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Abstract

In this study the effect of particle size on ethylene and propylene epoxidation was studied on a series of silver catalysts sup
CaCO3 with loading levels of 0.5–56 wt%. Particle sizes determined from O2 chemisorption uptakes at 443 K (170◦C) ranged from 50
to 660 nm, and this was confirmed by field emission scanning electron microscopy, which in addition showed crystallite agglom
high loadings. Reaction results show that large particles favor ethylene epoxidation by 3–5-fold at 473–493 K, whereas particle
not have a large effect on propylene epoxidation. X-Ray diffraction measurements indicate that the bulk of the particles consist of
metallic state, but in situ ultraviolet–visible (UV–vis) spectroscopy distinctly shows that in addition to a metallic component, small p
have silver in Ag+ state. The small particles are probably covered by a layer of Ag2O, which results in lower selectivity for epoxidation f
both propylene and ethylene oxidation in the small size regime. The approach to steady state is fast in propylene oxidation (3–4
accompanied by changes in the UV–vis spectra that indicate a reduction in the Ag2O phase. The approach to steady state is slow in ethy
oxidation (24–36 h) and is associated with changes in the UV–vis spectra that are consistent with the formation of a partially oxidize
phase, which may involve subsurface or adsorbed oxygen.
 2005 Elsevier Inc. All rights reserved.
Keywords: Propylene; Ethylene; Epoxidation; Silver; UV–vis spectroscopy
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1. Introduction

Propylene oxide (PO) is an important commodity che
cal used in the production of polyurethane, polyester res
and surfactants, the production of which exceeded 5 mil
tons in 1999[1]. The present major methods for PO pr
duction are the chlorohydrin process and variations of
Halcon process usingt-butyl and ethylbenzene hydropero
ides. The chlorohydrin process produces large amoun
* Corresponding author.
E-mail address: oyama@vt.edu(S.T. Oyama).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.02.013
by-product salts and chlorinated organic compounds,
the hydroperoxide processes similarly produce a large q
tity of coproducts (such ast-butylalcohol and styrene)[1].
Both processes suffer from plant complexity and mark
ing/production inefficiencies.

Several alternatives are being pursued to overcome
drawbacks in the present processes. A route recently c
mercialized by Sumitomo Chemical utilizes cumene
droperoxide and recycles the alcohol formed in the epox

tion step so that there are no coproducts[2]. Other processes
being developed by Lyondell and Bayer[3], BASF, Solvay
and Dow [4], and Degussa and Krupp Uhde[5] use hy-

http://www.elsevier.com/locate/jcat
mailto:oyama@vt.edu
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drogen peroxide (H2O2) produced captively in a separa
plant. The H2O2 route was first demonstrated by Eniche
with the use of a novel Ti-containing siliceous zeolite, TS
[6], and is attractive because it does not yield any cop
ucts. Currently, the catalyst for this route is titanium silic
with the TS-1 structure[7]. However, the H2O2 route is
expensive, and improvements in the process are being
ied, including in situ generation of H2O2 from H2 and O2
mixtures. Catalysts that have been investigated for sim
neous H2O2 formation and propylene epoxidation inclu
palladium- or palladium/platinum-supported titanium s
calite [8–12], gold supported on titania[13], and gold sup-
ported on titanium silicates[14].

The discovery of a vapor-phase direct epoxidation c
lyst capable of producing propylene oxide in higher selec
ity than is currently attainable is most desirable. Silver
well-known catalyst for ethylene epoxidation. However,
catalysts and reaction conditions that are best suited for
ylene oxide production do not give comparable selectivi
in the direct epoxidation of propylene. There are various
ports on the modification of silver catalysts to enhance
PO selectivity, in both the open[15–20]and patent[21–26]
literature. Most of the silver catalysts for propylene epoxi
tion result in high silver loading, as well as heavy promoti
For example, a silver catalyst reported by ARCO contain
wt% silver mixed with CaCO3 and is promoted with 0.5 wt%
Mo and 2 wt% K. For a feed mixture containing 10% prop
lene, 5% oxygen, 200 ppm ethyl chloride, 75 ppm nit
oxide, 10% carbon dioxide, and the balance in nitrogen
a gas hourly space velocity (GHSV) of 1200 h−1, a total
pressure of 0.21 MPa (30 psig), and 518 K (245◦C), the
propylene conversion was 3.2% and the selectivity for
was 58–59%[21]. It should be noted that a direct PO proce
would probably aim at high selectivity (80–90%) with lo
conversion (< 10%), as is practiced in EO production, so t
results from ARCO are promising. Lambert et al.[19] stud-
ied the effect of Ag crystallite size in potassium-promo
Ag/CaCO3 catalysts and found that the best PO selecti
of 15% was obtained on a catalyst containing a large
portion of Ag particles with sizes in the intermediate ran
of 20–40 nm. Ag particles that were either much smalle
much larger than this intermediate range were less sele
toward epoxidation. However, almost all of the informati
regarding the structure and performance of ARCO-type
alysts (high silver content loaded on CaCO3 with promoters)
is found in patents, and few detailed studies have been m
to help elucidate the nature of the active and selective
for PO formation.

