Available online at www.sciencedirect.com

SCIENGE@DIHECT° JOURNAL OF
CATALYSIS

he
oty -,.3‘!-1" o
ELSEVIER Journal of Catalysis 229 (2005) 154—162

www.elsevier.com/locate/jcat

The effect of different types of additives on the catalytic activity of
AU/Al>O3 in propene total oxidation: transition metal oxides and ceria

Andreea Catalina Gluhéj Nina Bogdanchikov& Bernard E. Nieuwenhuys

@ Department of Heterogeneous Catalysis and Surface Chemistry, Leiden Institute of Chemistry, Leiden University, PO Box 9502,
2300 RA Leiden, The Netherlands
b Centro de Ciencias de la Materia Condensada-UNAM, Km. 107, Carretera Tijuana-Ensenada, 22800, Ensenada, Baja California, Mexico

Received 13 August 2004; revised 1 October 2004; accepted 4 October 2004

Available online 8 December 2004

Abstract

The total oxidation of @Hg was investigated over Au/AD3, and multiconponent Au/MQ./Al>,03 (M: Ce, Mn, Co, Fe) catalysts pre-
pared by deposition-precipitation with urea. The catalysts have besaathrized by means of X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), scanning electron microscopy (SEM), total surface area (BET), and diffuse reflectance ultra-
violet-visible spectroscopy DR/UV-Vis. Based on this characterization, it was concluded that gold is pres@nfiae Anpst active catalyst
is Au/CeQ,/AlO3. Ceria and the transition metal oxidast as cocatalysts. It can supply oxygea & Mars and van Krevelen mechanism.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction bustion of VOCs (propane, propene, acrolein, propan-2-ol,
and acetone) over G@4, MgCrO4, and CuO was estab-
An important class of air pollutants consists of volatile lished to be of the Mars and van Krevelen type and pro-
organic compounds (VOCs) from industrial plants and trans- ¢€€ds through nucleophilic attack of the lattice oxygen of
portation vehicles. Among the potential technologies for the above-mentioned oxid¢10] _ _
VOC abatement, catalytic oxidation is preferred. The in-  ©0ld, despite its chemical émtness, if present in a mas-
tended oxidation products are €@nd HO, which are sive form, proved to be very active in CO oxidation at very
eventually accompanied by H&the VOCs are chlorinated.  10W temperatures when it is highly dispersed and deposited
Conventionally, catalysts based on noble metals (Pt and Pd)°" reducible metal oxides, hydroxides of alkaline earth met-

supported on A0 or SiO, are successfully used to elimi-  &lS: Of amorphous Zr©[11-13} In addition, it has been
nate VOCs by total combustida]. However, attention has demonstrated that gold-basedtalysts are catalytically ac-

also been paid to base metals. Cobalt oxide, chromium ox-tVe in other reactions: NOreduction[14-16] hydrogena-

; ; tion of unsaturated hydrocarbofis’], WGS reactiorf18],
ide, and copper oxide are reported to be among the most o A ;
PP y d NH3 oxidation[19], and total oxidation of VOCs (i.e., 2-

active oxides in catalytic combustiq2—4]. Furthermore,
inel-lik terial 7 propanpl, m.et.hanol, and toluerj@p,21] For the latter, the
spinel-like materials (Co@Os, CUCROs, ZNCr204 [5,6]) catalytic activity of Au/AbO3 and Au/CeQ has been ex-

or perovskite-like compounds (LaM(7,8]) are reported plained on the basis of the capacity of gold to increase the

to be promising because of tihdiigh activity and stabil- - . . o
ity at high temperatures. The mechanism of the total com- !””Ob"'ty ofthe mgtal_omde lattice oxygen, which is involved
in the VOCs oxidation through a Mars and van Krevelen
mechanisnj20,21]
* Corresponding author. However, there are still disputes regarding the active form

