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Abstract−The biosynthesis of gold (Au-NPs) and silver nanoparticles (Ag-NPs) using agro-industrial waste Citrus
aurantifolia peel extract as a bio-reducing agent is reported. Catalytic activity of nanoparticles (NPs) was evaluated for
hydrogenation of anthropogenic pollutant 4-nitroaniline (4-NA). Both synthesized NPs were nearly spherical and dis-
tributed in size range of 6-46 and 10-32 nm for Au-NPs and Ag-NPs, respectively. XRD analysis revealed face centered
cubic (fcc) structure of both NPs. ζ potential value obtained from colloidal solution of Au-NPs and Ag-NPs was −28.0
and −26.1 mV, respectively, indicating the stability of the NPs in colloidal solution. FTIR spectra supported the role of
citric and ascorbic acids of peel extract for biosynthesis and stabilization of NPs. The biosynthesized NPs exhibited
excellent catalytic activity for hydrogenation of 4-NA in the presence of NaBH4.
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INTRODUCTION

The synthesis and application of noble metal nanoparticles (NPs)
is the subject of enormous interest due to its large surface area-to-
volume ratio and modified structure [1,2]. This is particularly sig-
nificant for gold (Au-NPs) and silver nanoparticles (Ag-NPs), which
have strong surface plasmon resonance (SPR) oscillations [3,4]. Due to
the interface-dominated properties, these metals NPs hold consider-
able promise for different catalytic applications such as hydrogenation
of aromatic nitro compounds [5] and oxidation of benzyl alcohol [6].

Unique optical, electrical and excellent catalytic properties of these
noble metal NPs have spurred interest in developing different meth-
odologies for the synthesis. The chemical reduction method is a
feasible approach. Elevated temperature, high pressure, cost, envi-
ronmental toxicity, biological hazards and utilization of toxic chem-
icals are the main disadvantages. With the growing interest in min-
imization of waste, a requirement of an energy efficient, eco-friendly,
biocompatible and sustainable process through the implementation
of the fundamental green chemistry principles is desirable nowadays.

The bio-inspired synthesis of metal NPs using different plant
parts such as leaf [7], bark [8], root [9], flower [10], seed [11] and
fruit [12] has been reported so far. The naturally available agricul-
tural waste fruit peels have not been investigated much for the syn-
thesis of metal NPs. Fewer works are reported for metal NPs syn-
thesis using peel extract [13,14]. Motivated by the potential cata-
lytic application of noble NPs and the state-of-art of the biosynthe-
sis, Citrus aurantifolia peel extract is initially screened for reduction of
number of metal ions like copper, iron, selenium, nickel, ruthe-
nium, palladium, platinum, gold and silver metal ions at room tem-
perature. However, only Au-NPs and Ag-NPs are biosynthesized

by C. aurantifolia peel extract. This is because biosynthesis usually
works well for metal ions with large positive electrochemical poten-
tial such as Au and Ag ions [15,16]. In addition, silver or gold parti-
cles are relatively inert and stable, and thus easily synthesized through
biological route [17]. However, rapid oxidation of cheaper iron and
copper particles in aquatic environment of biological extract com-
plicates their synthesis through biological route [17-19].

Au-NPs and Ag-NPs were reported earlier as catalyst for vari-
ous nitroaromatic compounds hydrogenation [12,20,21] due to
their active surface atoms and high surface energy properties [22].
Use of biomass-supported nanocatalyst in this direction eliminates
the need of additional catalyst matrix, as the process of nano-col-
loids incorporation on external polymeric support significantly
attenuates the catalytic activity of NPs [23,24]. Furthermore, the inert
behavior of biomass in the absence of NPs provides additional ben-
efits. Thus biomass-supported nanocatalysts, despite using costly
metals like Au and Ag, greatly reduce the overall cost incurred in
bioremediation with an added advantage of eco-friendliness. There-
fore, biosynthesis of Au-NPs and Ag-NPs is presented using agro-
industrial waste C. aurantifolia peel extract as reducing agent and
their catalytic activity is also evaluated for 4-nitroaniline (4-NA)
hydrogenation to 4-phenylenediamine (4-PDA). This is mainly used
as ingredients in industrial dyes [25] and as rubber antioxidants [26].

