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Abstract

The total oxidation of C3H6 was investigated over Au/Al2O3, and multicomponent Au/MOx /Al2O3 (M: Ce, Mn, Co, Fe) catalysts pre
pared by deposition-precipitation with urea. The catalysts have been characterized by means of X-ray diffraction (XRD), high-resolut
transmission electron microscopy (HRTEM), scanning electron microscopy (SEM), total surface area (BET), and diffuse reflecta
violet–visible spectroscopy DR/UV–Vis. Based on this characterization, it was concluded that gold is present as Au0. The most active catalys
is Au/CeOx /Al2O3. Ceria and the transition metal oxidesact as cocatalysts. It can supply oxygen via a Mars and van Krevelen mechanism
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

An important class of air pollutants consists of vola
organic compounds (VOCs) from industrial plants and tra
portation vehicles. Among the potential technologies
VOC abatement, catalytic oxidation is preferred. The
tended oxidation products are CO2 and H2O, which are
eventually accompanied by HClif the VOCs are chlorinated
Conventionally, catalysts based on noble metals (Pt and
supported on Al2O3 or SiO2 are successfully used to elim
nate VOCs by total combustion[1]. However, attention ha
also been paid to base metals. Cobalt oxide, chromium
ide, and copper oxide are reported to be among the m
active oxides in catalytic combustion[2–4]. Furthermore
spinel-like materials (CoCr2O4, CuCr2O4, ZnCr2O4 [5,6])
or perovskite-like compounds (LaMO3 [7,8]) are reported
to be promising because of their high activity and stabil-
ity at high temperatures. The mechanism of the total c
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t

bustion of VOCs (propane, propene, acrolein, propan-2
and acetone) over Co3O4, MgCr2O4, and CuO was estab
lished to be of the Mars and van Krevelen type and p
ceeds through nucleophilic attack of the lattice oxygen
the above-mentioned oxides[9,10].

Gold, despite its chemical inertness, if present in a ma
sive form, proved to be very active in CO oxidation at v
low temperatures when it is highly dispersed and depos
on reducible metal oxides, hydroxides of alkaline earth m
als, or amorphous ZrO2 [11–13]. In addition, it has bee
demonstrated that gold-basedcatalysts are catalytically ac
tive in other reactions: NOx reduction[14–16], hydrogena-
tion of unsaturated hydrocarbons[17], WGS reaction[18],
NH3 oxidation [19], and total oxidation of VOCs (i.e., 2
propanol, methanol, and toluene)[20,21]. For the latter, the
catalytic activity of Au/Al2O3 and Au/CeO2 has been ex
plained on the basis of the capacity of gold to increase
mobility of the metal oxide lattice oxygen, which is involv
in the VOCs oxidation through a Mars and van Kreve
mechanism[20,21].

However, there are still disputes regarding the active f
of Au: is it zerovalent or oxidized[22], or is the simulta-
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neous presence of metallic gold atoms adjacent to cati
gold required[23–25]? Furthermore, the role of water is u
clear, inasmuch as both beneficial[26,27] and detrimenta
effects[28,29]of water on the catalytic activity of gold hav
been reported. In addition, the role of additives is still un
discussion. There is a general consensus that certain
tives/supports prevent small gold crystallites from sinter
under mild reaction conditions. It has also been propo
that the interface gold-metal oxide may play an import
role in the activation of oxygen[30,31].

The aim of this paper is to elucidate for the present c
study:

(a) The nature of the gold (metallic or ionic?) in the go
based catalysts used;

(b) The role of the additive: is it a chemical promot
a structural promoter, or a cocatalyst?

A chemical promoter implies that the additive, thou
not active itself, improves the effectiveness of the cata
by chemical means. A structural promoter increases the ca
alytic activity by modifying the structure of the catalyst, a
a cocatalyst has an active role in the catalytic action and ac
along with the main catalyst.

More specifically, we report here on the catalytic oxid
tion of propene as one hydrocarbon representative of a
motive emission[32], over Au supported on alumina, wit
ceria, Co3O4, MnO2, and Fe2O3 used as additives.