E-mail address: b.nieuwe@chem.leidenuniv.(®.E. Nieuwenhuys). of Au: is it zerovalent or oxidized22], or is the simulta-
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neous presence of metallic gold atoms adjacent to cationic
gold required23-25]? Furthermore, the role of water is un-
clear, inasmuch as both beneficjab,27] and detrimental
effects[28,29]of water on the catalytic activity of gold have
been reported. In addition, the role of additives is still under
discussion. There is a general consensus that certain addi
tives/supports prevent small gold crystallites from sintering
under mild reaction conditions. It has also been proposed
that the interface gold-metal oxide may play an important
role in the activation of oxygef80,31]

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

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

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

A chemical promoter implies that the additive, though
not active itself, improves the effectiveness of the catalyst
by chemical means. A structuaromoter increases the cat-
alytic activity by modifying the structure of the catalyst, and
a cocatalyst has an active rotethe catalytic action and acts
along with the main catalyst.

More specifically, we report here on the catalytic oxida-
tion of propene as one hydrocarbon representative of auto-
motive emissior{32], over Au supported on alumina, with
ceria, C@04, MNO,, and FeOg3 used as additives.

All of the above-mentioned multicomponent catalysts
have been characterized byeans of different techniques,
such as atomic absorptionesgiroscopy (AAS), XRD, BET,
HRTEM, SEM, and DR/UV-Vis, and attempts have been
made to correlate the catalytic activity with the struc-
ture/composition of the catalysts.

2. Experimental
2.1. Catalyst preparation

Mixed oxides, MQ/AI»03, were prepared by vacuum
impregnation ofy-Al,03 (Engelhard Al-4172PSgeT =
275 nt g1, pore volume: 3 migt) with the corresponding
nitrates of Ce, Co, Mn, and Fe (Aldrich products99.9%
purity). After drying for at least 16 h at 8@ in static air,
the mixed oxides were subjected to calcination jnflow at
350°C for 2 h. The prepared mixed oxides typically have an
M:Al atomic ratio of 1:15.

Gold was added to AD3 or MO,/Al2O3 via homo-
geneous deposition-precipitation (HDP), with the use of
urea as a precipitating agent and HAyCB8H,O (Aldrich;
99.99%) as the gold precursor. Details of the preparation
procedure have been reported elsewlj263. The solution
pH at which the deposition of HAugltakes place on the
support is of crucial importance to achieving the most ac-
tive form of Au and depends, besides other factors, on the
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so-called “point of zero charge” (PZC) of the support that is
used. Details concerning the PZC of various oxides may be
found elsewher{83]. For the present case, the final pH solu-
tion was 8.5. The filtered powders were thoroughly washed
to remove Ct residues. All catalysts were calcined i O
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 absorption
spectroscopy (AAS) with a Perkin-Elmer 3100 spectrome-
ter with an air/acetylene flami@6]. For that purpose, the
catalyst was dissolved in aqua regia (3HCI:HNQGand the
solution was diluted with demineralized water before the
analysis was performed.

BET surface areas of the catalysts were measuredby N
physisorption at-196°C with an automatic Qsurf M1 ana-
lyzer (Thermo Finnigan). Before each measurement the cat-
alyst was degassed for 2 h in helium at 2Q0to remove
the adsorbed impurities. For each measurement at least three
points were taken in account to calculate the total surface
area of the samples.

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

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

HRTEM measurements were made with a JEOL 2010
microscope with a point-to-point resolution better than
0.19 nm.

