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Abstract

Colloidal silver catalysts protected by poly( N-vinyl-2-pyrrolidone) (PVP) were prepared by an ethanol reduction method
of silver perchlorate in the presence of PVP. Transmission electron micrograph of the obtained colloids reveaed fine
particles (av. diameter 3.1 nm) with uniform size and narrow size distribution. Oxidation of ethylene catalyzed by
PV P-protected silver colloids was performed in ethanol /water (1/1, v/v) a 90-95°C under 1 atm of ethylene/oxygen
(2/1). Products were analyzed with gas chromatography, being identified to be ethylene oxide. The silver cataysts thus
prepared had the higher catalytic activity than a commercia silver catalyst for oxidation of ethylene. Addition of alkali metal
ions remarkably increased the catalytic activity of the colloidal silver catalyst. © 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Interests in the nanoscopic materials and their
application to catalyses have greatly stimulated
the research on meta colloids [1-4]. Colloidal
dispersions of metal clusters have been prepared
chemically by reduction of the corresponding
metal salts [5] and physically by pulverization
of the metallic mass [6]. The chemica proce-
dure is superior to the physical one, in regard to
small size and narrow size distribution of col-
loidal particles as well as stability and mass
production of colloidal dispersions. Colloidal
dispersions thus prepared have the specia prop-
erties which are quite different from both bulk
and atomic metals. Much attention has been
paid to these specia properties in physical,
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chemical, biological [7] and medical fields [8].
These metal colloids act as excellent homoge-
neous catalysts for some organic reactions. For
instance, the colloidal palladium obtained by
refluxing an alcohol—water solution of palla-
dium ions in the presence of poly( N-vinyl-2-
pyrrolidone) (PVP) was used as an active cata-
lyst for selective hydrogenation of dienes to
monoenes [9]. The surfactant-micelle protected
palladium and platinum colloids, obtained by
irradiation with visible light, are active catalysts
for hydrogenation of unsaturated fatty acids with
high regioselectivity [10], and for visible light-
induced hydrogen evolution from water, respec-
tively [11]. The dispersions of colloidal metals,
however, have usually been used as a reduction
catalyst and not been applied to an oxidation
catalyst.

Silver has been investigated and utilized as
an oxidation catalyst [12,13], especially as that
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for production of ethylene oxide from ethylene
[14,15]. Recently, Tamaru [12] reported a dy-
namical method to identify the reaction sites for
the reaction between hydrogen and oxygen on a
heterogeneous silver surface. On the other hand,
Henglein et al. [16] prepared colloidal silver by
vy-ray irradiation. They clarified many interac-
tions between the silver particle and the ad-
sorbed ions by analyzing the peak shift in plasma
resonance band of the silver colloid. The prepa-
ration of colloidal silver by UV-irradiation in
mixtures of acetone and 2-propanol was studied
by Esumi et a. [17]. In an industrial oxidation
of ethylene, alkali metal ions are an important
additive for a silver catayst. Campbell [18]
reported the role of a cesium promoter in silver
catalysts for the selective oxidation of ethylene.
The promotion effect on colloidal palladium
catalysts by the lanthanoid ions immobilized by
water-soluble protective polymer was recently
investigated [19,20]. To the best of our knowl-
edge there is no reports on oxidation of ethylene
in solution catalyzed by polymer-protected sil-
ver colloids and on the promotion effect by
alkali metal ions on colloidal silver catalysts.

In the present paper we report the preparation
of colloidal silver catalysts under mild condi-
tions by an ethanol reduction method in the
presence of PVP. The PVP-protected silver col-
loids, thus obtained, is applied to the catalysis
for oxidation of ethylene. The promotion effect
of alkali metal ions on PVP-protected silver
colloids will be described as well.

2. Experimental
2.1. Materials and instruments

Poly( N-vinyl-2-pyrrolidone) (PVP, K-30, av-
erage molecular weight 40,000) was purchased
from Tokyo Kasei. Silver powder of extra pure
grade (200 mesh) was received from Wako.
Other reagents employed here were of a com-
mercial G.R. grade and were used as received.
Ultraviolet and visible (UV—-Vis) spectra were

measured with a Shimadzu 2500PC recording
spectrophotometer. X-ray photoelectron spec-
troscopy (XPS) data were measured with a
Kratos AXIS-HS spectrometer (Mg target, 15
kV, 5 mA). Transmission electron microscopy
(TEM) photographs were taken by using a Hi-
tachi H-7000 electron microscope. The average
diameters were calculated by counting ca. 200
particles with a 10 times magnifier from the
enlarged TEM photographs. The oxidation
product was analyzed with a Shimadzu GC-14B
gas chromatograph using a 3.1 mx 3.2 mm ¢
column of TSG-1 at 60°C.