All of the above-mentioned multicomponent cataly
have been characterized by means of different technique
such as atomic absorption spectroscopy (AAS), XRD, BET
HRTEM, SEM, and DR/UV–Vis, and attempts have be
made to correlate the catalytic activity with the stru
ture/composition of the catalysts.

2. Experimental

2.1. Catalyst preparation

Mixed oxides, MOx /Al2O3, were prepared by vacuu
impregnation ofγ -Al2O3 (Engelhard Al-4172P,SBET =
275 m2 g−1, pore volume: 3 ml g−1) with the corresponding
nitrates of Ce, Co, Mn, and Fe (Aldrich products;> 99.9%
purity). After drying for at least 16 h at 80◦C in static air,
the mixed oxides were subjected to calcination in O2 flow at
350◦C for 2 h. The prepared mixed oxides typically have
M:Al atomic ratio of 1:15.

Gold was added to Al2O3 or MOx /Al2O3 via homo-
geneous deposition-precipitation (HDP), with the use
urea as a precipitating agent and HAuCl4 · 3H2O (Aldrich;
99.99%) as the gold precursor. Details of the prepara
procedure have been reported elsewhere[16]. The solution
pH at which the deposition of HAuCl4 takes place on th
support is of crucial importance to achieving the most
tive form of Au and depends, besides other factors, on
i-

so-called “point of zero charge” (PZC) of the support tha
used. Details concerning the PZC of various oxides ma
found elsewhere[33]. For the present case, the final pH so
tion was 8.5. The filtered powders were thoroughly was
to remove Cl− residues. All catalysts were calcined in O2
flow at 300◦C for 2 h. The intended gold loading was 5 wt%

2.2. Catalyst characterization

The gold loading was measured by atomic absorp
spectroscopy (AAS) with a Perkin-Elmer 3100 spectrom
ter with an air/acetylene flame[16]. For that purpose, th
catalyst was dissolved in aqua regia (3HCl:HNO3), and the
solution was diluted with demineralized water before
analysis was performed.

BET surface areas of the catalysts were measured b2
physisorption at−196◦C with an automatic Qsurf M1 ana
lyzer (Thermo Finnigan). Before each measurement the
alyst was degassed for 2 h in helium at 200◦C to remove
the adsorbed impurities. For each measurement at least
points were taken in account to calculate the total sur
area of the samples.

XRD measurements were carried out on a Philips
niometer PW 1050/25 diffractometer equipped with a P
Cu 2103/00 X-ray tube operating at 50 kV and 40 m
The average gold particle size was estimated from XRD
broadening with the Scherrer equation.

DR/UV–Vis spectroscopy experiments were perform
with two commercial units: a Perkin-Elmer Spectrome
Lambda 900, and a CARY 300 SCAN (Varian). The m
surements were performed on air-exposed samples bet
200 and 850 nm.

HRTEM measurements were made with a JEOL 2
microscope with a point-to-point resolution better th
0.19 nm.

SEM and energy dispersive spectroscopy (EDS) d
were obtained with a JEOL (JSM 5300) microscope.

2.3. Catalytic activity measurements

Propene (C3H6) oxidation was carried out in a lab-sca
fixed-bed reactor in which typically 0.2 g of catalyst w
loaded. Prior to each measurement, the catalyst was reduce
in situ at 300◦C for 30 min with 4 vol% H2/He. The feed
gases were controlled by mass flow controllers (Bronkho
and set to a total flow of 30 ml min−1. All of the gases
were 4 vol% in He, and the ratio used for the cataly
combustion of propylene was C3H6/O2 = 1/9 (large excess
of oxygen). The reaction was started after stabilization
room temperature for at least 30 min. The experiments w
performed in a temperature-programmed way: the tem
ature was slowly increased or decreased (5◦C min−1) be-
tween room temperature and 400◦C. The temperature ram
of 5 ◦C min−1 was considered to be sufficiently slow to rea
a pseudo-steady state at every point. Each experiment
sisted of at least two heating-cooling cycles, to monitor p
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sible hysteresis and catalyst deactivation processes. The e
fluent stream of the propene oxidation reaction was analyze
every minute with either a gaschromatograph (Chrompac
CP-9001) equipped with a Haysep N column, a methan
and FID detector, or a quadrupole mass spectrometer (B
ers Q422). Usually, the turnover frequency (TOF), defi
as the catalytic activity per surface metal atom, is a real
parameter for a comparison of the catalyst performanc
general, CO and H2 titration is used to determine the numb
of exposed metal atoms. For gold-based catalysts, this
tion method is not applicable because of the weak adsorpti
of these molecules on the Au surface. Therefore, to compa
the catalytic performance of different catalysts tested in th
study, the conversion achieved during the second heatin
cle will be used.