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

2.3. Catalytic activity measurements

Propene (GHg) oxidation was carried out in a lab-scale
fixed-bed reactor in which typically 0.2 g of catalyst was
loaded. Prior to each measurent, the catalyst was reduced
in situ at 300°C for 30 min with 4 vol% H/He. The feed
gases were controlled by mass flow controllers (Bronkhorst)
and set to a total flow of 30 mImirt. All of the gases
were 4 vol% in He, and the ratio used for the catalytic
combustion of propylene wass8g/O, = 1/9 (large excess
of oxygen). The reaction was started after stabilization at
room temperature for at least 30 min. The experiments were
performed in a temperature-programmed way: the temper-
ature was slowly increased or decrease@@min~1) be-
tween room temperature and 400. The temperature ramp
of 5°C min~1 was considered to be sufficiently slow to reach
a pseudo-steady state at every point. Each experiment con-
sisted of at least two heating-cooling cycles, to monitor pos-
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sible hysteresis and catalysattivation processes. The ef- of 25%. Freshly prepared cayats and spent catalysts were
fluent stream of the propene deition reaction was analyzed subjected to XRD, and the results giverTable 1show that
every minute with either a garomatograph (Chrompack the size of the gold particles is preserved during the reaction
CP-9001) equipped with a Haysep N column, a methanizer, test. The only exception is Au/Mn@Al,O3: relatively large
and FID detector, or a quadrupole mass spectrometer (Balz-

ers Q422). Usually, the turnover frequency (TOF), defined RiEEE
as the catalytic activity per surface metal atom, is a realistic
parameter for a comparison of the catalyst performance. In |~ -
general, CO and fttitration is used to determine the number £=
of exposed metal atoms. For gold-based catalysts, this titra- ¥
tion method is not applicablesisause of the weak adsorption

of these molecules on the Aursace. Therefore, to compare
the catalytic performance of défent catalysts tested in this
study, the conversion achieved during the second heating cy-
cle will be used.

3. Resultsand discussion

gold particles for fresh and spent catalysts as determined byl
XRD measurements, and the total and metallic surface areas
of the catalysts. The details are described below. The same
table contains the results of the catalytic performance tests
expressed in terms dfgse,, Which corresponds to the tem- :
perature needed to achieve 95% propene conversion duringg
the second heating stage. In geal the catalysts performed
slightly better during the first heating-cooling cycle, but the
difference between the cycles did not exceed 30-€l(Re-
sults obtained during the third or fourth heating cycle were
similar to those obtained during the second run.

The results obtained for the gold loading show a rela-
tively small variation from the intended results (5 wt%). The
BET total surface area is above 20F gt?! for all sam-
ples. Gold deposition (Au/AD3 catalyst) did not resultin a
significant change in the total surface area (26@m com- i |
pared with 275 rag~! for the ALOs support). However, =% &
the total surface area was 207 gt for Au/CoQ,/Al;03 = 7
and 218 M g1 for Au/CeQ,/Al,03. The additive probably
blocks some of the AlO3 pores during the vacuum impreg-
nation step, resulting in a decrease gEHup to a maximum Fig. 2. Scanning electron micsoopy (SEM) picture of Au/AlO3.

Fig. 1. Scanning electron mimscopy (SEM) picture of AlO3.

Table 1
Catalysts characterization and catalyperformance in propene oxidation for Aups3, Au/CeQ/Al>03, Au/CoO/Al,O3, Au/MnO,/Al>03, and
Au/FeQ, /Al 03. C3Hg:O7 ratio is 19

Catalyst Au SBET RO dxRD:s dHRTEM SXRD Tosos XMax
(Wt%) (Mgt (nm) (nm) (nm) ntg? °C) (%)
Au/CeQ;/Al»,03 45 218 <30 <30 1.7+0.2 - 224 20
Au/CoOy /Al 03 4.3 207 50+0.1 59401 — 22 319 n.m.
Au/MnO, /Al, O3 4.3 222 80+0.1 1104+0.1 494+0.3 14 294 10
Au/FeQ,/Al>03 4.4 234 <30 31+02 - - 273 n.m.
CeQ/Al»03 - - - - - - > 400 26
Au/Al,03 4.1 260 434+0.1 4540.2 524+0.3 24 417 0
Al,03 - 275 - - - - > 400 -

Mean diameters of gold particles, as determined by X-ray diffraction measurerﬂéﬁ@:f, fresh catalystsdi(ED’S, spent catalysts; and determined by
HRTEM measurementstiRTEM, fresh catalystsXpax, maximum propene conversion in the absence pirQhe gas stream. n.m.: not measured.
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Fig. 4. HRTEM micrograph of Au/Ce@Al,O3 (black dots represent Au
particles, dark gray dots-ceriadatight gray regions-alumina).

