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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 supported on
CaCGQ; with loading levels of 0.5-56 wt%. Particle sizes determined frognc@emisorption uptakes at 443 K (170) ranged from 50
to 660 nm, and this was confirmed by field emission scanning electron microscopy, which in addition showed crystallite agglomeration at
high loadings. Reaction results show that large particles favor ethylene epoxidation by 3-5-fold at 473—-493 K, whereas particle size does
not have a large effect on propylene epoxidation. X-Ray diffraction measurements indicate that the bulk of the particles consist of silver in a
metallic state, but in situ ultraviolet—visible (UV-vis) spectroscopy distinctly shows that in addition to a metallic component, small particles
have silver in Ag™ state. The small particles are probably covered by a layer eDAgvhich results in lower selectivity for epoxidation for
both propylene and ethylene oxidation in the small size regime. The approach to steady state is fast in propylene oxidation (3—4 h) and is
accompanied by changes in the UV-vis spectra that indicate a reduction in $lephase. The approach to steady state is slow in ethylene
oxidation (24—36 h) and is associated with changes in the UV-vis spectra that are consistent with the formation of a partially oxidized surface
phase, which may involve subsurface or adsorbed oxygen.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction by-product salts and chlorinated organic compounds, and
the hydroperoxide processes similarly produce a large quan-
Propylene oxide (PO) is an important commodity chemi- tity of coproducts (such asbutylalcohol and styrendl].
cal used in the production of polyurethane, polyester resins, Both processes suffer from plant complexity and market-
and surfactants, the production of which exceeded 5 million ing/production inefficiencies.
tons in 1999[1]. The present major methods for PO pro-  Several alternatives are being pursued to overcome the
duction are the chlorohydrin process and variations of the drawbacks in the present processes. A route recently com-
Halcon process usingbutyl and ethylbenzene hydroperox- mercialized by Sumitomo Chemical utilizes cumene hy-
ides. The chlorohydrin process produces large amounts ofgroperoxide and recycles the alcohol formed in the epoxida-
tion step so that there are no coprody2{s Other processes
~* Corresponding author. being developed by Lyondell and Bay@], BASF, Solvay
E-mail address: oyama@vt.ed(S.T. Oyama). and Dow[4], and Degussa and Krupp Uhdig] use hy-
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drogen peroxide (bD2) produced captively in a separate the UV-vis absorption bands of supported silver catalysts.
plant. The BHO, route was first demonstrated by Enichem Some of the most important spectral features include band
with the use of a novel Ti-containing siliceous zeolite, TS-1 transitions of Ag™ at 6.5-5.4 eV (190—-230 nm), Agit 5.0—

[6], and is attractive because it does not yield any coprod- 3.8 eV (250-330 nm), and small Aglusters at 3.8-3.4 and
ucts. Currently, the catalyst for this route is titanium silicate 2.8-2.3 eV (330-360 and 440-540 nm, respectively), and

with the TS-1 structurd7]. However, the HO, route is light absorption by large cluste¢s- 10 nm), crystallites, and
expensive, and improvements in the process are being studaggregates mainly characterized by pronounced resonance
ied, including in situ generation of 4D, from Hy, and Q@ lines due to collective excitations of conduction electrons at

mixtures. Catalysts that have been investigated for simulta-3.1-2.4 eV (400-500 nm). These excitations are known as
neous HO, formation and propylene epoxidation include plasmon resonances, and their properties (i.e., spectral posi-
palladium- or palladium/platinum-supported titanium sili- tion, shape) can provide valuable information about the size,
calite [8—12], gold supported on titanigl 3], and gold sup-  form, surrounding medium, and chemical interactions with
ported on titanium silicateld.4]. the environment of the metal nanoparticlag,34-41]

The discovery of a vapor-phase direct epoxidation cata- In this study we investigate the role of silver particle size
lyst capable of producing propylene oxide in higher selectiv- in Ag/CaCQ; catalysts for ethylene and propylene epoxida-
ity than is currently attainable is most desirable. Silver is a tion and use scanning electron microscopy (SEM) and in situ
well-known catalyst for ethylene epoxidation. However, the UV-vis spectroscopy to examine the structure of the catalyst
catalysts and reaction conditions that are best suited for eth-and the oxidation state of the catalyst surface.
ylene oxide production do not give comparable selectivities
in the direct epoxidation of propylene. There are various re-
ports on the modification of silver catalysts to enhance the 2. Experimental
PO selectivity, in both the opdi5-20]and paten{21-26]
literature. Most of the silver catalysts for propylene epoxida- 2.1. Catalyst preparation
tion result in high silver loading, as well as heavy promotion.

