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1. Introduction

Over the last decade, metal nanoparticles and nanocomposite
have received increased attention due to their novel properties that
are not often present on a larger scale [1–20]. The unique proper-
ties of nanomaterials result from their small size and large-specific
surface area.

Among such materials, silver nanoparticles have attracted much
interest due to their suitability for various applications, such
as electronic conductors, catalysts, antimicrobials, and surface-
enhanced Raman spectroscopy [1–5]. In particular, the polarized
property of silver nanoparticles can be explained by the fact that the
interaction of elemental O2 with Ag nanoparticles of various sizes
results in an increased capability of smaller nanoparticles to disso-
ciate dioxygen to the atomic species, whereas the adsorbed oxygen
species on bulk Ag at 80 K is predominantly O2

− [21]. It has been
recently reported that silver nanoparticles can be successfully uti-
lized as an olefin carrier for facilitated olefin transport membranes
[22]. Silver nanoparticles are partially polarized by an electron
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particles have been demonstrated for use as stable olefin carriers for
mbranes. The formation and size of gold nanoparticles stabilized by 4-
) were monitored using X-ray diffraction (XRD), transmission electron

ible spectroscopy. Nanocomposite membranes that deliver high separa-
affin mixtures were prepared by dispersing gold nanoparticles stabilized
, poly(vinyl pyrrolidone) (PVP). X-ray photoelectron spectroscopy (XPS)
nts revealed that gold nanoparticles stabilized by DMAP exhibited a high
onsible for the reversible interaction between the gold nanoparticles and
neat PVP membranes, the composite membranes consisting of PVP and
s showed stable and enhanced separation of olefin/paraffin mixtures.

© 2008 Elsevier B.V. All rights reserved.

acceptor, such as p-benzoquinone, and thus reversibly interact with
olefin molecules [22]. For example, a composite membrane con-

sisting of poly(ethylene-co-propylene) (EPR), Ag nanoparticles, and
p-benzoquinone at a 1:1:0.85 weight ratio has a propylene/propane
selectivity of 11 and a total mixed gas permeance of 0.5 GPU
(1 GPU = 1 × 10−6 cm3 (STP)/(cm2 s cmHg) [22].

In this work, the use of gold nanoparticles as an olefin carrier is
investigated, making use of the fact that gold nanoparticles sta-
bilized by 4-dimethylaminopyridine (DMAP) are expected to be
highly polarized [8]. As far as we know, this is the first report of
the successful use of positively polarized gold nanoparticles as a
new olefin carrier for facilitated olefin transport membranes.

2. Experimental

2.1. Materials

Gold nanoparticles were prepared as reported previously [23].
Briefly, a 30-mM aqueous metal chloride solution (HAuCl4, 30 mL)
was added to a 25-mM solution of tetraoctylammonium bromide
in toluene (80 mL). A 0.4-M solution of freshly prepared NaBH4
(25 mL) was added to the stirred mixture, which caused an imme-
diate reduction reaction to occur. After 30 min the two phases
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were separated and the toluene phase was subsequently washed
with 0.1 M H2SO4, followed by 0.1 M NaOH, and lastly H2O, and
then the toluene phase was dried over anhydrous NaSO4, yielding
the gold nanoparticles. An aqueous 0.1 M 4-dimethylaminopyridine
solution (1 mL) was added to aliquots (1 mL) of the as-prepared
nanoparticle mixtures. The 0.1 M concentration of the DMAP solu-
tion was found to be sufficient to cause complete and spontaneous
phase transfer of the nanoparticles. Direct phase transfer across
the organic/aqueous phase boundary was completed within 1 h,
with no stirring or agitation. Solid DMAP was added directly
to the toluene solution to precipitate the particles, which could
then be resuspended in water [23]. Poly(vinyl pyrrolidone) (PVP)
(MW = 1 × 106) was purchased from Aldrich Chemical Co. All of the
chemicals were used as received.

2.2. Characterization

X-ray diffraction (XRD) with Cu K� radiation was utilized at
a scanning speed of 10◦/min. Transmission electron microscopy
(TEM) was performed using a Philips CM30 microscope operating
at 300 kV. UV–vis absorption spectra were acquired using an OPTI-
ZEN 2120UV. The IR measurements were performed on a Nicolet

FT-IR spectrophotometer. For these measurements, 32 scans were
signal-averaged at a resolution of 4 cm−1. X-ray photoelectron spec-
troscopy (XPS) data were acquired using a PerkinElmer Physical
Electronics PHI 5400 X-ray photoelectron spectrometer. This sys-
tem was equipped with a Mg X-ray source operated at 300 W (15 kV,
20 mA). The carbon (C 1s) line at 285.0 eV was used as the reference
in our determinations of the binding energies of the silver nanopar-
ticles. The zeta potential of Au nanoparticles stabilized by DMAP in
water was acquired using the OTSUKA ELS-8000.