Fig. 5. HRTEM micrograph of Au/Ce@Al,O3. The lattice spacing of Au

particles were found for the as-prepared sample; XRD re- "2 foundtobe 2.76 A.

vealed an average of gold particles around 8.1 nm. The spent

Au/MnOQ, /Al,03 shows an average around 11 nm. However, particles are around 5 nm for the fresh sample. In addition,
the catalytic activity of Au/MnQ/Al,Og3 is very high (see no diffraction lines for AgOs or Au,O were found for any
Table J). This result suggests that for this type of catalyst, catalysts.

which contains an “active” oxide as MnQOthe mean diam- Based on the XRD measurements, the gold surface area
eter of particles might be not very crucial for obtaining an of the catalysts has been estimated; the results are also sum-
active catalyst. However, we cannot rule out the possibility marized inTable 1 The calculations have been made as-
that Au/MnQ,/Al,O3 also contains very small gold crys- suming that the gold particles are hemispherical in shape,
tallites below the XRD detection limit~ 3 nm). A similar with the flat side on the support. The results may be con-
effect is found for Au/CoQ/Al,O3, which exhibits a good  sidered a relative measure of the available gold surface
performance in propene oxidation and whose average goldarea. Based on XRD results, it is found that the Au sur-
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Fig. 6. HRTEM micrograph of Au/Mn@Al03.
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) ) ) Fig. 8. Catalytic activity performance of Au/fD3, Au/CeQ/Al»03,
Fig. 7. DR/UV-Vis optical spectra of different gold-based catalysts. AU/C0O; /Al ,03, AUMNOX /Al 203, AU/FeO /Al 03, and CeQ/Al 0.
Reactant ratio: gHg:Oy = 1:9, total flow rate: 30 mimint.

face area varies between 1.4 gr! (Au/MnO,/Al ,03) and
2.4 n? g1 (Au/Al,03). However, a complete ranking of the  fairly homogeneously distributed over the support and have
catalysts based on the variation of the Au surface area cannotn average diameter of 5.2 nm. Two HRTEM micrographs of
be made, since XRD was unable to detect any Au signal for Au/CeQ,/Al,O3 catalyst are presentedfigs. 4 and 5t is
Au/CeCQ,/Al,03 and Au/FeQ/Al,0s3. Additional HRTEM noteworthy that metallic gold particles (black dotdHig. 4)
measurements are necessary. For some of the oxides it waare mainly located on the crystalline ceria (dark gray dots)
possible to identify their formal oxidation state, but not for and to a lesser extent on alumina (light gray regioRi). 5
all. Because of their relativelow loading, these oxides are  shows the lattice spacing of Au, 2.76 A, which corresponds
presumably highly dispersed over alumina, which makes theto the Au(111) reflection. The mean diameter of the gold
interpretation of the XRD spectra difficult. particles, as determined by counting at least 200 particles,
Scanning electron microscopy (SEM) was performed to was found to be around 1.7 nm.
visualize possible macroscopic changesin the alumina struc-  Fig. 6shows the HRTEM micrograph of Au/Mn@Al 20s.
ture after gold deposition. The two pictures presented in The gold particles are visible as black dots and are rather ho-
Figs. 1 and 2of Al,03 and Au/AbOs, respectively, demon-  mogeneously distributed over the support, but are larger than
strate that the support is preserved after Au deposition. in the case of Au/Ce@Al 03, day = 4.9 nm.
Fig. 3shows a typical HRTEM image of the gold particles The metallic gold surface area of Au/CegfBl,03 as
for Au/Al,03. The gold particles (black dots irig. 3) are determined by HRTEM measurements is 7.3gn. For
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Au/MnO,/Al,05 catalystitis 2.4 rAg—1, and for Au/AbOsz,
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only as a structural promoter (by stabilizing gold particles