For example, a silver catalyst reported by ARCO contains 54 A typical Ag/CaCQ catalyst was prepared as follows
wt% silver mixed with CaC@and is promoted with 0.5wt% by a method similar to that reported by ARJ®1]. For

Mo and 2 wt% K. For a feed mixture containing 10% propy- a 56 wt% metal loading sample, 15 g (250 mmol) of eth-
lene, 5% oxygen, 200 ppm ethyl chloride, 75 ppm nitric ylene diamine (Wako, 99.0%) and 10.1 g (112 mmol) of
oxide, 10% carbon dioxide, and the balance in nitrogen, at oxalic acid (Wako, 98.0%) were dissolved in 20 g of dis-
a gas hourly space velocity (GHSV) of 12001 a total tilled, deionized HO, and 8.9 g (38.4 mmol) of A®
pressure of 0.21 MPa (30 psig), and 518 K (2@9, the (Wako, 99.0%) was slowly added to the mixture with mag-
propylene conversion was 3.2% and the selectivity for PO netic stirring until it was completely dissolved. After 1 h of
was 58-59%21]. It should be noted that a direct PO process stirring, 1.8 g (29.5 mmol) of ethanol amine (Wako, 99.0%)
would probably aim at high selectivity (80-90%) with low was added to the mixture and stirred for another 1 h. Then
conversion & 10%), as is practiced in EO production, sothe 6.4 g (64 mmol) of CaCg@ (Wako, 99.5%, specific area
results from ARCO are promising. Lambert et[d9] stud- 0.5 nfg~1) was added to the solution to form a slurry. The
ied the effect of Ag crystallite size in potassium-promoted slurry was transferred into a stainless-steel milling machine
Ag/CaCGQ catalysts and found that the best PO selectivity (Fritsch, model pulverisette 6) with 30 milling balls and was
of 15% was obtained on a catalyst containing a large pro- milled for 4 h. The milled sample was then dried at 393 K
portion of Ag particles with sizes in the intermediate range (120°C) for 2 h and calcined at 633 K (36C) for 3 h.

of 20-40 nm. Ag patrticles that were either much smaller or Samples with 0.5, 1, 7, 14, 28, and 42 wt% were prepared
much larger than this intermediate range were less selectivein a similar manner. In the designation Ag(56)/Caf;®e
toward epoxidation. However, almost all of the information number in parentheses indicates the Ag loading in weight
regarding the structure and performance of ARCO-type cat- percent.

alysts (high silver content loaded on Ca®@ith promoters)

is found in patents, and few detailed studies have been made2.2. Catalytic testing

to help elucidate the nature of the active and selective sites

for PO formation. The epoxidation of propylene was carried out in a quartz

In situ diffuse reflectance spectroscopy in the ultraviolet— tubular microreactor with a diameter of 6 mm and a length
visible (UV~vis) region is useful for studying the electronic of 180 mm, with 0.5 g catalyst of 20—40 mesh size diluted
properties of heterogeneous catalysts and the nature of adwith quartz sand of the same mesh size to a volume ofl cm
sorbed intermediate species or side products during catalyticFlow rates of He (Jorban Helium Supply, purity99.9%),
reactions[27—31] More specifically, the optical properties O (Hitachi Sanso, purity> 99.5%), and GHg (Takachiho
of silver atoms, ions, and clusters have been well stud- Chemical, purity> 99.8%) were 15, 10, and 5 chmin—!
ied and exhibit characteristic UV—vis absorption baj8. each and were controlled by mass flow meters; the reaction
Pestryakov et al[33] have presented an interpretation of pressure was set at 0.3 MPa. Before reaction the catalysts
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were pretreated with He (15 émin—1) at 423 K (150°C) stant and 114 x 10'° m=2 is the surface density of silver
for 1 h. Reaction products were analyzed online by two atoms averaged for the three low index planes (100), (110),
gas chromatographs (Shimadzu GC-14). One was equippedand (111).