2.2. Preparation of colloidal silver

Preparation of PVP-protected silver colloids
were carried out by an alcohol reduction method.
PVP (4.0 mmal in monomeric units, 40 times of
the total amount of metal ions) and silver per-
chlorate (0.1 mmol) were mixed in ethanol /
water (1/1, v/v) to form a 100 cm? solution.
Mixed solutions were stirred and heated to re-
fluxing at 90-95°C for 2 h. The color of mixed
solutions suddenly changed from colorless to
transparent yellow at the beginning of refluxing.
Addition of rubidium and cesium ions was con-
ducted by mixing an aqueous solution of rubid-
ium sulfate and cesium carbonate, respectively,
to the colloidal disperson of PVP-silver
nanoparticles prepared at designed concentra-
tion.

2.3. Catalysis for oxidation of ethylene

Oxidation of ethylene catalyzed by PVP-pro-
tected silver colloids was performed in ethanol /
water (1/1, v/v) at 90-95°C under 1 atm of
ethylene/oxygen (2/1 v /v). The reaction mix-
tures were stirred keeping the temperature be-
low 10°C. Products were analyzed with gas
chromatography, being identified to be ethylene
oxide.

Repesated reactions were carried out by using
the colloidal silver catalysts recovered by evap-
orating solvents and products from the reaction
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mixtures and followed by re-dissolving the
evaporated residues into a fresh ethanol /water
(1/1, v/v). The oxidation of ethylene was pro-
ceeded in the completely same way as the first
reaction.

3. Results and discussion
3.1. Characterization of colloidal silver

Colloidal silver catalysts protected by PVP
were prepared by refluxing the mixed solution
of silver perchlorate and PVP, having a yellow
color and being stable for months at room tem-
perature. The reduction of silver ions to form
PV P-protected silver colloids can be supported
by UV—Vis absorption spectra shown in Fig. 1.
The absorption peak at ca. 410 nm is due to the
plasma oscillation characteristic of silver col-
loids. The absorption spectra of PV P-protected
silver colloids in the presence of cesium and
rubidium ions, respectively, are in good agree-
ment with that in the absence of akali metal
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Fig. 1. UV—Vis absorption spectra of PVP-protected silver col-
loids in the absence of alkali metal ion ( ), PVP-pro-
tected silver colloids in the presence of cesium carbonate (---),
and PVP-protected silver colloids in the presence of rubidium
sulfate (- —-—- -). [Silver] = 1.0 mmol dm~3, [Alkali metal ion] =

0.2 mmol dm~3,

ion, suggesting the stability of PVP-protected
silver colloids even after the addition of cesium
and rubidium ions.

X-ray photoelectron spectroscopy of the
evaporated sample was measured in order to
determine the valency of silver in the PVP-pro-
tected silver colloids. Silver species of the
PVP-protected silver colloid had a 3d;,, bind-
ing energy of 368.3 eV. This binding energy is
consistent with a metallic state of silver and is
1.3 eV higher than that of AgO [21]. This result
can indicate that silver in the PVP-protected
colloid is a zero-valency.

Fig. 2 exhibits the transmission electron mi-
crographs of PVP-protected silver colloids in
the absence and the presence of cesium ion, and
commercial silver powder. The particle size dis-
tributions are shown as histograms in Fig. 3.
Particles in PV P-protected silver colloid have an
average diameter of 3.1 nm and mainly dis-
tribute within the range from about 2 to 4 nm
accompanied with some aggregates which are
several times larger than simple particles in
diameter. PVP-protected silver colloid in the
presence of cesium ions also has a narrow size
distribution with an average diameter of 3.3 nm.
In contrast, silver particles in the commercial
silver powder have a very wide distribution
from 30 to 150 nm.

