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Abstract

A reaction scheme is presented for the epoxidation of propene over gold-titania catalysts based on information from catalytic experiments and a
detailed infrared study. The reaction mechanism involves the formation of a bidentate propoxy species on titania sites by means of a reactive
adsorption of propene, which is catalyzed by the gold nanoparticles. The bidentate propoxy species can react with a peroxide species, produced on
the gold from hydrogen and oxygen, to produce propene oxide. Catalyst deactivation occurs via a consecutive oxidation of the bidentate propoxy
intermediate to strongly adsorbed carboxylate species. A kinetic model including these reaction steps was fitted to a series of catalytic experiments
and provided a good description of the measurements and yielded realistic kinetic parameters.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Gold-titania catalysts are a very attractive system for the
direct epoxidation of propene. Over the past years a
considerable research effort has been made into this system
by a large number of research groups [1-9]. Despite the fact that
the performance and stability of the catalysts has improved
significantly, the mechanism of the epoxidation is still largely
unknown. By improving the insight in the mode of operation of
this type of catalyst, the development of better catalysts for this
reaction will become possible.

Propene oxide is produced over gold-titania catalysts by an
oxidation in the presence of both hydrogen and oxygen. This
reaction only proceeds at a relatively high rate and selectivity
over catalyst which contain both gold and titania. It is assumed
that one of the key steps in the reaction mechanism involves the
formation of a peroxide reaction intermediate out of the
hydrogen and oxygen, which would be the true oxidizing
species in the reaction mechanism. This view is supported by a
number papers containing theoretical work and experimental
studies which have appeared recently [8,10—15]. In these papers
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it is shown that gold nanoparticles are capable of producing
hydrogen peroxide or adsorbed OOH intermediates. In a second
part of the reaction mechanism it is assumed that this peroxide
reaction intermediate epoxidizes propene over a titania site.
Hydrogen peroxide is know to be able to selectively epoxidize
propene over a titanium silicalite-1 (TS-1) catalyst [16]. At this
moment DOW-BASF are construction a propene oxide plant in
which hydrogen peroxide production and propene epoxidation
over a TS-1 type catalyst are integrated in a single process [17].

This paper aims to determine key steps in the reaction
mechanism of the direct propene epoxidation over gold—titania
using catalytic experiments, information from and infrared
study on adsorbates during adsorption and reaction experi-
ments, and kinetic modeling.

2. Experimental

Catalysts consisting of 1 wt.% of gold on P25 titania
(Degussa) were prepared by means of a deposition precipitation
method [18]. The desired amount of titania was dispersed in
demineralized water and the pH was adjusted to 9.5 using
aqueous ammonia. Over a 30 min period a solution of HAuCl,
in water was added, while maintaining a pH of 9.5 using
aqueous ammonia. After aging for 30 min the catalyst was
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washed and filtered and then dried overnight at 333 K. Finally
the catalyst was calcined at 673 K for 4 h. The gold loading was
verified to be the target value of 1 wt.% by performing X-ray
fluorescence (XRF). Transmission electron microscopy (TEM)
showed that the average particle size was 4.0 nm (o = 1.1).

The activity of the catalyst was determined by performing
experiments in a flow reactor set-up. Experiments were
typically conducted with 0.3 g of catalyst at a gas flowrate
of 50 ml/min (STP) of 10% of propene, 10% of oxygen and
10% of hydrogen in helium. The catalyst was tested in a number
of catalytic cycles of 5h each, with in between 1h
regenerations in 10% oxygen in helium at 573 K. The catalytic
performance was tested from 313 to 573 K.

Infrared adsorption-reaction experiments were performed in
a Perkin-Elmer Spectrum one transmission spectrometer on
self-supporting catalyst wafers of about 100 wm thick. After
drying in helium at 573 K, the cell was brought to the desired
adsorption/reaction temperature (typically 323 K), after which
measurements were done to determine species adsorbed on the
catalyst after exposing it to epoxidation reaction conditions or
an adsorbing species.

