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Abstract

Culsilica catalysts show promise for the epoxidation of propene by dioxygen at atmospheric pressure. Their performance is comparabls
that reported by Haruta et al. in their first paper on propene epoxidation catalysis by nanoscopic Au particles supporteddnr Waterials
deliver stable performance in the presence of oxygen, without the neeg faddition, with selectivity toward propene epoxide decreasing with
increasing temperature. X-Ray photoelectron spectroscopy, Auger spectroscopy, and high-resolution electron microscopy indicate that the a
phase is a highly dispersed form of€u
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction tant conversion (1.1%). This report generated great interest and
stimulated much work with both practical dispersed catalysts
Because of their versatility as intermediates, epoxides arg@nd single-crystal model catalys$t]. Besides the low reactant
of great value in both synthetic organic chemistry and chemiSonversions obtained, another limitation of Au/pi®poxida-
cal technology. The heterogeneous epoxidation of alkenes oth8Pn catalysts is the need to co-feed a large amount of hydrogen,
than ethene is very difficult, however. This difficulty is often as-MOSt of which is wastefully converted to;B. Incremental ad-
cribed to the presence of labile allylic H atoms, whose facile/ances in performance have been achieved over the past decade.

abstraction results in combustion rather than selective oxidd-C" €xa@mple, Yap et a[6] recently reported 60-85% selec-

tion. Propene is the protypical case; indeed, propene oxide (PAy'Y at 6.5-2.5% propene conversion for Au on TS-1 with
2:02 ~ 1:1. The nature of the active site(s) involved and the

is a more valuable intermediate than ethene oxide, the large- _ _ O .
scale production of which is carried out using dispersed Ag ad'eéchanism of Au/Ti@-catalysed propene epoxidation remain
controversial, there being no consensus view.

a catalyst. Silver is actually very inefficient in propene epoxi- D . .
dation, delivering selectivities on the order o6% [1]. As a The oxidation chemistry of simple alkenes such as ethene

consequence, commercial production of PO proceeds by one 3Pd prO?err]\e_ clannotdbe St_Ud'ed l;]n?e_r vaCL;]um C(|)nd|t||onz be-
two homogeneous processes, both involving two Stdae cause of their low adsorption enthalpies—the molecules des-

and leading to undesirable by-products. Clearly, a one-step, eﬂ-rb before they can react. However, under such conditions,

vironmentally benign, heterogeneous route based on the use %yrene andransmethylstyrene can be used as mimics fqr
dioxygen would be far preferable. ethene and propene, respectively. Our UHV studies with sin-

In 1998, Haruta and co-workej4] announced the discovery gleil CZStarl] ?:rfracesl Stli,wei tgat"\r/n ert?rllhfng OpiFr)lertlr? mtrmjl-
of a titania-supported gold catalyst that gave propene EpOXEIZt%n (l)JfC st rgnZ:;Z]eCSirﬁiIaraexser?ments c:(r:rie%l 0Lejtevvpi?h -
dation selectivities close to 100%, although at very low reac- y e P