In situ diffuse reflectance spectroscopy in the ultraviol
visible (UV–vis) region is useful for studying the electron
properties of heterogeneous catalysts and the nature o
sorbed intermediate species or side products during cata
reactions[27–31]. More specifically, the optical propertie

of silver atoms, ions, and clusters have been well stud-
ied and exhibit characteristic UV–vis absorption bands[32].
Pestryakov et al.[33] have presented an interpretation of
ysis 232 (2005) 85–95
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the UV–vis absorption bands of supported silver cataly
Some of the most important spectral features include b
transitions of Ag+ at 6.5–5.4 eV (190–230 nm), Ag0 at 5.0–
3.8 eV (250–330 nm), and small Agn clusters at 3.8–3.4 an
2.8–2.3 eV (330–360 and 440–540 nm, respectively),
light absorption by large clusters(> 10 nm), crystallites, and
aggregates mainly characterized by pronounced reson
lines due to collective excitations of conduction electron
3.1–2.4 eV (400–500 nm). These excitations are know
plasmon resonances, and their properties (i.e., spectral
tion, shape) can provide valuable information about the s
form, surrounding medium, and chemical interactions w
the environment of the metal nanoparticles[32,34–41].

In this study we investigate the role of silver particle s
in Ag/CaCO3 catalysts for ethylene and propylene epoxi
tion and use scanning electron microscopy (SEM) and in
UV–vis spectroscopy to examine the structure of the cata
and the oxidation state of the catalyst surface.

2. Experimental

2.1. Catalyst preparation

A typical Ag/CaCO3 catalyst was prepared as follow
by a method similar to that reported by ARCO[21]. For
a 56 wt% metal loading sample, 15 g (250 mmol) of e
ylene diamine (Wako, 99.0%) and 10.1 g (112 mmol)
oxalic acid (Wako, 98.0%) were dissolved in 20 g of d
tilled, deionized H2O, and 8.9 g (38.4 mmol) of Ag2O
(Wako, 99.0%) was slowly added to the mixture with ma
netic stirring until it was completely dissolved. After 1 h
stirring, 1.8 g (29.5 mmol) of ethanol amine (Wako, 99.0
was added to the mixture and stirred for another 1 h. T
6.4 g (64 mmol) of CaCO3 (Wako, 99.5%, specific are
0.5 m2 g−1) was added to the solution to form a slurry. T
slurry was transferred into a stainless-steel milling mach
(Fritsch, model pulverisette 6) with 30 milling balls and w
milled for 4 h. The milled sample was then dried at 393
(120◦C) for 2 h and calcined at 633 K (360◦C) for 3 h.
Samples with 0.5, 1, 7, 14, 28, and 42 wt% were prepa
in a similar manner. In the designation Ag(56)/CaCO3, the
number in parentheses indicates the Ag loading in we
percent.

2.2. Catalytic testing

The epoxidation of propylene was carried out in a qua
tubular microreactor with a diameter of 6 mm and a len
of 180 mm, with 0.5 g catalyst of 20–40 mesh size dilu
with quartz sand of the same mesh size to a volume of 1 c3.
Flow rates of He (Jorban Helium Supply, purity> 99.9%),
O2 (Hitachi Sanso, purity> 99.5%), and C3H6 (Takachiho

3 −1
Chemical, purity> 99.8%) were 15, 10, and 5 cmmin
each and were controlled by mass flow meters; the reaction
pressure was set at 0.3 MPa. Before reaction the catalysts
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were pretreated with He (15 cm3 min−1) at 423 K (150◦C)
for 1 h. Reaction products were analyzed online by
gas chromatographs (Shimadzu GC-14). One was equi
with a flame ionization detector (FID) and a thermal co
ductivity detector (TCD), which respectively included t
use of a FFAP capillary column (0.32 mm× 60 m) and
a Porapak Q compact column (3 mm× 2 m). The other
had two TCDs attached to a MS-5A 60/80 compact c
umn (3 mm× 2 m) and a Gaskuropak 54 84/100 co
pact column (3 mm× 2 m). The FFAP capillary column
and Porapak Q column were used to detect oxygenates
etaldehyde, PO, acetone, propionaldehyde, acrolein, a
acid, and isopropanol) and CO2, respectively, and the MS
5A and Gaskuropak columns were used to detect CO
hydrocarbons (propane, propylene, ethylene, and eth
respectively. The compositions of the columns were as
lows: FFAP, modified polyethylene glycol terephthalic ac
Poropak Q, ethylvinylbenzene–divinylbenzene porous p
mers; MS-5A, molecular sieve 5A, Gaskuropak 54 80/1
polystyrene-divinylbenzene porous polymer 80–100 me
Carbon balances closed to 100± 3%. The epoxidation o
ethylene was carried out in an identical manner, except
ethylene (Takachiho Chemical, purity 99.5%) was used
reactant.