The biosynthesis and catalytic activity of biosynthesized Au-NPs
and Ag-NPs is instantly traced by UV-visible spectroscopic methods.
The as-synthesized NPs are characterized by transmission electron
microscopy (TEM), X-ray diffraction (XRD), dynamic light scat-
tering (DLS), energy-dispersive X-ray spectroscopy (EDX) and Fou-
rier transform infrared spectroscopy (FTIR).

EXPERIMENTAL

1. Materials
All reagents of analytical grade were used as received without
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any further purification. Tetrachloroauric (III) acid (HAuCl4·3H2O),
silver nitrate (AgNO3), 4-nitroaniline (C6H6N2O2) and sodium boro-
hydride (NaBH4) was procured from HiMedia Pvt. Ltd, Mumbai,
India. Fresh peels of C. aurantifolia were collected from the local
market of Surat.
2. Synthesis of Au-NPs and Ag-NPs

The peel extract of C. aurantifolia used in the biosynthesis of
NPs was prepared from 50 g thoroughly washed C. aurantifolia
peel in a 500 mL Erlenmeyer flask and boiled with 250 mL double
distilled deionized water at 60 oC for 10 min. The resultant crude
extract was filtered with Whatman filter paper no. 40. The filtered
extract was stored at 4 oC for further study. Then 900 mL of 1×10−3

M aqueous solution of HAuCl4·3H2O (pH 2.9) and AgNO3 (pH
4.8) were reduced using 100 mL of peel extract at room tempera-
ture (28±2 oC) in two different reactions. Both reaction mixtures
were kept at 500 rpm for 2 min. The effect of interaction time in
the SPR of colloidal Au-NPs and Ag-NPs was evaluated up to 24 h.
These NPs were separated from reaction mixture by centrifuga-
tion at 10,000 rpm for 10 min and washed several times with dis-
tilled water and acetone and dried in an oven at 60 oC.
3. Catalytic Hydrogenation of 4-NA using NPs

In the typical experiment, 4 mL of 12×10−3 M 4-NA solution
was added to the 0.8 mL aqueous NaBH4 (1×10−1 M) solution. The
reaction mixture was partitioned into two parts (each part about
2.4 mL aliquots). Finally, 100µL of ultrasonically dispersed Au-
NPs and Ag-NPs (0.1 mg/mL) suspension in double distilled water
was introduced (resulting in a constant metal loading of 10.0µg)
in the above two reaction mixtures separately at 28±2 oC. Time-
dependent absorption spectrum was recorded at every 2min inter-
val. The effect of concentration of NPs on the catalytic hydrogena-
tion of 4-NA was also evaluated with 5, 10, 15, 20 and 25µg of both
NPs at room temperature.
4. Characterization of the Au-NPs and Ag-NPs

The time-dependent analysis of Au-NPs and Ag-NPs biosyn-
thesis along with its catalytic activity for 4-NA hydrogenation was
kinetically monitored by periodic sampling of the 2 mL aliquots,
and optical absorbance was recorded on a UV-visible spectropho-
tometer (DR 5000, HACH, USA) at different time intervals. Deion-
ized water was used as a blank. Hydrodynamic size distribution and
zeta (ζ) potential measurements of colloidal NPs were carried out us-
ing DLS (Zetasizer Nano ZS90, Malvern, UK). The size and mor-
phology of the synthesized NPs were determined by TEM (CM200,
Philips, UK) operated at an accelerating voltage of 100kV with reso-
lution 2.4 Ǻ. Crystalline structure, composition as well as particle
sizes of the synthesized NPs were analyzed by X-ray diffractome-
ter (X’pert pro, PANalytical, Holland) operated with a voltage of
45 kV and current of 35 mA with Cu-K

α
 radiation (K=1.5406 Ǻ).

The scanning range (2θ) was selected from 30o to 80o at 0.045o/
min continuous speed. Elemental analysis of NPs was performed
using energy dispersive spectroscopy (EDS) (X-Max 80mm2, Oxford
Instrument) coupled with scanning electron microscopy (SEM)
(JSM-7600F, JEOL, Japan) operated at an accelerated voltage of 20kV.
FTIR spectral measurements of both NPs and C. aurantifolia extract
were in the range of 600 and 3,600 cm−1, by using FTIR (MAGNA
550, Nicolet, USA) in the diffuse reflectance mode at a resolution
of 2 cm−1 in KBR pellets.