3. Results and discussion

Table 1summarizes the gold loading, the average siz
gold particles for fresh and spent catalysts as determine
XRD measurements, and the total and metallic surface a
of the catalysts. The details are described below. The s
table contains the results of the catalytic performance
expressed in terms ofT95%, which corresponds to the tem
perature needed to achieve 95% propene conversion d
the second heating stage. In general the catalysts performe
slightly better during the first heating-cooling cycle, but
difference between the cycles did not exceed 30–40◦C. Re-
sults obtained during the third or fourth heating cycle w
similar to those obtained during the second run.

The results obtained for the gold loading show a re
tively small variation from the intended results (5 wt%). T
BET total surface area is above 200 m2 g−1 for all sam-
ples. Gold deposition (Au/Al2O3 catalyst) did not result in
significant change in the total surface area (260 m2 g−1 com-
pared with 275 m2 g−1 for the Al2O3 support). However
the total surface area was 207 m2 g−1 for Au/CoOx /Al2O3
and 218 m2 g−1 for Au/CeOx /Al2O3. The additive probably
blocks some of the Al2O3 pores during the vacuum impre
nation step, resulting in a decrease in SBET up to a maximum
-

-

s

g

of 25%. Freshly prepared catalysts and spent catalysts we
subjected to XRD, and the results given inTable 1show that
the size of the gold particles is preserved during the reac
test. The only exception is Au/MnOx/Al2O3: relatively large

Fig. 1. Scanning electron microscopy (SEM) picture of Al2O3.

Fig. 2. Scanning electron microscopy (SEM) picture of Au/Al2O3.
by
Table 1
Catalysts characterization and catalyticperformance in propene oxidation for Au/Al2O3, Au/CeOx /Al2O3, Au/CoOx /Al2O3, Au/MnOx /Al2O3, and
Au/FeOx /Al2O3. C3H6:O2 ratio is 1:9
Catalyst Au SBET d

XRD,f
Au d

XRD,s
Au dHRTEM

Au SXRD
Au T95% XMax

(wt%) (m2 g−1) (nm) (nm) (nm) m2 g−1 (◦C) (%)

Au/CeOx /Al2O3 4.5 218 < 3.0 < 3.0 1.7± 0.2 – 224 20
Au/CoOx /Al2O3 4.3 207 5.0± 0.1 5.9± 0.1 – 2.2 319 n.m.
Au/MnOx /Al2O3 4.3 222 8.0± 0.1 11.0± 0.1 4.9± 0.3 1.4 294 10
Au/FeOx /Al2O3 4.4 234 < 3.0 3.1± 0.2 – – 273 n.m.
CeOx /Al2O3 – – – – – – > 400 26
Au/Al2O3 4.1 260 4.3± 0.1 4.5± 0.2 5.2± 0.3 2.4 417 0
Al2O3 – 275 – – – – > 400 –

Mean diameters of gold particles, as determined by X-ray diffraction measurements:d
XRD,f
Au , fresh catalysts;dXRD,s

Au , spent catalysts; and determined

HRTEM measurements:dHRTEM
Au , fresh catalysts.XMax, maximum propene conversion in the absence of O2 in the gas stream. n.m.: not measured.
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Fig. 3. HRTEM micrograph of Au/Al2O3. Gold particles are visible as black dots on the support.
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Fig. 4. HRTEM micrograph of Au/CeOx /Al2O3 (black dots represent Au
particles, dark gray dots-ceria and light gray regions-alumina).

particles were found for the as-prepared sample; XRD
vealed an average of gold particles around 8.1 nm. The s
Au/MnOx /Al2O3 shows an average around 11 nm. Howev
the catalytic activity of Au/MnOx/Al2O3 is very high (see
Table 1). This result suggests that for this type of cataly
which contains an “active” oxide as MnOx , the mean diam
eter of particles might be not very crucial for obtaining
active catalyst. However, we cannot rule out the possib
that Au/MnOx /Al2O3 also contains very small gold cry
tallites below the XRD detection limit (∼ 3 nm). A similar
effect is found for Au/CoOx /Al2O3, which exhibits a good
performance in propene oxidation and whose average
t

Fig. 5. HRTEM micrograph of Au/CeOx /Al2O3. The lattice spacing of Au
was found to be 2.76 Å.

particles are around 5 nm for the fresh sample. In addit
no diffraction lines for Au2O3 or Au2O were found for any
catalysts.