2.3. X-Ray diffraction, O2 chemisorption, FESEM, and in
situ UV–vis measurements

The X-ray diffraction patterns of the samples were
tained with an X-ray diffractometer (Rigaku, RINT200
operated at 40 kV and 40 mA, with Cu-Kα monochroma-
tized radiation (λ = 0.154178 nm). Crystallite sizes (Dc) of
the catalysts were determined from the line broadenin
the two most intense peaks at 2θ = 64.4◦ and 2θ = 77.4◦,
with the use of the Scherrer equation,Dc = Kλ/β cos(θ),
whereK is a constant taken as 0.9,λ is the wavelength of the
X-ray radiation,β is the width of the peak at half-maximu
corrected for instrumental broadening (0.1◦), and 2θ is the
Bragg angle[42].

Surface areas and oxygen uptakes were measured
volumetric adsorption unit (Micromeritics ASAP 2020). F
the chemisorption measurements the samples were hea
flowing O2 for 1 h, evacuated for 0.5 h, reduced in flo
ing H2 for 1 h, evacuated to< 1.3 mPa (10 µm Hg) for
0.5 h, and dosed with O2, all at 443 K (170◦C). Silver par-
ticle size and metallic surface area were calculated from
O2 chemisorption uptake (µmol g−1). Based on an adsorp
tion stoichiometry of Oad/Ags = 1, where Ags represents a
surface Ag atom, dispersion for the silver samples can
calculated by dividing the number of chemisorbed O ato
by the total number of Ag atoms[43–45], and if spherical Ag
crystallites are assumed, the relationship between cry
lite size and dispersion,D, is d (nm)= 1.34/D [43,46,47].

The metallic surface area was calculated according to the
equationS (m2 g−1) = (O2 uptake× 2 × 10−6 × 6.02 ×
1023)/1.14 × 1019, where 6.02× 1023 is Avogadro’s con-
lysis 232 (2005) 85–95 87

-

,

a

n

stant and 1.14× 1019 m−2 is the surface density of silve
atoms averaged for the three low index planes (100), (1
and (111).

Field emission scanning electron microscopy (FESE
images of the samples were obtained in a microscope (J
JSM 6500) operated at 15 kV. We obtained particle size
tributions by measuring the diameters of at least 20 parti
in a representative region.

In situ UV–vis spectra were collected with a larg
compartment spectrometer (Varian Cary 5000) equip
with a reaction chamber (Harrick Scientific; model HV
DRP) in conjunction with a praying mantis diffuse r
flectance attachment (DRP-XXX). Initially, the catalys
were pretreated as for the reaction studies with He (153

min−1) at 423 K (150◦C) for 1 h and were then cooled
298 K (25◦C). The flow was then switched to reaction ga
at the same flow rate (C3H6 or C2H4 = 5 cm3 min−1, O2
= 10 cm3 min−1, He = 15 cm3 min−1) and pressure (0.
MPa) as in the reaction studies. Then the reaction tem
ature was raised to 473 K (200◦C) at a rate of 0.17 K s−1

(10 K min−1), and spectra were recorded after 1 h over
range of 200–800 nm at a scan rate of 200 nm min−1, an av-
erage time of 0.5 s, and a data interval of 0.333 nm. Spe
were referenced to CaCO3 under the same reaction cond
tions (pretreatment, gas environment, pressure, and tem
ature). Diffuse reflectance spectra were analyzed with
use of the Kubelka–Munk function,F(Rα), calculated from
the absorbance data[48].

3. Results

3.1. XRD, SEM, and O2 chemisorption measurements

Fig. 1shows the XRD patterns of the Ag/CaCO3 catalysts
with different silver loading. The main peaks at 23.1, 29
31.8, 36.1, 39.6, 43.3, 47.6, 48.5, 57.5, and 60.9◦ (2θ) are
due to the CaCO3 support. With increasing silver loadin
the intensities of peaks due to crystalline silver at 38.3, 4
64.7, and 77.6◦ (2θ) grow from very faint and diffuse fo
the 0.5 wt% sample to very strong and sharp for the 56 w
sample.