with a flame ionization detector (FID) and a thermal con- Field emission scanning electron microscopy (FESEM)
ductivity detector (TCD), which respectively included the images of the samples were obtained in a microscope (JEOL
use of a FFAP capillary column (0.32 mg60 m) and JSM 6500) operated at 15 kV. We obtained particle size dis-
a Porapak Q compact column (3 m2 m). The other tributions by measuring the diameters of at least 20 particles
had two TCDs attached to a MS-5A 60/80 compact col- in a representative region.

umn (3 mmx 2 m) and a Gaskuropak 54 84/100 com- In situ UV-vis spectra were collected with a large-
pact column (3 mnx 2 m). The FFAP capillary column  compartment spectrometer (Varian Cary 5000) equipped
and Porapak Q column were used to detect oxygenates (acwith a reaction chamber (Harrick Scientific; model HVC-
etaldehyde, PO, acetone, propionaldehyde, acrolein, acetidRP) in conjunction with a praying mantis diffuse re-
acid, and isopropanol) and GOrespectively, and the MS-  flectance attachment (DRP-XXX). Initially, the catalysts
5A and Gaskuropak columns were used to detect CO andwere pretreated as for the reaction studies with He (1% cm
hydrocarbons (propane, propylene, ethylene, and ethane)min~1) at 423 K (150°C) for 1 h and were then cooled to
respectively. The compositions of the columns were as fol- 298 K (25°C). The flow was then switched to reaction gases
lows: FFAP, modified polyethylene glycol terephthalic acid; at the same flow rate g or C;Hs = 5 cnP min~1, O,
Poropak Q, ethylvinylbenzene—divinylbenzene porous poly- = 10 cn? min~1, He = 15 cn? min~1) and pressure (0.3
mers; MS-5A, molecular sieve 5A, Gaskuropak 54 80/100, MPa) as in the reaction studies. Then the reaction temper-
polystyrene-divinylbenzene porous polymer 80—100 mesh. ature was raised to 473 K (20Q) at a rate of 0.17 Ks
Carbon balances closed to 1803%. The epoxidation of (10 Kmin1), and spectra were recorded after 1 h over the
ethylene was carried out in an identical manner, except thatrange of 200-800 nm at a scan rate of 200 nnthjan av-
ethylene (Takachiho Chemical, purity 99.5%) was used as aerage time of 0.5 s, and a data interval of 0.333 nm. Spectra

reactant. were referenced to CaGQunder the same reaction condi-
tions (pretreatment, gas environment, pressure, and temper-
2.3. X-Ray diffraction, O, chemisorption, FESEM, and in ature). Diffuse reflectance spectra were analyzed with the
situ UV-vis measurements use of the Kubelka—Munk functior¥ (R,), calculated from
the absorbance daf48].