1.5 n? g~—1. The corresponding Au dispersion was estimated against sintering, a phenomenon which starts early in the

to be around 52% for Au/Ce@Al,03, which is much
higher than the Au dispersion of Au/Mn{Al>03, 20%,
and that of Au/AbOs3, 11.5%. A large dispersion/metallic

surface area would imply a highly active catalyst. Hence,

Au/CeQ,/Al,03 would perform the best from the series if
the noble metal were the only active phase.
The optical spectra of Au/MJAI,O3 are presented in

Fig. 7. For comparison, the same figure also depicts the spec-

preparation step), but also as a chemical promoter, or as a co-
catalyst. It has already been mentioned that the mixed oxides
CeQ,/Al203, MnO,/Al203, CoO,/Al»,03, and FeQ/Al 03
are not very active in gHg oxidation under the reaction con-
ditions used in this study. Thus, the question is: how do these
oxides interact with gold and/or participate in the catalytic
process?

Ceria is very well known for its oxygen storage capac-

tra of the corresponding supports. The typical plasmon reso-ity (OSC), defined as the capacity to release/accept oxygen
nance peak of metallic gold around 550 nmis a general char-under fuel-rich/lean conditions in the gas stream. Centeno
acteristic for all samples. Other additional absorption bands and co-worker§34] have studied the catalytic combustion
(due to ionic gold or partly charged Au nanoclusters) have of VOCs on Au/CeQ/Al,03, and they concluded that the
not been detected in the optical spectra (absorption bandspresence of cerium ions exerspositive influence on the
below 500 nm). In principle, a direct correlation should exist fixation and the final dispersion of gold on alumina sup-
between the mean particle diameter as determined by XRDport. In addition, ceria stabilizes the gold particles with low
and/or HRTEM and the peak and shape position in DR/UV- crystallite size. In addition to these beneficial features, ceria,
Vis spectra. A sharper peak in DR/UV-Vis implies larger Au because of its redox propertigaay improve the catalytic
particles. However, other factors may also influence the op- behavior of the catalyst by increasing the supply of active
tical spectra, such as the surrounding environment and theoxygen. Similar conclusions were proposed by Scire et al.

interaction between gold and suppfT].

[21] in their study of VOC oxidation over Au/CeQThe

The catalytic performance expressed in terms of the tem- mechanism of hydrocarbon oxidation over ceria and other
perature needed to reach 95% propene conversion is summareducible metal oxides is usually considered to be of the re-

rized in Table 1 The catalytic performance of the samples
over the whole temperature range is illustratedrig. 8.

In addition, the catalytic performance of Cg®BI,03 is
also depicted, for comparisoithe most active catalyst is
Au/CeQ,/Al203, with a Tgse, = 224°C. This catalyst also
shows a good stabilitgluring the catalytic runs (compare
dﬁED’f with dXXP%in Table 9. The next catalyst able to al-
most fully convert GHg into CO, at a temperature as low
as 294 C is Au/FeQ/Al 03, followed by Au/MnQ,/Al 203
and Au/CoQ/Al»0s.

The supports were also tested fogHg oxidation, and
no noticeable conversion wafound, with the exception
of CeQ,/Al,03 (seeFig. 8). It is interesting to note that
Au/MnQO,/Al»03, with relatively big Au particles (8 nm), is
an active catalyst and convertsids at a temperature lower
than, for instance, Au/CoQAIl,0Os. Based on the above-
presented results, Au/Cgfl,03 can be considered the