Fig. 2presents the FESEM images of silver catalysts w
1, 14, and 56 wt% silver. The silver particle increases
size and the distribution becomes broader with silver lo
ing level. For the 1, 14, and 56 wt% samples the maxim
the distributions are 50, 170, and 370 nm, respectively,
the breadths are approximately 20, 50, and 300 nm. With
creasing loading there is evidence for particle agglomera
and irregular particle shape.

Table 1summarizes O2 chemisorption and surface ar
results for the Ag catalysts. The O2 uptakes initially in-
creased rapidly with the Ag loading levels but then leve

−1
off, reaching a maximum of 5.9 µmol g for a loading of
42 wt%, and then decreased. The Ag particle size calculated
from the chemisorption values increased with Ag loading,
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Fig. 1. XRD patterns of Ag(x)/CaCO3 catalysts and references.

from 50 to 660 nm for silver loadings of 0.5 to 56 wt%. T
total specific surface area decreased slightly with loadin

3.2. Catalytic testing
Fig. 3shows the propylene epoxidation results over 0.5-g

a Calculated from oxygen chemisorption uptakes.
b Calculated from scanning electron microscopy.
c Calculated by the Scherrer equation.
ysis 232 (2005) 85–95

sion increased with temperature and silver loading; a lo
temperature was required to obtain the same conversio
higher silver content. PO selectivity decreased with incre
ing temperature; the decline was very pronounced at con
sions greater than 30% for all of catalysts. The highest
selectivity was only about 10% and was obtained when
conversion was low.

Fig. 4 shows the ethylene epoxidation results over 0
g samples of the Ag/CaCO3 catalysts. The trends in th
ethylene conversion were the same as for propylene,
conversion increasing with silver loading. However, the c
versions for the high loading catalysts were close to e
other and higher than in the case for propylene. The EO
lectivity was much higher than the PO selectivity for ea
catalyst, with the highest EO selectivity attaining 70%. T
selectivity results fell into two regions. For loadings high
than 7 wt%, the selectivities were close to each other
generally fell with increasing loading. Small discrepanc
in order are due to experimental error. For the low load
of 0.5 and 1 wt%, the selectivities were substantially hig
and increased for the higher loadings.

Fig. 5a shows a typical time course for propylene ep
idation over a Ag/CaCO3 catalyst (14 wt%). After a shor
induction period of 3–4 h, the catalyst shows stable reac
ity for more than 25 h with a propylene conversion of 15
and a PO selectivity of about 8%. However, the performa
is quite different for ethylene epoxidation.Fig. 5b shows that
ethylene conversion gradually declined with reaction tim
before becoming steady, starting at around 24–36 h, whe
the EO selectivity went up. The catalyst stabilized with
ethylene conversion of 9% and an EO selectivity of 53%

3.3. In situ UV–vis spectroscopy

Figs. 6 and 7present in situ UV–vis spectra for Ag/CaCO3
catalysts with different silver loadings for propylene a
ethylene epoxidation at 473 K (200◦C), respectively. From
a comparison of the two figures, it can be seen that t
are no appreciable differences between the spectra fo

same silver loading after 1 h on stream. Three main features

eV),
samples of the Ag(x)/CaCO3 catalysts. No products other
than PO, CO2, and H2O were found. Propylene conver-

could be identified: silver plasmon resonances (2.4–3.7
Ag0 band transitions (3.8–4.6 eV), and Ag+ band transitions

Table 1
Comparison of surface properties of Ag(x)/CaCO3 catalysts

Ag loading
(wt%)

O2 uptake

(µmol g−1)

Metallic surface area

(m2 g−1)

Dchem
a

(nm)
DSEM

b

(nm)
XRD crystallite sizec

(nm)
BET surface area

(m2 g−1)

0.5 0.663 0.070 49 – 7.85 –
1 0.943 0.099 66 50 10.0 6.5
7 2.916 0.307 149 – 13.2 –

14 4.522 0.476 192 170 13.6 3.3
28 4.633 0.488 375 – 13.6 –
42 5.941 0.626 439 – 13.6 –
56 5.297 0.558 656 370 14.2 3.0



J. Lu et al. / Journal of Catalysis 232 (2005) 85–95 89
ges (
CO3, (

ce
for

d-
s no
shift
(blue
er a

ex-
here

)/
Fig. 2. Field emission scanning electron microscopy (FESEM) ima
Ag(1)/CaCO3, (b) Ag(14)/CaCO3, (c) Ag(56)/CaCO3. Right: (d) Ag(1)/Ca

(5.4–6.2 eV).Figs. 6 and 7show that the plasmon resonan
was quite symmetric and was centered at around 3.0 eV
the catalysts up to 7 wt% silver loading. For silver loa
ings higher than 14 wt%, the plasmon resonance wa
longer symmetric, and two changes could be noticed: a
of the main plasmon resonance peak to higher energies
shift) at around 3.2 eV, and the appearance of a should

0
about 3.5 eV. The intensity of Agband transitions increased
proportionally with the silver loading in the catalysts, as ex-
pected. In the case of Ag+ band transitions, the intensity
left) and particle size distribution (right) of Ag(x)/CaCO3 catalysts. Left: (a)
e) Ag(14)/CaCO3, (f) Ag(56)/CaCO3.

t

dependence on silver loading could not be ascertained
actly because of the change in background; however, t
is a clear trend of increasing Ag+/Ag0 ratio with decreasing
silver loading.