RESULTS AND DISCUSSION

1. UV-visible Spectra Analysis
In the present study, aqueous HAuCl4·3H2O solution initially

showed a strong absorption peak at 217 nm and a shoulder at 287
nm (inset picture in Fig. 1(a)). Similarly, AgNO3 salt solution showed
a strong absorption band at around 290 nm (inset picture in Fig.
1(b)). These peaks were due to charge transfer between the metal
ions and corresponding ligands in aqueous solutions. After mix-
ing 1×10−3 M HAuCl4·3H2O and AgNO3 solution with C. auranti-
folia peel extract, these peaks completely vanished within 2 min.
This indicated the reduction of Au3+ and Ag+ starting within 2 min.
The UV-visible spectra recorded for Au-NPs and Ag-NPs synthe-
sis with aqueous extract of C. aurantifolia as a function of reaction
time are represented in Fig. 1(a) and 1(b), respectively.

Ruby red and orange color were observed in colloidal Au-NPs
and Ag-NPs, respectively. This color change was due to the surface
plasmon resonance (SPR) vibration of metal NPs, arising from collec-
tive oscillation of free conduction electrons induced by an interact-
ing electromagnetic field [27]. The appearance of single symmetric
SPR bands at 540 and 437nm indicated the formation of uniformly
dispersed spherical Au-NPs and Ag-NPs, respectively. As Mie’s the-
ory suggests, the single SPR peak was expected in the absorption
spectra of spherical NPs while, higher number of SPR peaks indi-

Fig. 1.Time-dependent UV-visible spectra of (a) Au-NPs (b) Ag-
NPs using C. aurantifolia peel extract at room temperature.
Inset in (a) represents the absorption spectra of HAuCl4·3H2O
and in (b) AgNO3.
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cated the lower symmetry of the NPs [28].
The SPR bands in the colloidal solution of Au-NPs and Ag-NPs

remained at about 540 and 437 nm, respectively, throughout the
reaction period of 24h. However, the band intensity increased steadily.
This indicated the stability and uniformity in particles size distri-

Fig. 2. DLS spectra of (a) Au-NPs (b) Ag-NPs, corresponding ζ potential distribution of (c) Au-NPs (d) Ag-NPs.

Fig. 3. TEM image of (a)-(b) Au-NPs (c) size distribution histogram of Au-NPs (d)-(e) Ag-NPs (f) size distribution histogram of Ag-NPs
(inset shows corresponding SAED pattern).

bution throughout the reaction periods as the position of SPR band
influenced by the particle size, shape, local refractive index and its
interaction with medium. Therefore, stability of the Au-NPs and
Ag-NPs was also due to the capping of NPs with phytoconstitu-
ents, released by the peel extract to the reaction medium. Stability
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of NPs was also confirmed by measured negative ζ potential value
of NPs in colloidal solution.

The sharp drop in reaction time from several hours to few min-
utes indicated the commercial viability of this bio-fabrication pro-
cess. This was the fastest method of biosynthesis in comparison to
the conventional studies with other plants and microbial cultures.
The time required for the conventional synthesis of NPs from other
plants varied from 2 to 4 h.
2. Particle Size and ζ Potential Analysis

The DLS spectra represented Z-average diameter 69.69 nm for
Au-NPs with polydispersity index (PdI) 0.249 (Fig. 2(a)). However,
48.03 nm Z-average diameter was observed for Ag-NPs with PdI
0.176 (Fig. 2(b)). The ζ potential value for Au-NPs and Ag-NPs
was −28.0 and −26.1 mV, respectively. This high-negative ζ poten-
tial value provided the necessary repulsive force and ensured a high
energy barrier between the NPs to withhold agglomeration, thereby
improving the stability of NPs in colloidal solution.
3. Transmission Electron Microscopy Analysis

