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ABSTRACT: Heterogeneous catalysts are used in many industrial processes. Here,
we report a simple method for a template-assisted synthesis of nanoparticle
catalysts and for testing their catalytic efficiency toward two model organic
reactions. Eggshell membrane (ESM) reduced metal cations to metal atoms,
stabilized the nanoparticles, and was used as a supporting material for the
nanoparticles. The gold and silver nanoparticles were characterized using UV−vis
spectroscopy, FESEM, XRD, and XPS studies. As a proof of concept, the resultant
membrane-supported nanoparticles were used as a heterogeneous catalyst for the
reduction of p-nitrophenol and synthesis of propargylamine. High recyclability of
the reactions indicates that nanoparticles are strongly attached to the eggshell
membrane surface. Easy synthesis, high catalytic activity, and recyclability make
these catalysts interesting for further studies.
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■ INTRODUCTION

Functional nanoparticles are used in different areas of material
science such as catalysis,1 electrochemistry,2 bioimaging,3 and
sensing.4−6 Gold and silver nanoparticles (NPs) are particularly
interesting due to their ease of preparation and control over
size and shape using conventional synthesis.7−10 Synthetic
methods for preparing various nanoparticles have been
reviewed recently.11−18 The use of biotemplates such as
chitosan, plant extracts, and protein fibrils for the synthesis of
nanoparticles was explored recently.19−23 Nanostructured noble
metals such as Au, Ag, and Pt have been used as catalysts for a
variety of organic reactions owing to high surface to volume
ratios and high surface energy that enhances catalytic
activity.24,25 Heterogeneous catalysis offers easy separation,
recycling of the catalyst, and product purification. The catalytic
metal NPs are usually supported on a substrate such as metal
oxide,26 active carbon,27 or stabilized by polymer molecules.28

Porous supports offer ordered pores with controllable size, high
surface area, and large pore volume,29 which can be used for the
stabilization of metal NPs catalysts.30 Catalysts supported on
porous substrates face problems such as difficulty in character-
ization, possibly clogging the pores, and not being accessible to
reagents. Therefore, it is important to look for an alternative
support with excellent textural characteristics and surface
properties for the fabrication of highly stable catalytic NPs.
Herein, we report the synthesis of monodispersed Au and Ag

NPs with a size range of 10−25 nm on the surface of eggshell
membrane (ESM) support. Use of natural waste material such
as ESM with abundant functional groups such as −NH2, −OH,
and −CHO31 on the surface helps to reduce, reuse, and recycle
waste materials. The functional groups on the fiber surfaces of
ESM act as stabilizing and reducing agents, which removes the

need for additional reagents, surface modification, or capping
agents for the nanoparticles. The fibrous nature of the ESM
offers a large surface area for immobilization of catalysts
particles. It is also interesting to test the NPs on ESM surfaces
for their stability, catalytic activity, and recyclability in various
organic reactions. Catalytic performance of the NPs was
evaluated using two different model reactions such as reduction
of nitrophenols and one-pot synthesis of functionalized
propargylamines.

■ EXPERIMENTAL SECTION
Materials and Synthesis. Fresh eggs from the local supermarket

were gently broken. The contents were removed, and the shells were
washed with water. The white semipermeable eggshell membrane was
carefully peeled and cleaned with deionized water. The clean ESM
(100 mg) was dried in air at ambient conditions, cut into small pieces
(4 mm2), and immersed in aqueous solutions of HAuCl4 and AgNO3
(10 mL, 5 mM). The solutions were stirred at room temperature (30
°C) for 2 h. The metal salt solutions slowly decolorized, and the white
ESM was turned to a light red color for the gold solution and a gray
color for the silver solution. No additional reducing agents were added.
Ag cations require relatively longer time (48 h) for reduction on the
ESM surface. The NP-immobilized ESMs (NP-ESMs) were removed
from the solutions after 12 h and rinsed with copious amounts of
deionized water to remove excess nonreduced metal salts. The samples
were placed in clean glass Petri dishes and left for 24 h at room
temperature (30 °C) in dark for drying. The dry samples were stored
in a glass bottle without further processing. The density of the NPs on
the membrane can be controlled by varying the noble metal solution
concentration. NPs were prepared using several concentrations of
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metal ions, and the nanofibers incorporated with nanoparticles at the
lowest concentration (5 mM) were used for all reactions to reduce the
amount of metal (Figure S1, Supporting Information) without causing
significant reduction in catalytic conversions.
Characterization of the Samples. X-ray diffraction (XRD)