The X-ray diffraction patterns of the samples were ob-
tained with an X-ray diffractometer (Rigaku, RINT2000)
operated at 40 kV and 40 mA, with CuzKmonochroma- 3. Results
tized radiation £ = 0.154178 nm). Crystallite size®x) of
the catalysts were determined from the line broadening of 3.1. XRD, SEM, and O, chemisorption measurements
the two most intense peaks &t 2 64.4° and & = 77.4°,
with the use of the Scherrer equatidbg = KX /8co96), Fig. 1shows the XRD patterns of the Ag/CagCatalysts
whereKk is a constant taken as 0.9is the wavelength ofthe  with different silver loading. The main peaks at 23.1, 29.5,
X-ray radiation,8 is the width of the peak at half-maximum 31.8, 36.1, 39.6, 43.3, 47.6, 48.5, 57.5, and 6@2®) are
corrected for instrumental broadening (0,land 2 is the due to the CaCe@support. With increasing silver loading,
Bragg angld42]. the intensities of peaks due to crystalline silver at 38.3, 44.3,
Surface areas and oxygen uptakes were measured in ®4.7, and 77.% (20) grow from very faint and diffuse for
volumetric adsorption unit (Micromeritics ASAP 2020). For the 0.5 wt% sample to very strong and sharp for the 56 wt%
the chemisorption measurements the samples were heated isample.
flowing O, for 1 h, evacuated for 0.5 h, reduced in flow- Fig. 2presents the FESEM images of silver catalysts with
ing Hy for 1 h, evacuated to< 1.3 mPa (10 pumHg) for 1, 14, and 56 wt% silver. The silver particle increases in
0.5 h, and dosed with fall at 443 K (170 C). Silver par- size and the distribution becomes broader with silver load-
ticle size and metallic surface area were calculated from theing level. For the 1, 14, and 56 wt% samples the maxima in
O, chemisorption uptake (umotd). Based on an adsorp- the distributions are 50, 170, and 370 nm, respectively, and
tion stoichiometry of Qy/Ags = 1, where Ag represents a  the breadths are approximately 20, 50, and 300 nm. With in-
surface Ag atom, dispersion for the silver samples can be creasing loading there is evidence for particle agglomeration
calculated by dividing the number of chemisorbed O atoms and irregular particle shape.
by the total number of Ag atonj§3—45] and if spherical Ag Table 1summarizes @ chemisorption and surface area
crystallites are assumed, the relationship between crystal-results for the Ag catalysts. The,Quptakes initially in-
lite size and dispersiom, is d (nm)= 1.34/D [43,46,47] creased rapidly with the Ag loading levels but then leveled
The metallic surface area was calculated according to theoff, reaching a maximum of 5.9 pmotd for a loading of
equations (m?g~1) = (O, uptakex 2 x 1076 x 6.02 x 42 wt%, and then decreased. The Ag particle size calculated
107%)/1.14 x 10'°, where 602 x 10?3 is Avogadro’s con-  from the chemisorption values increased with Ag loading,
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Fig. 1. XRD patterns of Ag{)/CaCGQ; catalysts and references.
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from 50 to 660 nm for silver loadings of 0.5 to 56 wt%. The
total specific surface area decreased slightly with loading.

3.2. Catalytic testing

Fig. 3shows the propylene epoxidation results over 0.5-g
samples of the Ag()/CaCQ; catalysts. No products other
than PO, CQ, and O were found. Propylene conver-

Table 1

Comparison of surface properties of AYCaCG; catalysts

sion increased with temperature and silver loading; a lower

temperature was required to obtain the same conversion at
higher silver content. PO selectivity decreased with increas-

ing temperature; the decline was very pronounced at conver-
sions greater than 30% for all of catalysts. The highest PO

selectivity was only about 10% and was obtained when the

conversion was low.

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

Fig. 5a shows a typical time course for propylene epox-
idation over a Ag/CaCe@catalyst (14 wt%). After a short
induction period of 3—4 h, the catalyst shows stable reactiv-
ity for more than 25 h with a propylene conversion of 15%
and a PO selectivity of about 8%. However, the performance
is quite different for ethylene epoxidatidrig. 5b shows that
ethylene conversion gradually declined with reaction time,
before becoming steady, starting at around 24—36 h, whereas
the EO selectivity went up. The catalyst stabilized with an
ethylene conversion of 9% and an EO selectivity of 53%.

3.3. In situ UV-vis spectroscopy

Figs. 6 and present in situ UV-vis spectra for Ag/CagO
catalysts with different silver loadings for propylene and
ethylene epoxidation at 473 K (20Q), respectively. From
a comparison of the two figures, it can be seen that there
are no appreciable differences between the spectra for the
same silver loading after 1 h on stream. Three main features
could be identified: silver plasmon resonances (2.4-3.7 eV),
AgP® band transitions (3.8—4.6 eV), and Adand transitions

Ag loading O, uptake Metallic surface area Dchent DsemP XRD crystallite siz& BET surface area
(Wt%) (umol g1 (m2g~1 (nm) (nm) (nm) (m2g~1)
0.5 0.663 Q070 49 - 785 -
1 0.943 Q099 66 50 1® 6.5
7 2916 Q307 149 - 12 -
14 4522 Q476 192 170 1% 33
28 4633 0488 375 - 13 -
42 5941 0626 439 - 13 -
56 5297 0558 656 370 12 30

@ Calculated from oxygen chemisorption uptakes.
b Calculated from scanning electron microscopy.
¢ Calculated by the Scherrer equation.
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Fig. 2. Field emission scanning electron microscopy (FESEM) images (left) and particle size distribution (rightixCAGQ; catalysts. Left: (a)
Ag(1)/CaCgq;, (b) Ag(14)/CaCQ, (c) Ag(56)/CaCQ. Right: (d) Ag(1)/CaCQ, (e) Ag(14)/CaCQ, (f) Ag(56)/CaCQ.