Based on the XRD measurements, the gold surface
of the catalysts has been estimated; the results are also
marized inTable 1. The calculations have been made
suming that the gold particles are hemispherical in sh
with the flat side on the support. The results may be c
sidered a relative measure of the available gold sur
area. Based on XRD results, it is found that the Au s
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Fig. 6. HRTEM micrograph of Au/MnOx /Al2O3.
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Fig. 7. DR/UV–Vis optical spectra of different gold-based catalysts.

face area varies between 1.4 m2 g−1 (Au/MnOx/Al2O3) and
2.4 m2 g−1 (Au/Al2O3). However, a complete ranking of th
catalysts based on the variation of the Au surface area ca
be made, since XRD was unable to detect any Au signa
Au/CeOx /Al2O3 and Au/FeOx /Al2O3. Additional HRTEM
measurements are necessary. For some of the oxides
possible to identify their formal oxidation state, but not
all. Because of their relatively low loading, these oxides ar
presumably highly dispersed over alumina, which makes
interpretation of the XRD spectra difficult.

Scanning electron microscopy (SEM) was performed
visualize possible macroscopic changes in the alumina s
ture after gold deposition. The two pictures presented
Figs. 1 and 2, of Al2O3 and Au/Al2O3, respectively, demon
strate that the support is preserved after Au deposition.

Fig. 3shows a typical HRTEM image of the gold particl
for Au/Al2O3. The gold particles (black dots inFig. 3) are
t

s

-

Fig. 8. Catalytic activity performance of Au/Al2O3, Au/CeOx /Al2O3,
Au/CoOx /Al2O3, Au/MnOx /Al2O3, Au/FeOx /Al2O3, and CeOx /Al2O3.
Reactant ratio: C3H6:O2 = 1:9, total flow rate: 30 ml min−1.

fairly homogeneously distributed over the support and h
an average diameter of 5.2 nm. Two HRTEM micrograph
Au/CeOx /Al2O3 catalyst are presented inFigs. 4 and 5. It is
noteworthy that metallic gold particles (black dots inFig. 4)
are mainly located on the crystalline ceria (dark gray d
and to a lesser extent on alumina (light gray regions).Fig. 5
shows the lattice spacing of Au, 2.76 Å, which correspo
to the Au(111) reflection. The mean diameter of the g
particles, as determined by counting at least 200 parti
was found to be around 1.7 nm.

Fig. 6shows the HRTEM micrograph of Au/MnOx/Al2O3.
The gold particles are visible as black dots and are rathe
mogeneously distributed over the support, but are larger
in the case of Au/CeOx /Al2O3, dAu = 4.9 nm.

The metallic gold surface area of Au/CeOx /Al2O3 as
determined by HRTEM measurements is 7.1 m2 g−1. For
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Au/MnOx /Al2O3 catalyst it is 2.4 m2 g−1, and for Au/Al2O3,
1.5 m2 g−1. The corresponding Au dispersion was estima
to be around 52% for Au/CeOx /Al2O3, which is much
higher than the Au dispersion of Au/MnOx/Al2O3, 20%,
and that of Au/Al2O3, 11.5%. A large dispersion/metall
surface area would imply a highly active catalyst. Hen
Au/CeOx /Al2O3 would perform the best from the series
the noble metal were the only active phase.