patterns of the samples were recorded using a Bruker-AXS D8
DISCOVER with GADDS powder X-ray diffractometer with Cu Kα (λ
= 1.54 Å) at 40 kV and 40 mA over a range of 2θ angle from 2° to 80°.
The morphology of the ESM and NPs were examined using a JEOL
JSM-6701F field emission scanning electron micrograph (FESEM).
Energy dispersive X-ray spectroscopy (EDS) was used for identi-
fication and quantification of elements in the material. UV−vis spectra
of NP-ESMs were recorded on a Shimadzu UV-1601 PC
spectrophotometer. Surface elements of the peels were identified
using X-ray photoelectron spectroscopy (XPS) with a spatial
resolution of 30 μm (Kratos XPS system, Axis His, 165 Ultra,
Shimadzu, Japan). The XPS results were collected in binding energy
form and fit using a nonlinear least-squares curve fitting program
(XPSPEAK41 software). The peak’s full width at half-maximum
(fwhm) was fixed during the fitting.

■ RESULTS AND DISCUSSION
Owing to the presence of large amounts of functional groups
(−OH, −CO2H, −NH2, −CHO), it is conceivable that the
surface-adsorbed Au (III) or Ag (I) cations get reduced to
nanoparticles on the ESM. This can be verified using SEM,
XPS, and visible changes in color of the ESM. SEM images of
the natural ESM and NPs adsorbed on to the surface are given
in Figure 1. It has been reported that collagen and saccharides

are the main constituents of ESM fibers. Nakano et al.31

reported that the main chemical constituents of chicken ESM
are amino acids (glycine and alanine) and uronic acid. The
aldehyde moiety of uronic acid and saccharides in ESM play a
significant role in reducing the surface-adsorbed metal ions to
NPs.32 In addition, other groups such as −NH2 and −OH also
interact with Au (III) or Ag (I) ions. The presence of NPs on
the surface of ESM was also established using energy dispersive
spectroscopy (EDS) (Figure S2, Supporting Information).
Samples were coated with Pt by using a sputtering process
before SEM and EDS analysis for enhancing the conductivity. A
spot profile energy dispersive X-ray analysis of the NPs showed
characteristic Au (0) peaks at 2.12 and 9.78 keV and a Ag (0)
peak at 3.1 keV. Oxidation states of gold and silver species in
NPs were studied using XPS (Figure 2), which showed
characteristic Au (4f) and Ag (3d) peaks in the spectrum.
Binding energies of 370 eV for the Ag 3d5/2 peak and 87.7 eV
for the Au 4f7/2 peaks were also observed. The XPS results are
in good agreement with SEM and EDS data that zero valent
gold and silver atoms were formed on the surface of ESM. UV−
vis spectra were recorded for NP-ESMs (Figure 3a) to study
the size and optical properties of nanoparticles. Small pieces of
ESM composites were used to record UV−vis spectra in
reflectance mode with BaSO4 as reference material. Broad

surface plasmon resonance (SPR) absorption peaks with
maximum at 514 nm for Au and 400 nm for Ag were observed.
These results are consistent with previous reports on the
synthesis of NPs. X-ray diffraction studies were performed to
confirm the presence of NPs on ESM fibers and to study the
crystalline nature of those NPs. The XRD patterns of ESM and
NP-ESMs are shown in Figure 3b. All peaks were indexed and
compared with reported literature values. Significant peaks
corresponding to Au (111), (200), (220), (311), and (222)
lattice planes confirm the presence of Au (JCPDS 7440-57-5)
and peaks corresponding to Ag (111) lattice plane confirm the
presence of Ag (JCPDS 7440-22-4) on ESM.