(5.4-6.2 eV)Figs. 6 and &show that the plasmon resonance dependence on silver loading could not be ascertained ex-
was quite symmetric and was centered at around 3.0 eV foractly because of the change in background; however, there
the catalysts up to 7 wt% silver loading. For silver load- is a clear trend of increasing AgAgP ratio with decreasing
ings higher than 14 wt%, the plasmon resonance was nosilver loading.

longer symmetric, and two changes could be noticed: a shift  Figs. 8 and Qresent in situ UV-vis spectra for Ag(14)/

of the main plasmon resonance peak to higher energies (blueCaCQ; catalyst with time on stream at 493 K (200) and
shift) at around 3.2 eV, and the appearance of a shoulder at0.3 MPa in GHg/O2/He and GH4/O2/He, respectively. In
about 3.5 eV. The intensity of Aand transitions increased  the case of propylene epoxidatidfig. 8), the most remark-
proportionally with the silver loading in the catalysts, as ex- able change was the quick reduction of the feature due to
pected. In the case of Agband transitions, the intensity ~Ag* band transitions, which occurred rapidly up to 4.5 h on
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Fig. 4. Ethylene epoxidation over Agl/CaCG; catalysts (a) ethylene con-

Fig. 3. Propylene epoxidation over Ag(CaCQ; catalysts (a) propylene version, (b) EO selectivity.

conversion, (b) PO selectivity.

stream and was fairly complete after 8.5 h (see dashed arrowsilver become stronger and sharper as the silver content is
for extrapolated baseline). After 24 h, only a slight shift to increased, indicating that the silver particles grow with an
lower energy (red shift) of the main plasmon resonance po- increase in loading. This trend is supported by the SEM ob-
sition and other minor changes were observed (solid arrow). servationskig. 2). The Ag(1)/CaCQ@ sample displays small
In the case of ethylene epoxidatidfig. 9) there was againa  silver particles on the support, which grow in size for the
decrease in the intensity of the Adeature, but in this case  Ag(14)/CaCQ sample and become larger and more numer-
the reduction process was slower than that in the propyleneous for the Ag(56)/CaC@®sample. The particle size distri-
epoxidation. Even after 24—36 h on stream, the Agature bution is narrow for the low loading sample and increases
was still present (considerable intensity remained above thein breadth for the high loading samples. Furthermore, the
dashed arrow). On the other hand, the main plasmon res-micrographs show that the low loading samples present sil-
onance position was significantly shifted to lower energies ver particles that are close to spherical in shape, whereas the
(red shift) together with other changes (solid arrow). high loading samples have silver particles of irregular mor-
phology as the particles agglomerate and coalesce. These
results will be quantified shortly.
4. Discussion The particle shape trends are also indicated by the UV-vis
results. The fact that the plasmon resonance is quite sym-
In this work a series of Ag/CaC{catalysts with silver ~ metric and is centered at around 3.0 eV for the samples up to
loadings from 0.5 to 56 wt% were used to study the effect 7 wt% silver loading indicates that the silver particles have a
of particle size on the epoxidation reactions of ethylene and regular spherical shape of narrow size distribution. For sam-
propylene with molecular oxygen. The total surface area of ples with higher silver loading, the presence of a new peak in
the catalysts was low, 3-6%g~1 (Table 1, as is typical the plasmon feature (resonance of higher multipolar order)
for this type of material. In the catalysts the silver parti- indicates the presence of oblate spheroids and large clus-
cle size becomes larger with increasing loading, as indicatedters in which the optical field becomes non-uniform across
by XRD, SEM, and @ chemisorption data. The XRD pat- the cluste[32,36,40,49] These resonances at about 3.2 and
terns Fig. 1) show that the peak intensities due to crystalline 3.5 eV are referred to as the (1, 1) and (1, 0) modes, re-
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Fig. 6. In situ UV-vis diffuse reflectance spectra of Ag/CaCetata-
lysts with different silver loadings at 473 K (20€) and 0.3 MPa in
C3Hg/Oo/He. Offsets are used for clarity.
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lysts with different silver loadings at 473 K (20€) and 0.3 MPa in
C,H4/Oo/He. Offsets are used for clarity.
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Fig. 8. In situ UV~vis diffuse reflectance spectra of Ag(14)/CaCatalyst
with time on stream at 493 K (22@C) and 0.3 MPa in gHg/O5/He.