The optical spectra of Au/MOx /Al2O3 are presented in
Fig. 7. For comparison, the same figure also depicts the s
tra of the corresponding supports. The typical plasmon r
nance peak of metallic gold around 550 nm is a general c
acteristic for all samples. Other additional absorption ba
(due to ionic gold or partly charged Au nanoclusters) h
not been detected in the optical spectra (absorption b
below 500 nm). In principle, a direct correlation should ex
between the mean particle diameter as determined by X
and/or HRTEM and the peak and shape position in DR/U
Vis spectra. A sharper peak in DR/UV–Vis implies larger
particles. However, other factors may also influence the
tical spectra, such as the surrounding environment and
interaction between gold and support[17].

The catalytic performance expressed in terms of the t
perature needed to reach 95% propene conversion is sum
rized in Table 1. The catalytic performance of the samp
over the whole temperature range is illustrated inFig. 8.
In addition, the catalytic performance of CeOx /Al2O3 is
also depicted, for comparison.The most active catalyst i
Au/CeOx /Al2O3, with a T95% = 224◦C. This catalyst also
shows a good stabilityduring the catalytic runs (compa
d

XRD,f
Au with d

XRD,s
Au in Table 1). The next catalyst able to a

most fully convert C3H6 into CO2 at a temperature as lo
as 294◦C is Au/FeOx /Al2O3, followed by Au/MnOx/Al2O3
and Au/CoOx /Al2O3.

The supports were also tested for C3H6 oxidation, and
no noticeable conversion was found, with the exception
of CeOx /Al2O3 (seeFig. 8). It is interesting to note tha
Au/MnOx /Al2O3, with relatively big Au particles (8 nm), is
an active catalyst and converts C3H6 at a temperature lowe
than, for instance, Au/CoOx/Al2O3. Based on the above
presented results, Au/CeOx /Al2O3 can be considered th
most promising catalyst of the series, not only becaus
converts C3H6 into CO2 at the lowest temperature, but al
because it shows a high stability. Its performance was st
even after 8 h on stream. In fact, all gold-based catalysts
in this study display a good stability. The catalytic perf
mance was stable during the 8-h test, and thedXRD

Au did not
increase very much (seeTable 1). Au/CeOx /Al2O3 appears
to be the best candidate for practical applications bec
of its lowest light off temperature, small gold particles, a
high Au dispersion.

It appears that for catalysts containing a transition m
oxide as additive, the mean diameter of the gold particles
determined by XRD and/or HRTEM) is not very crucial f
obtaining an active catalyst.The reason for this may resid
in the intrinsic properties of the additives, which may act
-

only as a structural promoter (by stabilizing gold partic
against sintering, a phenomenon which starts early in
preparation step), but also as a chemical promoter, or as
catalyst. It has already been mentioned that the mixed ox
CeOx /Al2O3, MnOx /Al2O3, CoOx /Al2O3, and FeOx /Al2O3
are not very active in C3H6 oxidation under the reaction con
ditions used in this study. Thus, the question is: how do th
oxides interact with gold and/or participate in the cataly
process?

Ceria is very well known for its oxygen storage cap
ity (OSC), defined as the capacity to release/accept oxy
under fuel-rich/lean conditions in the gas stream. Cent
and co-workers[34] have studied the catalytic combusti
of VOCs on Au/CeOx /Al2O3, and they concluded that th
presence of cerium ions exertsa positive influence on th
fixation and the final dispersion of gold on alumina su
port. In addition, ceria stabilizes the gold particles with l
crystallite size. In addition to these beneficial features, ce
because of its redox properties,may improve the catalytic
behavior of the catalyst by increasing the supply of ac
oxygen. Similar conclusions were proposed by Scire e
[21] in their study of VOC oxidation over Au/CeO2. The
mechanism of hydrocarbon oxidation over ceria and o
reducible metal oxides is usually considered to be of the
dox or Mars and van Krevelen type[9,10,21,34]. The key
steps of this mechanism are believed to be the suppl
active oxygen by the readily reducible oxide and its reo
dation by oxygen. In addition, Fu et al.[35] discussed the
catalytic performance of Au-CeO2 for the WGS reaction in
terms of the mean diameter of CeO2 particles. Apparently
the interfacial effect created by metal-support interactio
more important than the mean diameter of gold partic
Moreover, because the active oxygen is supplied by Ce2,
the dimensions of the ceria particles are important. In
present study the mean diameter of CeO2, as estimated from
the FWHM of the main peak from 2θ = 28.54◦ (XRD), was
found to be around 9 nm. This value is relatively close
those reported by Fu et al.[35]. Moreover, according to X
ray diffraction measurements, no significant change in th
diameter of ceria particles was detected for the spent c
lyst, implying that ceria is stable during the catalytic test.