2.3. Separation performance

The PVP/Au nanoparticle composite membranes were prepared
by blending Au nanoparticles dispersed in water with PVP dissolved
in ethanol. The [PVP]:[Au] weight ratio was fixed at 1:4.3, respec-
tively. For fabrication of the separation membranes, the mixed
solution was coated onto polysulfone microporous membrane sup-
ports (Seahan Industries Inc., Seoul, Korea) using an RK Control
Coater (Model 101, RK Print-Coat Instruments Ltd., UK). After evap-
oration of the solvent in a convection oven at room temperature
under nitrogen, the PVP/Au nanoparticle composite membranes

Fig. 2. TEM images of (a) Au nanoparticles stabilized by
Fig. 1. XRD spectrum of the Au nanoparticles.
were dried completely in a vacuum oven for 2 days at room temper-
ature. The thickness of the top polymer electrolyte layer was found
to be approximately 5 �m as determined by scanning electron
microscopy (SEM). Gas flow rates and gas permeances were mea-
sured with a mass flow meter (MFM). The unit of gas permeance
is GPU, where 1 GPU = 1 × 10−6 cm3 (STP)/(cm2 s cmHg). The mixed
gas (50/50%, v/v propylene/propane mixture) separation properties
of the PVP/Au nanoparticle composite membranes were evaluated
using a gas chromatograph (Hewlett-Packard G1530A) equipped
with a thermal conductivity detector (TCD) and a unibead 2S 60/80
packed column.

3. Results and discussions

3.1. Formation of gold nanoparticles

Gold nanoparticles were prepared from a HAuCl4 solution in
toluene with a reducing agent, NaBH4, and a stabilizer, DMAP. XRD
spectra were obtained to confirm the formation of gold nanoparti-
cles. Fig. 1 shows the XRD patterns of gold nanoparticles stabilized
by DMAP. The Au nanocomposites exhibited several prominent

DMAP and (b) Au nanoparticles without DMAP.
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Au nanoparticles stabilized by DMAP 49.97
Au nanoparticles without DMAP 5.34

The measured zeta potentials also support this interpretation.
The zeta potential of gold nanoparticles stabilized by DMAP was
measured to be 49.97 mV, while that for the case of gold nanopar-
ticles without DMAP was 5.34 mV; the zeta potentials are listed in
Table 1. The higher value for the zeta potential of the gold nanopar-
ticles with DMAP is presumably attributed to the partially positive
polarized surface of the gold nanoparticles due to DMAP, which is
consistent with XPS.

Therefore, the prepared gold nanoparticles are expected to have
a partial positive charge on the surface, with which olefins may
interact. If such an interaction is available, the positively charged
nanoparticles may act as an olefin carrier for facilitated olefin trans-
port.

To identify the potential interaction between PVP and the gold
Fig. 3. UV–vis spectra of (a) Au nanoparticles stabilized by DMAP and (b) DMAP-
stabilized Au nanoparticle/PVP composite.

peaks at 2� values of about 38.1◦, 44.3◦, 64.6◦, and 77.6◦ attributable
to the (1 1 1), (2 0 0), (2 2 0), and (3 1 1) Bragg’s reflections of the
face-centered cubic structure of gold, respectively [24].

The formation and size of gold nanoparticles stabilized by DMAP
were monitored using TEM. TEM images of the samples, shown in
Fig. 2(a), clearly indicates that the average size of the gold nanopar-
ticles stabilized by DMAP was about 5.5 nm and the particles had a
uniform distribution of sizes. On the other hand, for the case of gold
nanoparticles without DMAP, most of the particles aggregated, as
shown in Fig. 2(b).