positions of these resonances depend on the safbo(for
completely spherical particles the ratigh is 1) and are a
function of the particle shape. For instance, the larger the ra-
tio of the peak positions (in eV) of the (1, 4}, 1) modes,

the smaller the ratia/b [36,49] Therefore, it can be said
that for Ag(x)/CaCQ catalysts with silver loading higher
than 14 wt%, the silver particles have larger sizes and are no
longer spherical, tending to form oblate spheroids.

The results of @ chemisorption on Ag/CaCfcata-
lysts show that for catalysts with silver loading higher than
14 wt%, G uptake increased, but not proportionally to the
loading. This also indicates that there is crystallite agglomer-

the (1, 0) mode is due to the excitation of collective oscil- ation on the high loading samples, resulting in a poorer dis-

lations in the direction of the particle short axig). The

persion of Ag particles, hence giving lowep ©hemisorp-
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Wavelength / nm

Table 2
15 7?06?05?0 . .4?0, \ \ 3?0 PO and EO selectivities for Ag/CaGQatalysts at propylene and ethylene
' conversions of 10%
Catalyst PO formation EO formation
Temperature Selectivity Temperature Selectivity
(K) (%) (K) (%)
Ag(56)/CaCQ 445 60 441 480
Ag(42)/CaC@ 460 61 445 461
Ag(28)/CaCQ 474 62 456 467
Ag(14)/CaCQ 483 89 477 416
Ag(7)/CaCQ 508 67 489 257
Ag(l)/CaCl 535 50 550 320
Ag(0.5)/CaCQ@ 540 43 562 247
cussed earlier, the features at intermediate energy (3.8—

T
2 3 4 5 6

Energy / eV

4.6 eV) are due to band transitions of metallic’Agnd the
features at high energy (5.4-6.2 eV) are due to electronic
transition involving the Ag ion. It is clear from the results

in Figs. 6 and hat the ratio Ag /AgP increased with lower
silver loading. The results indicate that all particles have
some oxide present and that the smaller silver particles have

Fig. 9. In situ UV-vis diffuse reflectance spectra of Ag(14)/CaC@talyst
with time on stream at 493 K (22@C) and 0.3 MPa in gH4/O5/He.

tion. Such sintering of silver particles is well known. Ruck-
enstein and Legs0] reported crystallite migration and coa-
lescence when Ag samples were heatedridD silver par-

a larger proportion of the oxide. This is in accordance with a
thermodynamic analysis at atmospheric pressure of the free
energy of formation of AgO (in kJ mol1) from spherical

ticles supported on nonporous alumina, which was found by silver particles, which resulted in the equation AgO, —

transmission electron microscopy. The Ag(14)/CaGam-
ple shows 4.5 umolgt O, uptake, which is consistent with
previous results of Badani and Vannif®l]. Badani and
Vannice prepared an AgfAl,O3 catalyst with 15.1 wt%
silver loading, which had an Ouptake of 4.4 pmolg?.
The particle size in the Ag(14)/CaGGsample is in the
same range as that of their Ag(1&)Al,O3 sample, which

Ag20, AGYgg « = —11.25— 1150/ D, whereD is the par-
ticle diameter in nanometefs4]. The equation predicts that
smaller silver particles are more easily oxidized. It is likely
that the oxide is in the form of a thin layer on the surface of
a metallic core, as the XRD results show strong metal peaks
but no oxide features.