TEM was also used to determine the size and morphology of
NPs. TEM images of Au-NPs (Fig. 3(a), (b)) indicated particles were
relatively uniform in size with spherical shape. Au-NPs were dis-
tributed in the size range of 6-46 nm with an average particle size
of 16 nm. The average size and size distribution of NPs were calcu-
lated using ImageJ software. Histogram obtained from TEM image
of Au-NPs suggested that, majority of the particles (>74%) resided
in size range of 6-17 nm and few large sizes anisotropic Au-NPs
were also observed (Fig. 3(c)). However, spherical shapes Ag-NPs
were obtained in the range of 10-32 nm with average particle size
of 20 nm and majority of particles (>55%) fall in size range of 15-
25 nm (Fig. 3(d), (e), (f)). These NPs were also analyzed by elec-
tron diffraction directly on the microscope. The electron diffrac-
tion patterns (inset picture in Fig. 3(a) and (d)) showed bright cir-
cular concentric rings, resulting from the random orientation of
crystal planes, suggested crystalline nature of synthesized NPs.

The fabrication of large size anisotropic Au-NPs were formed at
later stage, lack the protective biomolecules and, hence, thermody-
namically unstable. Due to the rapid bio-reduction, assembly and
room temperature sintering, these least protected NPs led to for-
mation of large anisotropic Au-NPs. The freshly developed aniso-
tropic bigger size NPs suffered shrinking, with minimized surface
energy, resulting in smooth angled large anisotropic particles. Similar
results were reported recently in the synthesis of NPs using honey
[3] and Coleus amboinicus lour [29]. The initial phase of bio-reduc-
tion, spherical small sized NPs were formed due to availability of
sufficient biomolecules for protection. Therefore, TEM image showed
that the nearly spherical shape NPs were abundant compared to
the bigger size anisotropic NPs.
4. X-ray Diffraction Analysis

Crystalline structure and composition of NPs were confirmed
by XRD analysis. Fig. 4(a) and (b) represented the characteristic
diffraction peaks corresponding to (111), (200), (220), (311) plane
of Au-NPs and Ag-NPs were located at 2θ position 38.21o, 44.33o,
64.75o, 77.66o and 38.16o, 44.39o, 64.60o, 77.50o respectively (JCPDS
no. 04-0784, 04-0783). The ratio between (200) and (111) diffrac-
tion peak intensity calculated as 0.25 and 0.34 for Au-NPs and Ag-
NPs, respectively indicating predominant orientation of (111) plane.

The lattice constant 4.079 and 4.084 Å calculated from this data
was confirmed the faced center cubic (fcc) structure of synthesized
Au-NPs and Ag-NPs, respectively.

The significant broadening of the diffraction peaks, ascribed to
the nano-metric size range of synthesized particles, while the strong
and sharp nature of diffraction peaks indicated the high-quality
crystallization of the synthesized NPs. No additional peaks were
observed in the XRD pattern of Au-NPs revealed high purity. How-
ever, few additional unidentified sharp peaks (*) with high intensity
were also accompanied with crystalline Ag-NPs at 32.29o, 46.37o,
54.47o, 57.50o. These sharp peaks were due to the crystallization of
organic compounds of C. aurantifolia peel extract on the surface of
the Ag-NPs or vice-versa, which revealed strong X-ray scattering
centers in the crystalline phase. For further confirmation of crys-
tallization of organic compounds on the surface of Ag-NPs or vice-
versa, XRD analysis was carried out for peel extract of C. auranti-
folia. In the inset of Fig. 4(b), the XRD spectrum of a film cast from
peel extract represented strong sharp peaks with high intensity at
32.33o, 46.25o, 54.86o and 57.64o positions suggested the presence
of a crystalline phase of some bio-organic compounds of peel extract
[30]. Comparison of this spectrum with XRD spectrum of Ag-NPs
indicated slight shift (<0.5o) in peak position with decrease in peak
intensity, which was due to the bio-organic compounds of peel ex-
tract on the surface of the Ag-NPs or vice-versa. Similar result was
also reported earlier for biosynthesis of Ag-NPs using different plant
resources [7,30]. The average crystallite size calculated by Scherrer
equation using the line width of the (111) diffraction peaks were

Fig. 4. XRD pattern of (a) Au-NPs (b) Ag-NPs (inset represents XRD
pattern of C. aurantifolia peel extract).
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obtained as 22 and 31 nm for Au-NPs and Ag-NPs, respectively,
corroborate with the results of TEM analysis.
5. Energy Dispersive X-ray Spectroscopy Analysis