3. Catalytic experiments

In Fig. 1 the catalytic performance of the gold/titania
catalyst is shown at different temperatures. At the temperatures
in this figure (323-363 K) the selectivity towards propene oxide
is very high, >99% at 323 K, dropping to 93% at 363 K. It can
be seen that the propene conversion goes through a maximum,
which is higher as the reaction temperature increases. However,
the catalyst also deactivates rapidly, the rate of deactivation
being higher as the temperature increases. This catalyst
deactivation is completely reversible by a high temperature
(573 K) treatment in oxygen/helium, after which the catalyst
shows an identical behavior in a catalytic test. This indicates
that the deactivation is caused by adsorbate species on the
catalyst rather than by sintering of the gold nanoparticles. This
was confirmed by TEM analysis of a catalyst, which had been
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Fig. 1. Propene epoxidation over 1 wt.% Au/TiO, catalyst. Conversion of
propene at 323 K (squares), 373 K (triangles) and 393 K (circles). The lines
drawn through the experimental data points are meant only as a guide to the eye.

used for 300 h in epoxidation experiments. The average
particles size of this catalyst (4.2 nm, o = 1.2 nm) was within
the experimental error identical to that of the fresh catalyst.

Infrared adsorption and reaction experiments showed that
propene did not adsorb strongly on the titania support.
Adsorption of propene oxide yielded the spectrum shown in
Fig. 2A, which can be assigned to the formation of a bidentate
propoxy species [19,20] on the support. This species has two
very characteristic C-O-Ti vibrations at 1090 and 1140 cm ™"
for the primary and secondary carbon atom respectively. When
propene (both in presence and in absence of hydrogen/oxygen)
was absorbed on the gold/titania catalyst (Fig. 2B), it could be
seen that the same surface species was formed (only at
1440 cm™! an additional band is present, which is discussed
later). The fact that propene only adsorbed irreversible
producing this bidentate propoxy species in the presence of
gold nanoparticles, indicates that either propene or titania is
activated by these particles. Since the presence of oxygen/
hydrogen is not necessary for its formation, the oxygen in this
adsorbate species must originate from the titania. The intensity
of the bands for the bidentate propoxy species formed by
adsorbing propene on gold/titania indicates that only on titania
sites immediately surrounding the gold nanoparticles this
species is formed.

The bidentate propoxy species formed when propene oxide
was adsorbed on titania was found to be strongly adsorbed and
stable. After up to 2 h no changes in the observed infrared
spectrum were visible. The bidentate propoxy species formed
upon propene adsorption on the gold/titania catalyst underwent
a consecutive oxidation to carboxylate species. In Fig. 2C the
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Fig. 2. Infrared adsorption—desorption experiments at 323 K. (A) Propene
oxide adsorbed on TiO,. (B) Propene adsorbed (reacted) on Au/TiO, (spectrum
measured 5 min after 20 min propene adsorption). (C) Propene adsorbed
(reacted) on Au/TiO, (spectrum measured 60 min after 20 min propene adsorp-
tion).
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spectrum after propene adsorption on gold-titania is shown
after 1 h. The consecutive oxidation of the bidentate propoxy to
carboxylates is clear from the appearance of intense sharp
bands at 1370 and 1440 cm™' and a broader band at 1500—
1550 cm™'. At the same time a slight decrease in the CH
bending and stretching vibrations could be observed. The fact
that the overall intensity of the infrared vibrations of adsorbates
increases can be explained by the higher sensitivity of infrared
for the carboxylates compared to the adsorbed hydrocarbon
species (bidentate propoxy). Since this consecutive oxidation of
the bidentate propoxy species only occurred in the presence of
the gold nanoparticles, it is assumed they catalyze this
consecutive oxidation. The carboxylate species only desorbed
very slowly from the catalyst. They could only be removed
completely by heating the catalyst in the presence of oxygen to
a temperature of 473 K or higher.

