the aggregation of particles. The
results of the present study show that the viscosity of the
medium can play a similar role as of stabilizer by de-
creasing the interaction of the particles. However, there
is no direct relationship between the viscosity and the
stability of the particles. Thus the present work highlights
that by exploiting the intrinsic properties of the solution
it is possible to synthesize small and stable nanoparticles
without using stabilizer. The Au NPs as synthesized in
20:80 (v/v) glycerol:water mixture were found to be
catalytically active and had shown good catalytic activity
for reduction of o-nitro aniline.
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