Reduction of p-Nitrophenol. Aromatic amines are widely
used in the synthesis of pharmaceuticals, dyes, and agro-
chemicals.33,34 Two general methods were used for the
reduction of aromatic nitrocompounds in industry, which
include stoichiometric reduction35 and catalytic hydrogena-
tion.36,37 The catalytic hydrogenation is a convenient method
for producing amines in high yield. Reduction of aromatic
nitrocompounds using various nanoparticles prepared by
different techniques has been investigated earlier38−40 and
suffers from limitations in reusability and recovery of the
catalyst after the reaction. Biotemplated nanoparticles as
catalysts have been explored owing to the fact that they can
be recovered easily and reused a number of times.41 Here, we
investigated the efficiency of NP-ESMs as catalysts for the
borohydride reduction of p-nitrophenol, owing to the solubility
of nitrophenols in water. In the absence of Au-ESM, the
mixture of p-nitrophenol and NaBH4 showed an absorption
maximum at 400 nm corresponding to the p-nitrophenolate
ion. This peak was unchanged with time indicating that the
reduction did not take place; however, the addition of a small
amount of NP-ESMs to the above reaction mixture caused
fading of the yellow color of the reaction mixture in quick
succession. Time-dependent absorption spectra of this reaction
mixture showed the disappearance of the peak at 400 nm and a
gradual development of a new peak at 300 nm corresponding to
the formation of p-aminophenol (Figure 4). Similarly,

Figure 1. SEM images of natural ESM (a), Au NPs (b), and Ag NPs
(c) on ESM fibers.

Figure 2. XPs spectra of Au NP (a) and Ag NP (b) on ESM. Spectra
were recorded using ESM-NPs.

Figure 3. UV−vis spectra (a) and XRD pattern (b) of Au-ESM and
Ag-ESM at ambient conditions.
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borohydride reduction of o- and m-nitrophenol in the presence
of NP-ESMs were also investigated under similar conditions
(Figure S3, Supporting Information). The changes in the
spectral patterns are similar to that observed in the case of p-
nitrophenol reduction. These results indicated that NP-ESMs
can successfully catalyze the reduction of o-nitrophenol and m-
nitrophenol. Apparent rate constants (kapp) were calculated for
all reactions from the graph of ln A vs time (Figure S4,
Supporting Information), where A is absorbance. For
comparison, the catalytic data of all three reactions are
presented in Table 1. The data shows that the rate of p-

nitrophenol reduction catalyzed by NP-ESMs is higher than
that of other two nitrophenols and follows the order of p-
nitrophenol > o-nitrophenol > m-nitrophenol. Such differences
in the reaction rate might be due to the influence of position of
substituents. Generally, the rate of reduction of nitrophenols
depends on the formation and stability of nitrophenolate ions
that can be explained in more detail by comparing the
resonance structure of three isomeric nitrophenolate ions.42 In
the case of the o- and p-nitrophenolate ion, the −NO2 group is
in resonance with the negative charge on oxygen that is
delocalized throughout the benzene ring and hence stabilized.
However, due to steric hindrance, the influence of the −I
(inductive) effect of the −NO2 group in the o-nitrophenolate
ion is relatively less than in the p-nitrophenolate ion. In the case
of m-nitrophenol, the −NO2 group cannot enter into direct
resonance stabilization of the negative charge on oxygen and
exert only a weak negative inductive effect. Therefore, the rate
of reduction of different isomeric nitrophenols follows the
order of p-nitrophenol > o-nitrophenol > m-nitrophenol. Ag-
NPs showed higher activity as compared to Au-NPs.
Reusability of the catalyst due to easy separation is another

advantage of heterogeneous catalysts over homogeneous
catalysts in industrial applications. Although, many catalytic
studies have been reported in the literature using nanoparticles

as catalysts, there are only a few reports where the catalysts
were recovered for further use in consecutive cycles. In order to
check the reusability, ESM-NPs were recovered and reused in
repeated reduction reactions of p-nitrophenol. Generally,
catalytic activity decreases with the number of reaction cycles,
and the reaction times for complete conversion among the
consecutive runs are recorded (Table S1, Supporting
Information). These results indicate that the NP-ESMs are
active up to five cycles of nitrophenol reduction. After each
reaction, the reaction mixture was analyzed for the presence of
Au and Ag using ICP-OES. There was no detectable amount of
Au and Ag in the reaction mixture, which indicates no
significant loss of nanoparticles from ESM during the reaction.
This also highlights the high stability and recyclability of the
catalyst without significant decrease in activity.