trans-methylstyrene[9,10] surfaces showed that even when

the alkene contains labile allylic hydrogen atoms, copper in-
* Corresponding author. Fax: +44 0 1223 336362. duces epoxidation, whereas silver gives rise to combustion only.
E-mail address: rml1@cam.ac.ukR.M. Lambert). Prompted by our work7,8], Lu et al.[11] investigated propene
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epoxidation at atmospheric pressure using a NaCl-modified space velocity of 2 x 10* h~1. Reactant and product analy-
VCe_,Cu, (x = 0-10) catalyst. Their best catalyst gave PO ses were performed using a gas chromatograph (Shimadzu 14B
selectivities 0f~43% at 0.19% propene conversion; adding H with Porapak and molecular sieve 5 A columns) with ther-
reportedly increased the selectivity+67/0%, although conver- mal conductivity and flame ionisation detectors and a Siemens
sion was not specified. Without the incorporation of a largeUltramat NDIR CO/CQ detector. X-Ray photoelectron spec-
amount of NaCl, all of their catalysts were unselective; evertroscopy (XPS) measurements were performed in a VG ADES
with added NaCl, their activity decreased substantially in thet00 UHV spectrometer using MgzKradiation.
absence of co-feed4dThe authors concluded that “coexistence
of V and Ce in the catalyst plays an important role,” although3. Results
the oxidation state of the PO-selective Cu component remained
unclear. Fig. 1illustrates the performance of catalyst A as a func-
Here we report on the epoxidation of propene with appartion of temperature. The principal products were PO, acrolein
ently simple Cu/silica catalysts operated at atmospheric pre§CH2=CHCHO), and combustion products (€@ CO, de-
sure. These materials do not require promotion by alkali halidefoted by CQ, and HO). Selectivity toward PO was greatest
are stable under reaction conditions (despite a substantial parti&i3%) at 225C (productivity, 0.014 mmolht gz propene
pressure of oxygen), and deliver useful selectivity toward Pcsonversion, 0.25%) and declined rapidly to a negligible value
formation without the need for a hydrogen co-feed. Two differ-at ~275°C (propene conversion, 1.26%). Approximately con-
ent catalyst preparation procedures with different Cu loading§tant but extremely small amounts of acetaldehyde and acetone
were used to examine the possible effects of catalyst morphoWwere also observed over the whole temperature range. The re-

ogy. sults depicted irFFig. 1 were reversible with temperature, and
at any given temperature the activity was constant—no changes
2. Methods were observable over an interval of several hours. AddingpH

the reactant feed (up to 5%) had no effect on the selectivity to-

Catalyst A was al wt% Cu/SiQ catalyst prepared by ward the various products; clearly, the reaction mechanism that
a microemulsion techniquil2] that was expected to yield chargcterises Cu/SiQs very different from that operating on
~5 nm copper particles of essentially uniform dispersion. ItAU/TIO. _ . o
was prepared in water/oil microemulsions wittheptane as [N the interval 225-275C, the decrease in PO selectivity
the continuous oil domain. A solution of the copper precur-correlates with initial increases in selectivity to acrolein, sug-
sor [0.1 M Cu(NQ);] was added to a mixture of the oil gesting that the former is the precursor of the latter. In the
and 16.54 wt% of surfactant, polyethyleneglycol-dodecylethefnterval 275-328C, PO production is effectively quenched,
(Brij 30, Fluka). The copper complexes were reduced by addingCcrolein production continues to rise, and C@¥oduction ac-
hydrazine (Cu:MH4, 1:10) to the microemulsion. The SiO tually falls. This suggests acrolein is more resistant to combus-
support was added to the particle suspension under vigoro©n than PO. Eventually, at 32& and above, COproduction
stirring, after which acetone was added slowly to break the mitiSe€S again as acrolein combustion becomes more important.
croemulsion and allow the particles to deposit on the suppofRodriguez et alf13] carried out in situ XRD studies of the ox-
material. The mixture was then stirred, filtered, and washeéf@tion state of copper as a function of temperature under con-
with acetone and water to remove the surfactant. After these cgitions of oxygen partial pressure that were very close to those
nanoparticles were deposited onto the silica support (Sigmaused here. They found tha})t Bwas the predominant species
Aldrich; surface area 390 fy~1), the resulting catalyst was at temperatures below 250°C, followed by CyO at interme-

dried inair at 60 C for 12 h and reduced at 20Q in 5% Hy/He

| —e— PO selectivity 14
for 1 h. 100 —a— Acrolein selectivity Catalyst A
Catalyst B was & wt% Cu/SiQ, catalyst prepared by in- —+—CO, selectivity