The appearance of intense absorption peaks approximately at
2.20 and 3 keV was due to the SPR of metallic Au and Ag nano-
crystallites (Fig. 5(a), (b)). Few light signals of Au-NPs were also
observed at around 1.7, 8.6 and 9.8keV. Surface adsorption of organic
moieties confirmed by the presence of oxygen and carbon signals.
The appearance of Al signal observed due to the use of aluminum
grid in analysis. X-ray emission from different minerals of C. auranti-
folia peel extract reflected by the presence of N, K, Cl and S signals.
6. Fourier Transform Infrared Spectroscopic Analysis

To determine the functional groups present in C. aurantifolia
peel extract and to predict their role in the biosynthesis of NPs,
FTIR analysis was carried out. The C. aurantifolia peel extract spec-
tra showed number of peaks, which was reflected a complex nature
of the peel extract. The change in peak intensity and position in
different regions of the spectrum of the C. aurantifolia peel extract
to Au-NPs and Ag-NPs were shown in Fig. 6(a), (b), (c). The slight
shift observed in the following peaks: 3,411 to 3,424 and 3,429 cm−1,
2,920 to 2,922 and 2,921 cm−1, 1,613 to 1,640 and 1,628 cm−1 and
1,028 to 1,027 and 1,023 cm−1. The difference in magnitude of peaks
intensity and position in both NPs was attributed to the difference
in nature of the co-ordination with different metal surface.

The peak shift after bio-reduction in broad and intense absorp-
tion peak of C. aurantifolia peel extract at around 3,411 cm−1 indi-
cated the involvement of O-H functional group of phenols and car-
boxylic acids for the synthesis of NPs. The peak shift in 2,920 cm−1

stretching vibration was attributed to the possible involvement of
C-H stretching vibration of aliphatic acids in NPs synthesis. The
peaks observed at 1,613 cm−1 and 1,444 cm−1 were due to asym-
metric and symmetric stretching vibrations of C=O in carboxylic
groups. The shift in 1,613 cm−1 peak and disappearance of 1,444

cm−1 peak indicated the involvement of C=O group in NPs syn-
thesis. The stretching vibration present in C. aurantifolia peel extract
at around 1,381 cm−1 and 1,206 cm−1 represented C=O stretching
vibrations of carboxylic acid and C-OH vibrations of polyols. The
disappearance of these two peaks in FTIR spectra of NPs indicated
the involvement of carboxylic acid and polyols in NPs synthesis.
The shift in stretching vibration present at 1,028 cm−1 suggested
the involvement of C-OH group of carboxylic acids in NPs syn-
thesis. After bio-reduction the peak intensity was reduced in FTIR
spectra of both NPs. FTIR spectra indicated that the different func-
tional groups (O-H, C-H, C=O and C-OH) were used for bio-reduc-
tion of the precursors along with shape evolution and stabilization
of NPs. Citrus peels principally consist of citric acid, ascorbic acid
along with different polyphenolic compounds (flavonoid and phe-
nolic acid), with excellent reducing properties [31,32]. These com-
ponents mainly contain carboxyl and hydroxyl groups. FTIR spectra
implied that these bio-organic compounds were the probable bio-
reducing and capping agents for NPs, causing steric hindrance and
electrostatic repulsion to stabilized NPs against the van der Waals
forces of attraction. Synthesized NPs possessed negative surface

Fig. 5. EDX spectra of (a) Au-NPs (b) Ag-NPs.

Fig. 6. FTIR spectra of (a) Au-NPs (b) Ag-NPs (c) C. aurantifolia
peel extract before bio-reduction.

Scheme 1. Possible mechanism involved in the bio-reduction of Au3+

and Ag+ metal ion using mixture of bio-organic com-
pounds of C. aurantifolia peel extract.



842 P. Dauthal and M. Mukhopadhyay

May, 2015

charge due to the adsorbed bio-organic compounds. The observed
negative ζ potential of NPs also suggested capping of NPs by bio-
organic compounds.