Figs. 8 and 9present in situ UV–vis spectra for Ag(14
CaCO3 catalyst with time on stream at 493 K (200◦C) and
0.3 MPa in C3H6/O2/He and C2H4/O2/He, respectively. In

the case of propylene epoxidation (Fig. 8), the most remark-
able change was the quick reduction of the feature due to
Ag+ band transitions, which occurred rapidly up to 4.5 h on
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Fig. 3. Propylene epoxidation over Ag(x)/CaCO3 catalysts (a) propylene
conversion, (b) PO selectivity.

stream and was fairly complete after 8.5 h (see dashed a
for extrapolated baseline). After 24 h, only a slight shift
lower energy (red shift) of the main plasmon resonance
sition and other minor changes were observed (solid arr
In the case of ethylene epoxidation (Fig. 9) there was again
decrease in the intensity of the Ag+ feature, but in this cas
the reduction process was slower than that in the propy
epoxidation. Even after 24–36 h on stream, the Ag+ feature
was still present (considerable intensity remained above
dashed arrow). On the other hand, the main plasmon
onance position was significantly shifted to lower energ
(red shift) together with other changes (solid arrow).

4. Discussion

In this work a series of Ag/CaCO3 catalysts with silver
loadings from 0.5 to 56 wt% were used to study the ef
of particle size on the epoxidation reactions of ethylene
propylene with molecular oxygen. The total surface are
the catalysts was low, 3–6 m2 g−1 (Table 1), as is typical
for this type of material. In the catalysts the silver pa

cle size becomes larger with increasing loading, as indicated
by XRD, SEM, and O2 chemisorption data. The XRD pat-
terns (Fig. 1) show that the peak intensities due to crystalline
ysis 232 (2005) 85–95

-

Fig. 4. Ethylene epoxidation over Ag(x)/CaCO3 catalysts (a) ethylene con
version, (b) EO selectivity.

silver become stronger and sharper as the silver conte
increased, indicating that the silver particles grow with
increase in loading. This trend is supported by the SEM
servations (Fig. 2). The Ag(1)/CaCO3 sample displays sma
silver particles on the support, which grow in size for t
Ag(14)/CaCO3 sample and become larger and more num
ous for the Ag(56)/CaCO3 sample. The particle size distr
bution is narrow for the low loading sample and increa
in breadth for the high loading samples. Furthermore,
micrographs show that the low loading samples presen
ver particles that are close to spherical in shape, wherea
high loading samples have silver particles of irregular m
phology as the particles agglomerate and coalesce. T
results will be quantified shortly.

The particle shape trends are also indicated by the UV
results. The fact that the plasmon resonance is quite s
metric and is centered at around 3.0 eV for the samples u
7 wt% silver loading indicates that the silver particles hav
regular spherical shape of narrow size distribution. For s
ples with higher silver loading, the presence of a new pea
the plasmon feature (resonance of higher multipolar or
indicates the presence of oblate spheroids and large

ters in which the optical field becomes non-uniform across
the cluster[32,36,40,49]. These resonances at about 3.2 and
3.5 eV are referred to as the (1, 1) and (1, 0) modes, re-
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Fig. 5. Time course of propylene and ethylene epoxidation over
Ag(14)/CaCO3 catalyst: (a) propylene epoxidation, (b) ethylene epoxi
tion. Reaction temperature, 493 K (220◦C).

Fig. 6. In situ UV–vis diffuse reflectance spectra of Ag/CaCO3 cata-
lysts with different silver loadings at 473 K (200◦C) and 0.3 MPa in
C3H6/O2/He. Offsets are used for clarity.

spectively. The (1, 1) mode is due to excitation of plasm

polaritrons in the direction of the particle long axis(b), and
the (1, 0) mode is due to the excitation of collective oscil-
lations in the direction of the particle short axis(a). The
lysis 232 (2005) 85–95 91

Fig. 7. In situ UV–vis diffuse reflectance spectra of Ag/CaCO3 cata-
lysts with different silver loadings at 473 K (200◦C) and 0.3 MPa in
C2H4/O2/He. Offsets are used for clarity.