—o— Propene conversion

cipient wetness impregnation (a procedure expected to yield 80| 13

large copper particles) of the same silica support with aque- - ;él‘j
ous Cu(NQ@). followed by drying in air (10 h, 120C), air < 60} %
calcination (4 h, 300C), and reduction in K (2 h, 300°C). § {2 g
Both samples were crushed/sieved to yield grain sizes in the % 40} S
range of 250-600 pm and were reduced p(space velocity= @ &
2.4 x 10* h~1) at 300°C before testing. In the first catalytic test 20l 13
with catalyst A, conversion increased with time on stream until =
a steady state was reached aftéx h. In subsequent tests with ol lo

the same sample, steady state was reached immediately, indi-
cating that any residual surfactant had been burned off. Catalyst
B reached steady state very quickly. All of the results reported
here refer to the steady state. Fig. 1. Effect of temperature on selectivity to major products (left axis) and

The microreactor used for catalyst testing was a singlepropene conversion (right axis) for the oxidation of propene (Catalyst A). Gas
pass, fixed-bed reactor operating at atmospheric pressure wii¢ed 5% GHg, 5% O, 90% He; total flow is 50 mimin?; 0.1 g catalyst.
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Fig. 2. Effect of temperature on selectivity to major products (left axis) andFig. 3. Arrhenius plots for the oxidation of propene over catalys® &nd
propene conversion (right axis) for the oxidation of propene (Catalyst B). Gagatalyst B ). Gas feed 5% gHg, 5% Oy, 90% He; total flow is 50 ml mind;
feed 5% GHg, 5% O,, 90% He; total flow is 50 ml mint; 0.1 g catalyst. 0.1 g catalyst.

diate temperatures, with onset of CuO formation-@®50°C.  perature of 225C; the major product was propanal (75%), plus
Comparing their results with other published d§id] sug- acetone (13%), acetaldehyde (3%), and,G@%). When the
gests that CuO catalyses combustion of propene, where& Cu catalyst was fed with PO and>d0.5% and 5%, respectively,
favours partial oxidation to acrolein. However, for present pur-at 225°C), the major products were acrolein (21%) and,CO
poses, the most significant finding is that the XRD results 0{48%), accompanied by propanal (12%), acetone (5%), and ac-
Rodriguez et al. demonstrate that®Gurvives in the tempera- etaldehyde (14%). Repeating both types of experiments with
ture regime within which we observe PO formation. pure silica showed that the support was completely inert un-

Earlier studies on single-crystal surfaces of Cu under vaceer all conditions. The implication is that in the absence of
uum conditions showed that metallic copper efficiently cataly-oxygen, the copper component of the catalyst promotes iso-
ses epoxidation of styrene and butadi¢n@,15} that is, the  merisation of PO to propanal. Then, when oxygen is present,
active site is associated with &uThis work also showed that the propanal undergoes oxidative dehydrogenation to acrolein.
epoxidation is inhibited by the onset of Cu oxidation. More We may therefore conclude that production of acrolein during
significantly, the same general behaviour was found for the oxpropene oxidation is at least partly due to the formation and
idation of trans-methyl styrene (a phenyl propene containingfurther reaction of PO.
allylic H atoms) on Cu(111]9]. Therefore, we may tentatively Fig. 3 shows Arrhenius plots for the rate of propene con-
infer that the results shown fg. 1imply that propene epoxi- sumption. These yield apparent activation energies 48 kJ
dation is associated with the presence of Cu mol~! for catalyst A and~82 kJ motl! for catalyst B.