Citrus peel represented a complex storehouse of many antioxi-
dant bio-organic compounds like citric acid, ascorbic acid and poly-
phenolic compounds [31,32]. The -OH and C=O groups of these
bio-organic compounds showed strong ability to bind metal ions
[33]. The antioxidant potential of these compounds was due to their
ability to donate electron/hydrogen atom. This reactive hydrogen
is responsible for bio-reduction of metal ions to zero valent form
and number of bio-organic compounds acts synergistically in bio-
reduction reaction and produces corresponding oxidized [34-38]
compounds. After considering all the facts, the plausible general
mechanism of bio-reduction reaction (redox reaction) with mixture

of bio-organic compounds, was illustrated in Scheme 1. The struc-
ture of different bio-organic compounds and their oxidized prod-
ucts obtained during bio-reduction reaction are shown in Table 1.
7. Catalytic Hydrogenation of 4-NA using Au-NPs and Ag-NPs

The NPs with (111) facets with sharp edges and corners were
catalytically more active [39]. In the present study, the XRD pattern
showed predominant orientation of (111) plane in both synthe-
sized NPs. The as-prepared Au-NPs and Ag-NPs were expected to
show good catalytic activity. Kong et al. [40] proposed that the hy-
drogenation of 4-NA to 4-PDA by NaBH4 was quite slow in the
absence of catalyst. To verify the catalytic activity of the as-synthe-
sized Au-NPs and Ag-NPs, a similar reaction was chosen as a model
reaction. It was observed that the absorption spectrum of a mix-
ture of 4-NA with NaBH4 showed a band at 380 nm correspond-

Table 1. Bio-organic compounds and their oxidized products
S. no. Bio-organic compounds Structure of bio-organic compounds Structure of oxidized products Reference

1 Citric acid [34]

2 Ascorbic acid [35]

3 Gallic acid [36]

4 Protocatechuic acid [36]

5 Catechin [36]

6 Ellagic acid [37]

7 Quercetin [37]

8 Caffeic acid [38]
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ing to intermolecular charge transfer of 4-NA as in Fig. 7(a), (b).
At the same time, two new peaks gradually developed at 240 and
310 nm, corresponding to the formation of 4-PDA in the solution
after the addition of Au-NPs and Ag-NPs. Meantime, it was accom-
panied with flattening of the characteristic band at 380 nm, indi-
cating the completion of the 4-NA hydrogenation reaction.

In this hydrogenation process, the concentration of NaBH4 in
the reaction mixture exceeded the concentration of 4-NA, and the
logarithm of the absorbance of 4-NA at 380 nm ln(4-NAt/4-NA0)
linearly decreased with reaction time. The apparent rate constant
(kapp, min−1) of the catalytic hydrogenation was calculated from a
linear regression of the slope of ln(4-NAt/4-NA0) versus time (Fig.
7(c)). The plot obtained was a straight line, indicating that the hy-
drogenation reaction followed pseudo-first-order-kinetics. The pseu-
do-first-order rate constant, kapp was calculated to be 5.5×10−3 and
4.6×10−3 s−1 for the Au-NPs and Ag-NPs, respectively.

The effect on the concentration of NPs on the 4-NA hydroge-
nation rate was determined by varying the amounts of NPs (5µg-
25µg), while keeping the other parameters constant. Fig. 7(d) shows
a linear increase in hydrogenation rate, with an increase in both
NPs concentration. This was due to the accessibility of more sur-
face area, which ultimately increased the interaction sites of NPs,
and finally hydrogenation rate of 4-NA conversion increased. This
observation was justified by the fact that NPs facilitated catalytic
activity through the surface reaction phenomenon [41]. The con-
centration of NPs used in the present system for 4-NA hydrogena-
tion was much less than the earlier reported polymer supported
chemically synthesized NPs. However, this result revealed that the
hydrogenation reaction rate was comparable to earlier reports [42,
43]. Therefore, these results elucidated biologically synthesized NPs

as an economical and biocompatible catalyst for 4-NA hydrogenation.

CONCLUSION

Au-NPs and Ag-NPs were synthesized biometrically using agro-
industrial waste C. aurantifolia peel extract at room temperature.
Biosynthesis of NPs started within 2 min of incubation time. Cit-
ric acid, ascorbic acid along with polyphenolic components of peel
extract act synergistically for the bio-reduction of precursor salts.
Both NPs are found efficient catalysts for the hydrogenation of an-
thropogenic pollutants 4-NA. These findings suggest biosynthesized
NPs as cost effective and eco-friendly alternative for environmen-
tal bioremediation.
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