Fig. 8. In situ UV–vis diffuse reflectance spectra of Ag(14)/CaCO3 catalyst
with time on stream at 493 K (220◦C) and 0.3 MPa in C3H6/O2/He.

positions of these resonances depend on the ratioa/b (for
completely spherical particles the ratioa/b is 1) and are a
function of the particle shape. For instance, the larger the
tio of the peak positions (in eV) of the (1, 0)/(1, 1) modes,
the smaller the ratioa/b [36,49]. Therefore, it can be sai
that for Ag(x)/CaCO3 catalysts with silver loading highe
than 14 wt%, the silver particles have larger sizes and ar
longer spherical, tending to form oblate spheroids.

The results of O2 chemisorption on Ag/CaCO3 cata-
lysts show that for catalysts with silver loading higher th
14 wt%, O2 uptake increased, but not proportionally to t

loading. This also indicates that there is crystallite agglomer-
ation on the high loading samples, resulting in a poorer dis-
persion of Ag particles, hence giving lower O2 chemisorp-
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Fig. 9. In situ UV–vis diffuse reflectance spectra of Ag(14)/CaCO3 catalyst
with time on stream at 493 K (220◦C) and 0.3 MPa in C2H4/O2/He.

tion. Such sintering of silver particles is well known. Ruc
enstein and Lee[50] reported crystallite migration and co
lescence when Ag samples were heated in O2 for silver par-
ticles supported on nonporous alumina, which was found
transmission electron microscopy. The Ag(14)/CaCO3 sam-
ple shows 4.5 µmol g−1 O2 uptake, which is consistent wit
previous results of Badani and Vannice[51]. Badani and
Vannice prepared an Ag/α-Al2O3 catalyst with 15.1 wt%
silver loading, which had an O2 uptake of 4.4 µmol g−1.
The particle size in the Ag(14)/CaCO3 sample is in the
same range as that of their Ag(15)/α-Al2O3 sample, which
gives an average particle size of 213 nm, calculated
O2 chemisorption uptake. Results for other loadings
summarized inTable 1. There is good agreement betwe
the particle size measured by O2 chemisorption and thos
determined from the SEM pictures. For the 1, 14, a
56 wt% samples the O2 chemisorption values are 66, 19
and 656 nm, whereas the SEM values are 50, 170, 370
Note that the particle sizes calculated with the Scherrer e
tion are much smaller than those obtained by SEM and b2
chemisorption. This may be due to the low sensitivity of
line-broadening technique to large crystallites and to str
in the large Ag particles[52], but most likely is due to the
presence of polycrystalline aggregates.

It should be noted that although O2 chemisorption is use
in this study to estimate the number of surface sites
with all chemisorption techniques the results are appr
mate. This is particularly the case for silver in which subs
face oxygen chemisorption and bulk oxidation may occu
higher oxygen coverages[53]. However, the good agreeme
between the chemisorption and SEM techniques gives
dence to the assumption that in this case the approxima

is reasonable.

UV–vis spectroscopy can also provide information about
the surface oxidation state of the silver particles. As dis-
ysis 232 (2005) 85–95
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Table 2
PO and EO selectivities for Ag/CaCO3 catalysts at propylene and ethyle
conversions of 10%

Catalyst PO formation EO formation

Temperature
(K)

Selectivity
(%)

Temperature
(K)

Selectivity
(%)

Ag(56)/CaCO3 445 6.0 441 48.0
Ag(42)/CaCO3 460 6.1 445 46.1
Ag(28)/CaCO3 474 6.2 456 46.7
Ag(14)/CaCO3 483 8.9 477 41.6
Ag(7)/CaCO3 508 6.7 489 25.7
Ag(1)/CaCO3 535 5.0 550 32.0
Ag(0.5)/CaCO3 540 4.3 562 24.7

cussed earlier, the features at intermediate energy (
4.6 eV) are due to band transitions of metallic Ag0, and the
features at high energy (5.4–6.2 eV) are due to electr
transition involving the Ag+ ion. It is clear from the result
in Figs. 6 and 7that the ratio Ag+/Ag0 increased with lowe
silver loading. The results indicate that all particles h
some oxide present and that the smaller silver particles
a larger proportion of the oxide. This is in accordance wit
thermodynamic analysis at atmospheric pressure of the
energy of formation of Ag2O (in kJ mol−1) from spherical
silver particles, which resulted in the equation Ag+ O2 →
Ag2O, �G0

298 K = −11.25− 115.0/D, whereD is the par-
ticle diameter in nanometers[54]. The equation predicts tha
smaller silver particles are more easily oxidized. It is like
that the oxide is in the form of a thin layer on the surface
a metallic core, as the XRD results show strong metal pe
but no oxide features.