The corresponding results obtained with catalyst B under Finally, in view of the findings of Lu et a[11] in regard to
the same conditions used for testing catalyst A are shown ilNaCl-promoted selectivity, the effects of a range of alkali and
Fig. 2 Once again, adding Hto the reactant gas has no ef- chlorine additives on catalyst B were examined. 5 wt% NaCl-
fect. The behaviour with respect to PO and LC@oduction  modified and 5 wt% Cl-modified catalysts were prepared by
is broadly similar to that of catalyst A, although PO selec-impregnating the as-prepared Cu/gi®ith NaCl and NHCI
tivity is significantly lower (~15% selectivity at 225C with  aqueous solutions, respectively. Chlorine was also incorporated
propene conversion of 0.24%, the latter being similar to that ofnto the reaction in the form of 1,2-dichloroethane, supplied to
catalyst B at this temperature). This suggests that a morphdhe propene/oxygen feed gas at a concentration of 5 ppm. We
logical or some other difference may exist between catalysts Aound that all additives had a detrimental effect on the selectiv-
and B. The difference in behaviour between the two catalystgy toward PO formation.
with respect to acrolein production tends to support this view. XPS and Auger spectroscopy were used to establish the ox-
We could attempt to rationalise this difference by speculatingdation state of the Cu in the epoxidation-active catalysts. In
about possible differences in the relative importance of direcprinciple, discrimination between bulk Cu, gD, and CuO can
and indirect routes to acrolein formation (dehydrogenation obe achieved by examining the Cu 2p XP spectra and the Cu
propene followed by oxidation of the resulting allylic speciesL3VV Auger spectrd16]; however, this is a nontrivial task with
vs. isomerisation to butanal followed by dehydrogenation), busamples such as ours, which contain only very small amounts
this would detract from our principal purpose—understandingdf copper.Fig. 4 shows postreaction (22%) XP and Auger
PO formation. spectra of catalyst A (the more selective of the two catalysts)

To determine whether the fall-off in PO production with in- and corresponding standard spectra acquired with samples of
creasing temperature was associated with further epoxide copure CuO, CpO, and Cu. Based on the measured binding ener-
version, a series of control experiments was carried out. Acgies and the absence of shake-up satellite peaks at 943 eV and
cordingly, PO (0.5%) was fed to the catalyst at a reaction tem962 eV, the Cu 2p spectra establish that the PO active site is not
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Cu2p / Binding Energy (eV) .. . . e
910 920 930 940 950 960 970 H, addition (for stable operation) in the case of NaCl-modified

VCe;_,Cu,. Neither of these is required in the present case,
where NaCl actuallydecreases selectivity and H has no ef-
fect. It seems likely that (ii) reflects the tendency of the V/Ce
mixed-oxide component to oxidise the €Ceomponen{19,20]
and that the role of blis to counteract this. The fact thatbH

Cu

— Cu,0

= |Cu2p oo has no effect on the performance of our catalysts could reflect

= w Catalyst A the range of temperatures used for testing. For the purpose of

g M direct comparison with the work of Lu et al., these measure-

= cu % ments were made at215°C. Under such conditions, with an
w__,,__,_._/\"\‘ cu irreducible support such as silica, we would expect the pre-

Cu,0 dominant species to be €(i13] in the absence of Hy; hence
CaglL;itA added hydrogen should have little effect, as we observe. The

P e ALY reason for the very different response of the two types of cata-
870 830 890 900 910 920 930 940 950 . X
c . lyst to NaCl is unclear. It may be speculated that in the case of
UXAE / Kinetic Energy (eV) 3 . . .
VCe;_,Cu,, sodium acts to neutralize sites that lead to PO iso-
Fig. 4. Copper 2p XPS and Cu XAE spectra of catalyst A and three referencenerisation, thus inhibiting combustion, whereas with Cu/silica,
samples. the support is catalytically inert.

In summary, we have shown that an inexpensive base metal
associated with Ctt. The 2p binding energies of Cland C®  catalyst is effective for propene epoxidation without the need
are very similar and do not permit discrimination between theséor a hydrogen co-feed. The active phase appears to be a highly
species; here the Auger spectra are of use. Thé&/LAuger  dispersed form of metallic copper, and the performance of these
spectrum of CpO lies at substantially lower electron kinetic materials is comparable to that reported by Haruta géin
energy than that of metallic Cu. On this basis, the Auger spedheir first paper on propene epoxidation catalysed by AwTiO
trum of catalyst A cannot be associated withpOwand must be
due to metallic copper. However, comparison with the AugerAcknowledgments
spectrum of metallic copper shows that the high-kinetic energy

component is strongly attenuated in our catalyst compared with The authors thank Dr. D.A. Jefferson for performing the
bulk copper metal. This is a very unusual observation, althougllectron microscopy. O.P.H.V. and G.K. acknowledge the award
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