The oxygen availability of CeOx and, in turn, the pres
ence of a Mars and van Krevelen mechanism in prop
oxidation were examined over pre-reduced (H2, 300◦C,
30 min) CeOx /Al2O3. During the catalytic run, oxygen wa
replaced with argon. Hence, the feed passing through the
alyst bed consisted of 4% C3H6 in He and Ar. Interestingly
in addition to propene consumption and water formatio
relatively large amount of CO2 was detected. This is a dire
indication that, although CeOx /Al2O3 has already been sub
jected to mild hydrogen pretreatment at 300◦C for 30 min
prior to the reaction, there is still lattice oxygen available
reaction with C3H6 to form CO2 and H2O. The propene con
sumption and the water and carbon dioxide production
depicted inFig. 9. Clearly, CO2 is formed and C3H6 is con-
sumed around 350◦C, the same temperature range at wh
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Fig. 9. The change in the signal of C3H6, H2O, and CO2 when a feed of
4% C3H6/He has been passed over CeOx /Al2O3 catalyst bed.

C3H6 is oxidized in the presence of O2 (seeFig. 8). It also
has to be mentioned that at the end of the experiment, s
coke deposition was visible on the topmost part of the
alyst bed. Apparently, the rate of C deposition was hig
than its transformation into CO2. It appears that in the cas
of CeOx /Al2O3, the Mars and van Krevelen mechanism
valid, inasmuch as the lattice oxygen of CeO2 is accessible
for the reaction with C3H6.

A similar experiment was performed over a mild
pre-reduced Au/CeOx /Al2O3 catalyst. As should be ex
pected, CO2 and H2O are formed and propene is consum
in the same temperature range (∼ 350◦C) as found for
CeOx /Al2O3. The C3H6 conversion is lower than was foun
for CeOx /Al2O3. Nevertheless, a 20% conversion of C3H6
could be achieved over Au/CeOx /Al2O3 in this temperature
range without O2 in the feed (seeTable 1, last column).
The C3H6 consumption and the water and carbon diox
production obtained during this catalytic run over gold c
taining CeOx /Al2O3 are shown inFig. 10. Interestingly, CO2
and H2O are also formed in the temperature range at wh
propene is oxidized by O2 over Au/CeOx /Al2O3, that is,
around 150◦C. Thus, by this experiment it is proved that t
oxygen of ceria is highly mobile and plays an active r
in C3H6 oxidation into CO2. X-ray diffraction experiment
performed on the spent Au/CeOx /Al2O3 did not reveal any
change in the structure of CeO2 or in that of Au. Proba-
bly only the near-surface oxygen, known as a highly mo
species, had an active role in the oxidation, and the tem
perature and reaction conditions attained were not suffic
to convert the CeO2 to Ce2O3. In addition, no detectabl
change in the structure of Au was detected by XRD,
the average size of the gold particles as estimated by
FWHM of 2θ = 38.2◦ was not affected by this experimen
Coke deposition has not been observed for Au/CeOx /Al2O3.
Apparently the presence of gold prevents coke forma
during C3H6 oxidation.

To examine any direct participation of MnOx in propene
oxidation, an experiment similar to the one described
Au/CeOx /Al2O3 was performed with mildly pre-reduce
Fig. 10. The change in the signal of C3H6, H2O, and CO2 when a feed of
4% C3H6/He has been passed over Au/CeOx /Al2O3 catalyst bed.