The different catalytic behaviors of the Ag/CaCO3 cata-
lysts for propylene (Fig. 3) and ethylene (Fig. 4) epoxidation
are understandable. The low PO selectivity on the si
catalysts is known to be due to the reaction between
lylic hydrogens and adsorbed nucleophilic oxygen spec
which results in total combustion[55–57]. Table 2lists PO
and EO selectivities for Ag/CaCO3 catalysts at propylen
and ethylene conversions of 10% each. It can be seen
for propylene and ethylene the conversion behavior is s
ilar. Higher reaction temperatures are needed for cata
with low silver loading to obtain the same conversion. T
selectivity results show some differences, however. The
lectivity for PO is low and relatively constant, increasi
slightly for catalysts with intermediate loading centered
Ag(14)/CaCO3. The selectivity for EO is highest for the ca
alyst with the highest loading and decreases with load
The decline in EO selectivity is more pronounced than
in PO. These results suggest that for both propylene and
ylene epoxidation, large silver particles are favorable,
ethylene epoxidation is more sensitive to the silver pa
cle than propylene epoxidation is. This conclusion for
is well known, as the best catalysts are recognized to h

low surface area and massive silver crystallites[58,59].

To compare the intrinsic activities of the Ag/CaCO3 sam-
ples with different Ag loading, turnover frequencies (TOFs)
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Fig. 10. Turnover frequencies (TOF) for total reaction (a) and PO and
formation (b).

for total reaction and EO and PO formation were calcula
at 473 and 493 K based on the oxygen chemisorption
takes (Fig. 10). Reaction rates for both ethylene and prop
lene increase with reaction temperature. For PO forma
the TOF increased slightly with silver loading at both te
peratures. For EO formation, the TOF increased fivefold
catalysts with 1 to 28 wt% silver loading at 493 K (220◦C)
(particle size ranging from 70 to 380 nm) and threefold
473 K (200◦C). Classically, particle size effects can be us
to determine the structure-sensitivity of reactions[60]. The
present finding that the PO formation rate does not cha
with Ag particle size whereas the EO formation rate va
indicates that propylene epoxidation is structure-insensi
whereas ethylene epoxidation is structure-sensitive, at
with Ag particle sizes ranging from 50 to 660 nm. Howev
these conclusions, especially for the case of PO, need
qualified because of various complicating factors. First,
epoxidation of propylene occurs with very low selectivi
and it is doubtful that a firm conclusion about the eff
of structure can be reached when the reaction pathway
ing examined is minor compared with others. Second,
changes in the structure of the catalysts are not as l

as should be expected because their size range is limited
especially on the low side. Normally, large changes are ex-
pected in the range of 1–10 nm[61], which is not attained
lysis 232 (2005) 85–95 93

t

-

in the present study. In addition, the occurrence of part
agglomeration at the larger loadings probably increases
face disorder in those samples and offsets the expected
in the proportion of smooth surfaces. This helps exp
the limited changes in TOF in both reactions. Still anot
factor, and perhaps the most important, is the change in
idation state of the silver particles with size. The UV–
measurements at reaction conditions clearly indicate tha
smaller particles have larger amounts of Ag+ species than
the larger particles. The smaller particles are probably
tially covered with a layer of Ag2O. In the case of ethylen
this compound has been reported to yield less EO[62]. Thus,
the observed decline in EO TOF (Fig. 10) with a decrease in
particle size is likely to be due to a change in the active ph
from metallic to oxidic rather than a purely structural chan
in going to small particles. The lack of change in PO se
tivity may be due to the fact that the total oxidation react
occurs readily in both the metallic and oxidic phases.

Another interesting finding in this study is the tra
sient behavior of propylene and ethylene epoxidation on
Ag(14)/CaCO3 catalyst. It was found that propylene epo
dation reached steady state within 4–5 h, whereas ethy
epoxidation required about 24–36 h to reach a constant s
This is probably related to changes in the catalyst sur
during reaction. For the propylene reaction the in situ U
vis spectra showed a relatively fast reduction of the hi
energy (5.2–6.4 eV) Ag+ peak, with the peak reaching
constant value after 4–5 h. In contrast, for the ethylene r
tion the Ag+ peak was reduced and reached a steady v
after 24–36 h. Clearly, there is a very good corresponde
between the reactivity results and the UV–vis data. The
crease in the intensity of the Ag+ peaks during propylen
and ethylene epoxidation has a direct relationship with
reactivity. Upon exposure to the reactive gas mixture in b
propylene and ethylene oxidation, the silver particles inte
strongly with oxygen and, for the thermodynamic reas
discussed earlier, form a surface Ag2O layer. As the reaction
proceeds, the propylene and ethylene react with the su
oxygen species and gradually reduce the surface. Th
tal rates of reaction in the two cases are similar (Fig. 10a).
For the Ag(14)/CaCO3 sample at 493 K the total turnove
frequencies are, respectively, 0.10 s−1 (for propylene oxida-
tion) and 0.15 s−1 (for ethylene oxidation), with correspond
ing characteristic times(t = 1/TOF) of 10 s and 6.7 s. Thus
changes in the catalyst surface occur over many turnove
the case of propylene the changes occur rapidly, probabl
cause the selectivity for deep oxidation is much higher
much more surface oxygen is consumed in each cata
cycle. It is evident that propylene has a stronger reduc
ability than ethylene and is able to reduce the surface A2O
faster during reaction. The Ag2O is almost completely re
duced during propylene epoxidation (Fig. 8), whereas it is
partially reduced during ethylene epoxidation (Fig. 9). The