UV–vis absorption spectra are known to be quite sensitive to
the formation of gold nanoparticles [23]. Fig. 3 presents the UV–vis
absorption spectra for gold nanoparticles stabilized by DMAP and
composite films containing PVP/Au nanoparticles stabilized by
DMAP. One strong absorption peak was observed, centered at
518 nm for the two samples and corresponding to the plasmon
excitation of gold nanoparticles. It is generally accepted that an
absorption peak with a maximum occurring at around 518 nm is
related to the formation of gold metal nanoparticles [23]. It is also
known that the height of the peak provides information on the con-
centration of gold nanoparticles, and the peak position indicates
the size of the gold nanoparticles. The full-width at half maximum
(FWHM) may also be related to the size distribution of the nanopar-

ticles. The symmetric UV–vis spectra indicate that the prepared
gold nanoparticles were uniformly distributed. Furthermore, the
peak shape did not change even when PVP was incorporated with
the gold nanoparticles. Therefore, this UV–vis spectroscopic data
demonstrates that the gold nanoparticles prepared in our work
have a small size and a narrow distribution of size, which is consis-
tent with the information obtained from the TEM images in Fig. 2.

3.2. Polarity of gold nanoparticles

The Au 4f7/2 regions of the XPS spectra for gold nanocomposite
films are indicative of the chemical environment surrounding the
gold and can provide important information for confirming the sur-
face charge of the gold metal [10]. The binding energy of the 4f7/2
orbital of the gold nanoparticles stabilized by DMAP was 84.65 eV,
while that for the case of gold nanoparticles without DMAP was
83.31 eV, as shown in Fig. 4. The value of 84.65 eV for the DMAP-
stabilized gold nanoparticles was higher than the 83.5 eV (average
size = 1.3 nm) reported in other research [25]. The higher value is
presumably due to the fact that the surface of the gold nanoparticles
was modified by DMAP and thus partially positively polarized.
Fig. 4. Binding energy of (a) Au nanoparticles without DMAP and (b) Au nanoparti-
cles stabilized by DMAP.

Table 1
Zeta potentials of Au nanoparticles

Zeta potential (mV)
nanoparticles, FT-IR spectroscopy was utilized. The FT-IR spectra in
Fig. 5 shows that the free carbonyl oxygen of neat PVP was observed
at 1670 cm−1. When the gold nanoparticles were introduced into

Fig. 5. FT-IR spectra of (a) neat PVP and (b) PVP/Au nanoparticle composite.
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Table 2
Separation performance of PVP/Au composite membranes with varying weight
ratios of PVP/Au nanoparticles

Weight ratio of PVP/Au Total permeance (GPU) Mixed gas selectivity
(propylene/propane)

1/0 0.1 1.2
1/4.3 1.2 22

PVP, the peak representing the free carbonyl oxygen remained con-
stant, indicating that the carbonyl oxygen were not coordinated to
both the surface of nanoparticles and the stabilizer. Therefore, the
polymer matrix, PVP, is regarded as an inert matrix for the gold
nanoparticles, which is important for the use of gold nanoparticles
in separation membranes.

3.3. Separation performance of PVP/Au nanocomposite
membranes

The mixed gas separation performance of PVP/Au nanocom-
posite membranes have been evaluated and are provided in
Table 2. Neat PVP membrane showed a mixed gas permeance of
0.1 GPU (1 GPU = 1 × 10−6 cm3 (STP)/(cm2 s cmHg)) and a selectiv-
ity for propylene/propane of 1.2. On the other hand, when the
gold nanoparticles were incorporated into PVP, both the mixed
gas permeance and the selectivity increased to 1.2 GPU and 22,
respectively. This remarkable enhancement of the separation per-
formance of the membranes is attributable to the olefin transport
facilitated by the gold nanoparticles acting as effective carriers
of olefins, which is possible due to the reversible interaction
between the partially polarized gold nanoparticles and the olefin
molecules.

4. Conclusions

In summary, novel facilitated olefin transport membranes con-

sisting of PVP and gold nanoparticles were prepared for the
separation of olefin/paraffin mixtures. Gold nanoparticles were
prepared and stabilized by 4-dimethylaminopyridine; stabilization
by DMAP was confirmed by XRD, TEM, and UV–vis spectroscopy.
XPS and the measured zeta potential also verified the positively
charged nature of the gold nanoparticles. As a result, PVP/Au
nanocomposite membranes performed better than PVP mem-
branes for separation of olefin mixtures, displaying an improved
mixed gas permeance of 1.2 GPU and a selectivity of 22. Therefore,
we conclude that the polarized gold nanoparticles can be used as an
effective olefin carrier for facilitated olefin transport membranes.
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