Au/MnOx/Al2O3. In the absence of O2, a maximum C3H6
conversion of 10% was found in the first heating run (
Table 1). In addition, XRD measurements performed
the spent Au/MnOx /Al2O3 revealed a dramatic change
the structure of the catalyst.Fig. 11 shows the XRD pat
terns for MnOx /Al2O3, fresh Au/MnOx/Al2O3, and spen
Au/MnOx/Al2O3. One can see that the XRD pattern of fre
Au/MnOx/Al2O3 consists of several peaks that belong eit
to MnOx/Al2O3 (2θ = 37.2◦, 2θ = 43.3◦), or to metallic
gold (2θ = 38.2◦, 2θ = 44.3◦). JCPDS powder diffractio
database files[36] have confirmed that manganese is in
form of MnO2 in both the support and the fresh gold-bas
catalyst. The situation is changed for spent Au/MnOx /Al2O3
(seeFig. 11). First of all, the XRD pattern of MnO2 had
disappeared, and new peaks at 2θ = 34.8◦ and 2θ = 40.5◦
appeared. According to[36], these peaks comprise the fi
gerprint of MnO. In addition, the peak intensity of met
lic gold increases, especially that for 2θ = 44.3◦. Thus,
Au/MnOx/Al2O3 suffers drastic, irreversible changes up
reaction with propene in the absence of O2, whereas with
Au/CeOx /Al2O3 the whole structure of ceria is preserved
the form of CeO2 and only a minor reduction takes plac
From thermodynamic data, the enthalpy of formation
MnO by the reduction of MnO2 is 135 kJ mol−1. On the
other hand, the formation enthalpy of Ce2O3 as a result o
CeO2 reduction is much higher, 378 kJ mol−1. These data
confirm our experimental results, that the reduction of Mn2
to MnO proceeds more easilythan the reduction of CeO2 to
Ce2O3. As a consequence, MnO is obtained with only C3H6
in the gas stream, whereas CeO2 is little affected by the re
ducing gas.

On the basis of these results our conclusion is that
deed, the Mars–van Krevelen mechanism plays a sig
cant role in propene oxidation over Au/CeOx /Al2O3 and
Au/TMO/Al2O3 (TMO, transition metal oxide) catalyst
Hence, the readily reducible oxide can provide the ac
oxygen for the reaction to take place, and, probably, th
is a direct relationship between oxygen availability (ba
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Fig. 11. XRD patters of MnOx /Al2O3, fresh-Au/MnOx /Al2O3 and spent-Au/MnOx /Al2O3.
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on our calculations, mainly the near-surface oxygen of c
is involved in the reaction) and the catalytic performance
This oxidation mechanism may also explain the gold pa
cle size effect, that is, why Au/MnOx/Al2O3 (dXRD

Au = 8 nm)
is a very effective catalyst in C3H6 oxidation, in spite of
its large gold particles: the active oxygen is provided
MnOx , and propene may be activated on Au or at the
terface gold/support.

Other factors may also playa role in the observed ca
alytic performance of Au/MOx /Al2O3. Density-functional
calculations for Au clusters show that O2 and CO can ad
sorb Au atoms if the coordination number (CN) is le
than 8[37]. In turn, the concentration of low coordinate
Au atoms depends on both the size and the shape of the
ticle [38]. In our case we did not find a direct relationsh
between the size of gold particles and the catalytic acti
in C3H6 oxidation (see above), but information on the sha
of the particles is not available. On the other hand, the in
action of Au with the support is stronger on a surface w
oxygen defects, an increased number of steps, or adat
As already discussed, ceria, for example, may have a
tively high concentration of oxygen vacancies because of
very facile redox cycle Ce4+/Ce3+. As a result, the charac
teristics of the support may influence both the Au ancho
process and the overall catalytic activity.

In conclusion, gold-based catalysts that contain a tra
tion metal oxide or ceria are highly active in propene oxi
tion. The role of the oxide is twofold: it stabilizes the go
particles against sintering (ceria) and provides active oxy
for the reaction (CeOx , MnOx, CoOx , or FeOx) via the Mars
and van Krevelen mechanism.

4. Conclusions

This paper describes the characterization and the catalyt
performance in C3H6 oxidation of various gold-based cat
lysts. In general, the preparation method and the pret
-

.

ment used result in nanosized gold particles in the met
state that are highly active in propene oxidation. The
alytic activity of Au/Al2O3 is improved by the addition o
transition metal oxides (TMOs) and ceria. These addit
can act as a structural promoter and/or as a cocatalyst
most active catalyst contains ceria. The gold particles are sta
bilized against sintering in the presence of ceria. In addit
it was proved experimentally that the lattice oxygen of
oxide plays an active role in C3H6 oxidation via the Mars
and van Krevelen mechanism.
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