Synthesis of Propargylamine. One-pot multicomponent
coupling reactions (MCR), where several organic moieties are
coupled in one step, is an attractive synthetic strategy.43,44 The
three-component coupling of aldehydes, amines, and alkynes
(A3 coupling) is an example of MCR and has received much
attention in recent times.45 The propargylamine derivatives
obtained from A3 coupling reactions are useful as synthetic
intermediates for the synthesis of biologically active compounds
such as β-lactams, conformationally restricted peptides, natural
products, and therapeutic drug molecules.46−48 Traditionally,
propargylamines are prepared by the amination of propargylic
halides, propargylic phosphates, or propargylic triflates.49,50

However, these reagents used in stoichiometric amounts are
highly moisture sensitive and require controlled reaction
conditions. Development of improved synthetic methods for
the synthesis of propargylamines remained as an active area of
research.51 Recently, metal NPs, especially Au and Ag NPs with
high surface to volume ratio have been used to activate the C−
H bond of the terminal alkynes.52 However, metal NPs in their
pure form tend to agglomerate, which limits their efficiency in
the catalytic processes. Herein, highly dispersed Au and Ag NPs
grown over ESM were used as catalysts for the synthesis of
propargylamines by an A3 coupling reaction. This reaction
shows the catalytic activity of NP-ESMs even in organic solvent.
The catalytic efficiency of NP-ESMs was tested in three-
component coupling of aldehyde, amine, and alkyne. Initially,
benzaldehyde (1 mmol), piperidine (1.2 mmol), and phenyl-
acetylene (1.2 mmol) were mixed with NP-ESMs (20 mg) in
toluene (20 mL). The reaction was carried out at 100 °C and
completed in 24 h with a quantitative yield of the final product
(Figure 5). Formation of the product was confirmed by
spectroscopic methods. These results prompted us to study the

Figure 4. Time-dependent UV−vis spectra of the reduction of p-
nitrophenol by Au-ESM with time.

Table 1. kapp of Different Borohydide Reduction Reactions
in the Presence of Au + ESM and Ag + ESM

apparent rate constant (kapp/S
−1)

catalyst 2-aminophenol 4-aminophenol 3-aminophenol

Au-ESM 3.2 × 10−3 6.3 × 10−3 1.6 × 10−3

Ag-ESM 5.6 × 10−3 11.2 × 10−3 2.5 × 10−3

Figure 5. Nanoparticles catalyzed coupling reactions to form
propargylamine derivatives.
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substituent effects on the aromatic ring of benzaldehydes. For
example, p-methylbenzaldehyde furnished the desired product
in good yield (99%), whereas no reaction was observed when
p-nitrobenzaldehyde was used (Table S2, Supporting Informa-
tion). No product was formed in the absence of catalyst or in
the presence of pure ESM under identical conditions. It is
understood that the A3 coupling reaction proceeds by terminal
alkyne C−H bond activation by NPs on ESM.50 The NP
acetylide intermediate then reacts with the iminium ion formed
in situ from the aldehyde and the amine to generate the
corresponding propargylamine. The reusability of the catalysts
was demonstrated for five consecutive reactions. The
membrane-supported catalyst was recovered by filtration
through filter paper (pore size: 12 μm) followed by washing
with toluene. The recovered catalyst was used for consecutive
reactions. Results (Table S3, Supporting Information) indicate
that the NP-ESMs showed significant catalytic activity up to five
cycles of reaction. The morphology and stability of the catalyst
after the fifth cycle of the reaction was observed through SEM
(Figure 6), which clearly shows the presence of NPs on ESM

indicating that the NPs were stable on ESM and did not leach
out during the reaction. Many groups have reported transition
metal-based compounds as catalysts for A3 coupling reac-
tions.44,48,52 However, tedious synthesis, poor recovery, and
high toxicity of these catalysts make them not suitable for many
applications. High abundance, low cost, low toxicity, biode-
gradability, and easy handling of the ESM-supported nano-
catalysts described here are versatile and can be used to
perform a series of reactions both in aqueous and organic
media.

■ CONCLUSIONS
Readily available ESM was employed for the synthesis of metal
NPs using the surface functionalities for the autoreduction of
metal ions. Immobilizing NPs on ESM enabled easy handling of
the catalyst compared to free nanoparticles. Catalytic
efficiencies of NP-ESMs were evaluated for two different
types of reactions. NP-ESM catalysts can be used for the
efficient reduction of nitro groups to amines within a short
period of time (10 min) in water and A3 coupling reactions
with high yield (99%) in organic medium. It is believed that
these simple catalytic systems can be further explored for other
important organic reactions. Our catalysts offer an added
advantage in terms of low cost, nontoxicity, easy synthesis, and
reusability. The ESM template is verstile, green, and cost-
effective to offer many fascinating possibilities for designing
new catalysts for different reactions in both organic and

aqueous phases and is expected to be useful in industrial
applications.
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