The bidentate propoxy species, both formed out of propene
reactively adsorbing near gold particles or directly from
propene oxide adsorbing, adsorbs very strongly. Only heating
the sample to 573 K in the presence of oxygen caused
desorption of the adsorbed propene oxide. The bidentate
propoxy formed upon adsorption of propene could also be made
to desorb when a hydrogen/oxygen mixture was fed to the
catalyst. This latter observation is a strong indication for the
fact that the bidentate propoxy species is a reaction
intermediate towards propene oxide, considering the fact that
at 323 K in the catalytic experiments no other products than
propene oxide were formed.

Combining the information available from literature, the
catalytic data, and the data from the infrared adsorption
experiments, we would like to propose the reaction mechanism
shown in Fig. 3. For the formation of propene oxide there are

two important reaction steps. Firstly, the formation of a
peroxide species on the gold nanoparticles is a key step.
Secondly, there is the formation of a bidentate propoxy species
as propene adsorbs on titania sites near a gold particle. The
peroxide species can react with the bidentate propoxy species to
produce propene oxide and re-oxidize the titania which was
partially reduced when the bidentate propoxy was formed.
Based on the fast formation of the bidentate propoxy species
observed in the infrared experiments, the fact that a peroxide
species could be observed neither in the infrared experiments
nor in Raman measurements [21], and the slow desorption of
the bidentate propoxy when hydrogen and oxygen are co-fed, it
can be assumed that the peroxide formation is the rate
determining step in this mechanism.

As a side reaction the bidentate propoxy can be oxidized
further, also catalyzed by the gold nanoparticles. This reaction
is the one causing the catalyst deactivation, the surface species
formed by this consecutive oxidation are strongly adsorbed and
only desorb very slowly or upon a catalyst regeneration by
heating it in the presence of oxygen.

4. Kinetic modeling

A kinetic model based on the reaction scheme shown in
Fig. 3 was derived [22]. The model is able to transiently
calculate the propene oxide concentration in the gas phase and
the concentrations of the relevant adsorbate species as a
function of the axial position in the catalyst bed. The model was
based on the assumptions that the gas phase concentrations of
the reactants were constant (reasonable considering the low
conversion levels). It was assumed that any peroxide species
formed would immediately react with a bidentate propoxy to
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Fig. 3. Schematic representation of model for reaction and deactivation for the propene epoxidation over gold-titania catalysts.
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Scheme 1. Differential equations describing the kinetic model.

produce propene oxide (in line with the assumption of the
peroxide formation being the rate determining step). Propene
oxide can re-adsorb on both titania sites neighboring gold and
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Fig. 4. Comparison of kinetic model (line) and measurements (symbols) for a

this equation represent the bidentate propoxy formation by
reactive propene adsorption, propene oxide adsorption, propene
oxide formation by reaction with a peroxide species, and the

number of experiments at different reaction conditions. () 7=325K,
GHSV =3600h""; (&) T=325K, GHSV=9000 h'; (A) T=365K,
GHSV =9000h™".



88 T.A. Nijhuis, B.M. Weckhuysen/ Catalysis Today 117 (2006) 84-89

Table 1
Summary of parameters obtained from fitting the kinetic model to the experi-
mental data set (rate constants at 325 K)

Parameter ~ Units Value 95% Confidence region
Lower Upper

ke min~' 1.18 0 24

kq m*/mol/min  70.9 25 117

ky min~! 2.63 0 6.2

Kgeact min ! 0.0202 0.004 0.036

Kreact min~! 1.08 x 1073 8.5 x 107° 13 x107°

Nx mol/m> 282 220 340

Sriau - 0.043 0.005 0.081

E,; kJ/mol 47.5 36 58

E.q kJ/mol 46.8 24 69

E,q deact kJ/mol 144 133 154

E, react kJ/mol 81.9 60 104

consecutive oxidation to produce carbonates/carboxylates. The
third equation represents the formation of carbonates by the
oxidation of bidentate propoxy species and their desorption. Eq.
(4) represents the adsorption of propene oxide on non-catalytic
titania sites.