Meguro et al. [22] reported the preparation of
colloidal silver particles in the presence of
copolymers of vinyl alcohol and N-vinylpyr-
rolidone. According to the literature [22] stable
colloidal silver clusters were obtained only in
the presence of the copolymer. They reported
that the homopolymer PVP did not provide any
stable silver colloid. However, we succeeded in
the preparation of stable PVP-protected silver
colloids by refluxing the solution of silver per-
chlorate in ethanol /water in the presence of
PVP. Meguro et a. was used silver nitrate
instead of silver perchlorate as a starting mate-
rial. Thisis probably the reason why they could
not prepare stable colloidal silver clusters pro-
tected by PVP. The PVP-protected silver col-
loids in the presence of cesium or rubidium ions
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Fig. 2. Transmission electron micrographs of (a) PV P-protected silver colloids, (b) PV P-protected silver colloids in the presence of cesium

carbonate, and (c) the dispersions of commercia silver powder.

were also stable, although the average diameter
of the particles was a little larger in the presence
of alkali metal ions than those in the absence of
the ions because of a little aggregates observed
by TEM in the presence of akali metal ions.

3.2. Catalysis for oxidation of ethylene

PV P-protected silver colloids were applied to
the catalyst for oxidation of ethylene in solution

under an atmospheric pressure of ethylene and
oxygen (2:1) according to Formula (1). Forma-
tion of ethylene oxide increased with the elapse
of time. The amount of ethylene oxide formed
under the present conditions was 17 mmol Ag-
mol ~! at a reaction time of 0.5 h, whereas it
was 31 mmol Ag-mol ! at 5 h. We regard the
amount of ethylene oxide formed at a reaction
time of 5 h as a relaive cataytic activity,
because the yield of ethylene oxide is low at an
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Fig. 3. Particle size distribution histograms of (a) PV P-protected silver colloids, (b) PVP-protected silver colloids in the presence of cesium
carbonate. The dashed lines indicate the average diameters of al the particles.

initial stage of the reaction. The catalytic activi-
ties thus obtained are summarized in Table 1.
The catalytic activity of PVP-protected silver
colloids is 6.2 EO-mmol Ag-mol~* h™% The
catalytic activity of commercia silver powder
(1.36 EO-mmol Ag-mol~* h™?!) is much less
than that of PVP-protected silver colloids. As
shown in Fig. 3(c), the commercia silver pow-
der is composed of relatively lager particles and
their aggregates. To examine the effect of the
surface area of catalysts, the catalytic activity
was normalized by the surface area, which was
calculated using particle diameters measured by
TEM. When the catalytic activities are com-
pared on the bases of surface area of catalysts,
then the silver colloids still have a higher activ-

Table 1
Catalytic activity of PV P-protected silver colloids for oxidation of
ethylene?

Ag catalyst Catalytic activity®

(Alkali metal ion) EO-mmol EO-mmol
Ag-mol =t h=1 Ag-mol~2 h~1

Commercial 1.36 354

Ag catalyst

Ag cluster (none) 6.2 613

Ag cluster (Rb*) 6.8 7.28

Ag cluster (Cs™) 11.0 843

&Conditions: 18 mmol of ethylene, 0.3 mmol of Ag, 0.06 mmol of
akai metal ion, in ethanol /water (1/1, v/v) at 90-95°C, 5 h.
PEO: ethylene oxide.

ity than that of commercial silver powder. The
high catalytic activity of silver colloids are not
due to increase of the surface area of silver
particles, but due to the intrinsic property of
silver colloid catalysts.

2 CQH4 + 02 — 2 CHZ_CHQ (1)

o]

In order to examine the stability of colloidal
silver catalysts, the repeated experiments were
performed. The activity of the recovered col-
loidal silver catalyst was 3.9 EO-mmol Ag-
mol ~* h™%, which is smaller than that of the
fresh catayst (6.2 EO-mmol Ag-mol~* h™1).
The decrease in the catalytic activity may be
associated with the deactivation of the colloidal
silver surface by adsorption of oxygen.

The catalytic activity of silver colloids re-
markably increases by addition of akali metal
ions, especially cesium ions. The selective oxi-
dation of ethylene to ethylene oxide is currently
carried out over metallic silver-based catalysts
in industrial processes. Cesium ions were re-
ported to exhibit significant promotion in the
activity of industrial catalysts [14,15]. Further
studies related to this preliminary successful
result are in progress.
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