The different catalytic behaviors of the Ag/Cag€ata-

gives an average particle size of 213 nm, calculated by lysts for propyleneFig. 3) and ethyleneKig. 4) epoxidation
O, chemisorption uptake. Results for other loadings are are understandable. The low PO selectivity on the silver
summarized irTable 1 There is good agreement between catalysts is known to be due to the reaction between al-

the particle size measured by, ®hemisorption and those

lylic hydrogens and adsorbed nucleophilic oxygen species,

determined from the SEM pictures. For the 1, 14, and which results in total combustigh5-57] Table 2lists PO

56 wt% samples the Ochemisorption values are 66, 192,

and EO selectivities for Ag/CaC{catalysts at propylene

and 656 nm, whereas the SEM values are 50, 170, 370 nmand ethylene conversions of 10% each. It can be seen that
Note that the particle sizes calculated with the Scherrer equa-for propylene and ethylene the conversion behavior is sim-
tion are much smaller than those obtained by SEM and:by O ilar. Higher reaction temperatures are needed for catalysts
chemisorption. This may be due to the low sensitivity of the with low silver loading to obtain the same conversion. The
line-broadening technique to large crystallites and to strains selectivity results show some differences, however. The se-

in the large Ag particle$52], but most likely is due to the
presence of polycrystalline aggregates.
It should be noted that although©hemisorption is used

lectivity for PO is low and relatively constant, increasing
slightly for catalysts with intermediate loading centered at
Ag(14)/CaCQ. The selectivity for EO is highest for the cat-

in this study to estimate the number of surface sites, asalyst with the highest loading and decreases with loading.
with all chemisorption techniques the results are approxi- The decline in EO selectivity is more pronounced than that
mate. This is particularly the case for silver in which subsur- in PO. These results suggest that for both propylene and eth-
face oxygen chemisorption and bulk oxidation may occur at ylene epoxidation, large silver particles are favorable, and
higher oxygen coveraggs3]. However, the good agreement ethylene epoxidation is more sensitive to the silver parti-
between the chemisorption and SEM techniques gives cre-cle than propylene epoxidation is. This conclusion for EO
dence to the assumption that in this case the approximationis well known, as the best catalysts are recognized to have
is reasonable. low surface area and massive silver crystalljt&&59]
UV-vis spectroscopy can also provide information about ~ To compare the intrinsic activities of the Ag/Cag&am-
the surface oxidation state of the silver particles. As dis- ples with different Ag loading, turnover frequencies (TOFs)
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a) C H. 493K in the present study. In addition, the occurrence of particle
> % agglomeration at the larger loadings probably increases sur-
face disorder in those samples and offsets the expected gains
in the proportion of smooth surfaces. This helps explain
the limited changes in TOF in both reactions. Still another
factor, and perhaps the most important, is the change in ox-
idation state of the silver particles with size. The UV-vis
measurements at reaction conditions clearly indicate that the
smaller particles have larger amounts of Agpecies than
the larger particles. The smaller particles are probably par-
tially covered with a layer of AgO. In the case of ethylene
this compound has been reported to yield les§&X] Thus,
the observed decline in EO TOFi¢. 10 with a decrease in
particle size is likely to be due to a change in the active phase
from metallic to oxidic rather than a purely structural change
in going to small particles. The lack of change in PO selec-
EO 473K tivity may be due to the fact that the total oxidation reaction

40 b

TOF /102%™

8 I- EO 493K

N;" 6 occurs readily in both the metallic and oxidic phases.
Ny Another interesting finding in this study is the tran-
L o4 sient behavior of propylene and ethylene epoxidation on the
= Ag(14)/CaCQ catalyst. It was found that propylene epoxi-
5 00 493K dation re_ached s_teady state within 4-5 h, whereas ethylene
PO 473K epoxidation required about 24—36 h to reach a constant state.
A | : | This is probably related to changes in the catalyst surface
00 10 20 20 20 =0 00 during reaction. For the propylene reaction the in situ UV—