The kinetic model was fitted to a large data set of
experimental observations at different flowrates, catalyst
masses, and temperatures (15 individual experiments with
100 experimental data points each). Once single set of reaction
parameters was determined for all experiments by minimizing
the squares sum of residuals between model predictions and
measured observations. The model described the measurements
well in the temperature range of 313-365 K, the range at which
propene oxide is produced with a high selectivity. Fig. 4 shows
the model and the measurements at four different experimental
conditions. Only at the highest reaction temperature, where
the selectivity towards propene oxide decreases, the model
has a small deviation from the measurements. Side reactions
were not included in to the model, which explains this
deviation.

Table 1 lists the parameters as were obtained from the
kinetic modeling. In literature no rate constants or activation
energies are reported for the propene epoxidation over gold—
titania catalysts, which could have been used as a reference.
The reason for this is most likely the dynamic behavior of the
catalyst during the reaction in which the catalyst activity first
increases and then decreases and the seemingly negative
activation energy for the reaction, since the ‘steady state’
activity of the catalyst decreases with an increasing tempera-
ture. This last behavior can be explained based on the activation
energies in Table 1. It can be seen that the activation energy for
deactivation (144 kJ/mol) is higher than the activation energies
relevant for the propene oxide production (k, and kg, both 47 kJ/
mol). This latter values are of a similar magnitude as reported
values for the heat of desorption of propene from TiO, and Au/
TiO, (47 and 60 kJ/mol, respectively [23]). The adsorption
capacity for propene (oxide) the model calculates (282 mol/m?>,
=1.4wt.% PO) for the catalyst corresponds well to the
experimentally determined adsorption capacity for this catalyst
[19]. The fraction of titanium sited neighboring gold (4%) also

is a reasonable value if one looks at transmission electron
microscope pictures of the catalyst.

5. Discussion

The combination of spectroscopic measurements, catalytic
measurements, and kinetic modeling discussed in this paper
brings the understanding of mode of operation of gold-titania
catalysts for the propene epoxidation a step closer. In literature
there is no agreement yet on the manner in which these
catalysts work. One point on which agreement seems to have
been reached, is that the main role of gold is the formation of a
peroxide species or hydrogen peroxide. This has been
confirmed both by experimental and theoretical studies
[8,10,12—-14,24]. In the model we propose, this is also an
essential step, but we also propose another role for gold,
namely the activation of propene, which thereafter reacts with
titania surface groups [5,19,22] and only in a second step reacts
with a peroxide species. The bidentate propoxy species we
observed on the surface, was also observed by Mul et al. [20],
but not identified as a reaction intermediate. Whether this
species is indeed the important reaction intermediate as we
suggest, and how this species or a different type of adsorbed
propene species reacts with the peroxide species still needs
further investigation.

We showed in our modeling that the strong adsorption of
propene oxide on the catalyst is one of the main factors limiting
the catalytic activity. This view is also confirmed in literature,
where it is shown that a competitively adsorbing component
can positively affect the propene epoxidation [7,25]. Further-
more, Haruta has shown that silylation of surface hydroxyls,
which significantly reduces the propene oxide adsorption
strength, greatly improves the propene oxide yield [26].

6. Conclusions

A mechanistic model is presented for the gold-titania
catalyzed propene epoxidation, which is able to describe the
catalytic measurements well. The key steps in the reaction
mechanism are the formation of a bidentate propoxy species on
titania upon a reactive adsorption of propene. Gold nanopar-
ticles are essential for the formation of this species. This
bidentate propoxy species consecutively can produce propene
oxide by reacting with a peroxide species produced on gold
from hydrogen and oxygen. Alternatively this species can be
oxidized further to produce strongly adsorbed carboxylate
species on the catalyst causing the catalyst to lose activity.
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