,reducing capability of propylene has been investigated on
silver catalysts in the selective oxidation of NO to NO2. Bog-
danchikova et al.[63] found that in selective catalytic reduc-
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tion (SCR) a feed containing 500 ppm of propylene in a la
excess of O2 reduced part of the oxidized silver speci
They suggested that the high affinity of theπ -electrons of
propylene for metal cations probably favored the adsorp
of the hydrocarbon to the catalyst and allowed the reduc
despite the presence of O2.

Another significant change revealed by the in situ U
vis spectra is the occurrence of a red shift of the main
ver plasmon resonance position during ethylene epoxida
(Fig. 9). This is not observed in propylene epoxidation. T
change for the ethylene reaction may be related to a varia
in the shape of the silver particles from spherical to ob
spheroids[37]. Ruckenstein and Lee[50] found that when
silver particles were heated in C2H4 the particles change
their shape from circular to ellipsoidal, and when heate
a mixture of C2H4 and O2 the particles acquired more i
regular shapes. It is possible that during ethylene oxida
the particles undergo restructuring[64] that gives rise to the
observed change in the silver plasmon resonance. Thi
structuring may be associated with the formation of a uni
surface phase active for the EO reaction. There are two
sibilities for this phase. One of them is a phase contain
subsurface oxygen and the other is a phase with an
mal amount of adsorbed oxygen. Subsurface oxygen
first suggested by van Santen and Kuipers[65] to explain
a variety of results in the EO literature and has been u
to explain other features of the reaction, such as isot
exchange, effect of promoters, transient use of oxygen
ventories, and microkinetic analysis[66–68]. A slow process
would seem to be more consistent with the formation o
subsurface oxygen phase. Adsorbed oxygen has been
gested to give selective epoxidation of ethylene by Kaza
et al. [69] and in more recent work detailing the existen
of nucleophilic (nonselective) and electrophilic (selecti
adsorbed atomic oxygen[70,71]. Although the UV–vis re-
sults cannot give unequivocal evidence for the existenc
either phase, it does demonstrate that during ethylene
dation the catalyst achieves a state of partial oxidation
slow process, whereas during propylene oxidation it rea
a more reduced condition in a fast process.

5. Conclusion

This work has examined the effect of particle size on
reactivity behavior of Ag/CaCO3 catalysts in the epoxidatio
of propylene and ethylene. It was found that propylene ep
idation at 473–493 K was relatively insensitive to parti
size. However, this may have been due to the low intrinsic
lectivity of the silver catalysts for propylene oxide(< 10%),
with structural effects being dominated by the compl
combustion reaction. In contrast, it was found that eth
ene epoxidation exhibited mild structure sensitivity, with

turnover frequency decreasing by three- to fivefold as the
particle size decreased from 660 to 50 nm. Particle sizes in
this study were calculated from oxygen chemisorption up-
ysis 232 (2005) 85–95

-

-

-

takes, assuming equal numbers of low index planes wer
posed. Particles sizes obtained from field emission scan
electron microscopy gave good agreement with the ca
lated particle sizes and showed the occurrence of par
agglomeration at high loadings. UV–vis reflectance sp
troscopy confirmed these results, indicating the presenc
spherical particles at low loading and larger less symme
shapes at high loadings. The UV–vis spectroscopy also
ported the findings by X-ray diffraction that the silver w
mostly metallic, but also showed the presence of an o
phase with a Ag+ component that was more favored w
lower particle sizes. Transient results indicated that pro
lene oxidation reached steady state quickly (3–5 h),
parallel UV–vis spectra showed substantial reduction of
oxidic component. In the case of ethylene oxidation, ste
state was attained slowly (24–36 h), and UV–vis spectra i
cated retention of the oxidic component, with other spec
changes consistent with the possible presence of adsorb
subsurface oxygen.
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