vis spectra showed a relatively fast reduction of the high-
energy (5.2-6.4 eV) Af peak, with the peak reaching a
Fig. 10. Turnover frequencies (TOF) for total reaction (a) and PO and EO constant value after 4-5 h. In contrast, for the ethylene reac-
formation (b). tion the Ag- peak was reduced and reached a steady value
after 24-36 h. Clearly, there is a very good correspondence
between the reactivity results and the UV-vis data. The de-
for total reaction and EO and PO formation were calculated crease in the intensity of the Agpeaks during propylene
at 473 and 493 K based on the oxygen chemisorption up- and ethylene epoxidation has a direct relationship with the
takes [ig. 10. Reaction rates for both ethylene and propy- reactivity. Upon exposure to the reactive gas mixture in both
lene increase with reaction temperature. For PO formation propylene and ethylene oxidation, the silver particles interact
the TOF increased slightly with silver loading at both tem- strongly with oxygen and, for the thermodynamic reasons
peratures. For EO formation, the TOF increased fivefold for discussed earlier, form a surface &ylayer. As the reaction
catalysts with 1 to 28 wt% silver loading at 493 K (220) proceeds, the propylene and ethylene react with the surface
(particle size ranging from 70 to 380 nm) and threefold at oxygen species and gradually reduce the surface. The to-
473 K (200°C). Classically, particle size effects can be used ta] rates of reaction in the two cases are simikig( 10a).
to determine the structure-sensitivity of reacti¢®8]. The For the Ag(14)/CaC@sample at 493 K the total turnover
present finding that the PO formation rate does not changefrequencies are, respectively, O.I(Hfor propylene oxida-
with Ag particle size whereas the EO formation rate varies tion) and 0.15 s (for ethylene oxidation), with correspond-
indicates that propylene epoxidation is structure-insensitive, ing characteristic timeg = 1/TOF) of 10 s and 6.7 s. Thus,
whereas ethylene epoxidation is structure-sensitive, at leastchanges in the catalyst surface occur over many turnovers. In
with Ag particle sizes ranging from 50 to 660 nm. However, the case of propylene the changes occur rapidly, probably be-
these conclusions, especially for the case of PO, need to because the selectivity for deep oxidation is much higher and
qualified because of various complicating factors. First, the much more surface oxygen is consumed in each catalytic
epoxidation of propylene occurs with very low selectivity, cycle. It is evident that propylene has a stronger reducing
and it is doubtful that a firm conclusion about the effect ability than ethylene and is able to reduce the surfacg\g
of structure can be reached when the reaction pathway befaster during reaction. The A@ is almost completely re-
ing examined is minor compared with others. Second, the duced during propylene epoxidatioRig. 8), whereas it is
changes in the structure of the catalysts are not as largepartially reduced during ethylene epoxidatidfig. 9). The
as should be expected because their size range is limitedreducing capability of propylene has been investigated on
especially on the low side. Normally, large changes are ex- silver catalysts in the selective oxidation of NO to NBog-
pected in the range of 1-10 nf@1], which is not attained  danchikova et a[63] found that in selective catalytic reduc-

Silver loading / wt%
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tion (SCR) a feed containing 500 ppm of propylene in a large takes, assuming equal numbers of low index planes were ex-

excess of @ reduced part of the oxidized silver species. posed. Particles sizes obtained from field emission scanning

They suggested that the high affinity of theelectrons of electron microscopy gave good agreement with the calcu-

propylene for metal cations probably favored the adsorption lated particle sizes and showed the occurrence of particle

of the hydrocarbon to the catalyst and allowed the reduction, agglomeration at high loadings. UV-vis reflectance spec-

despite the presence 0b0O troscopy confirmed these results, indicating the presence of
Another significant change revealed by the in situ UV— spherical particles at low loading and larger less symmetric

vis spectra is the occurrence of a red shift of the main sil- shapes at high loadings. The UV-vis spectroscopy also sup-

ver plasmon resonance position during ethylene epoxidationported the findings by X-ray diffraction that the silver was

(Fig. 9). This is not observed in propylene epoxidation. The mostly metallic, but also showed the presence of an oxide

change for the ethylene reaction may be related to a variationphase with a A component that was more favored with

in the shape of the silver particles from spherical to oblate lower particle sizes. Transient results indicated that propy-

spheroidg37]. Ruckenstein and Lefp0] found that when lene oxidation reached steady state quickly (3-5 h), and

silver particles were heated in,B4 the particles changed parallel UV-vis spectra showed substantial reduction of the

their shape from circular to ellipsoidal, and when heated in oxidic component. In the case of ethylene oxidation, steady

a mixture of GH4 and G the particles acquired more ir-  state was attained slowly (24—36 h), and UV-vis spectra indi-

regular shapes. It is possible that during ethylene oxidation cated retention of the oxidic component, with other spectral

the particles undergo restructuriféyl] that gives rise to the  changes consistent with the possible presence of adsorbed or

observed change in the silver plasmon resonance. This re-ssubsurface oxygen.

structuring may be associated with the formation of a unique

surface phase active for the EO reaction. There are two pos-

sibilities for this phase. One of them is a phase containing Acknowledgments
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