most promising catalyst of the series, not only because it

converts GHg into CO at the lowest temperature, but also

dox or Mars and van Krevelen tyd6,10,21,34] The key
steps of this mechanism are believed to be the supply of
active oxygen by the readily reducible oxide and its reoxi-
dation by oxygen. In addition, Fu et gB5] discussed the
catalytic performance of Au-Cedor the WGS reaction in
terms of the mean diameter of Cg@articles. Apparently,
the interfacial effect created by metal-support interaction is
more important than the mean diameter of gold particles.
Moreover, because the active oxygen is supplied by £eO
the dimensions of the ceria particles are important. In the
present study the mean diameter of Ge&» estimated from
the FWHM of the main peak fromé2= 28.54° (XRD), was
found to be around 9 nm. This value is relatively close to
those reported by Fu et §B5]. Moreover, according to X-
ray diffraction measurementso significant change in the
diameter of ceria particles was detected for the spent cata-
lyst, implying that ceria is stable during the catalytic test.
The oxygen availability of CeQand, in turn, the pres-
ence of a Mars and van Krevelen mechanism in propene

because it shows a high stability. Its performance was stableoxidation were examined over pre-reducec,(F300°C,
even after 8 h on stream. In fact, all gold-based catalysts used30 min) CeQ/Al>03. During the catalytic run, oxygen was

in this study display a good stability. The catalytic perfor-
mance was stable during the 8-h test, andd{jgP did not
increase very much (séable 1. Au/CeQ, /Al O3 appears

replaced with argon. Hence, the feed passing through the cat-
alyst bed consisted of 4%38s in He and Ar. Interestingly,
in addition to propene consumption and water formation, a

to be the best candidate for practical applications becauserelatively large amount of COwas detected. This is a direct
of its lowest light off temperature, small gold particles, and indication that, although Ce@Al,O3 has already been sub-

high Au dispersion.

jected to mild hydrogen pretreatment at 3@for 30 min

It appears that for catalysts containing a transition metal prior to the reaction, there is still lattice oxygen available for
oxide as additive, the mean diameter of the gold particles (asreaction with GHg to form CG, and HO. The propene con-

determined by XRD and/or HRTEM) is not very crucial for
obtaining an active catalysthe reason for this may reside

sumption and the water and carbon dioxide production are
depicted inFig. 9. Clearly, CQ is formed and @Hg is con-

in the intrinsic properties of the additives, which may act not sumed around 350C, the same temperature range at which
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Fig. 9. The change in the signal oB8g, H2O, and CGQ when a feed of
4% CG3Hg/He has been passed over Gé@8l O3 catalyst bed.

CsHe is oxidized in the presence of,@seeFig. 8). It also
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Fig. 10. The change in the signal o§8g, HoO, and CQ when a feed of
4% C3Hg/He has been passed over Au/Geéal ,O3 catalyst bed.

has to be mentioned that at the end of the experiment, someAu/MnO,/Al»0s. In the absence of £ a maximum GHg
coke deposition was visible on the topmost part of the cat- conversion of 10% was found in the first heating run (see
alyst bed. Apparently, the rate of C deposition was higher Table 1. In addition, XRD measurements performed on

than its transformation into GOIt appears that in the case
of CeQ,/Al»03, the Mars and van Krevelen mechanism is
valid, inasmuch as the lattice oxygen of Cel® accessible
for the reaction with GHg.

A similar experiment was performed over a mildly
pre-reduced Au/Ce@Al,0Os catalyst. As should be ex-
pected, CQ and HO are formed and propene is consumed
in the same temperature range 850°C) as found for
CeQ,/Al,03. The GHg conversion is lower than was found
for CeQ,/Al,03. Nevertheless, a 20% conversion ofHg
could be achieved over Au/Ce\l 03 in this temperature
range without @ in the feed (se€lable 1 last column).
The GHg consumption and the water and carbon dioxide
production obtained during this catalytic run over gold con-
taining CeQ/Al 03 are shown irFig. 10 Interestingly, CQ

the spent Au/MnQ/Al,O3 revealed a dramatic change in
the structure of the catalysEig. 11 shows the XRD pat-
terns for MNQ/Al203, fresh Au/MnQ./Al,O3, and spent
Au/MnQ,/Al03. One can see that the XRD pattern of fresh
Au/MnQ,/Al 03 consists of several peaks that belong either
to MnO,/Al203 (20 = 37.2°, 20 = 43.3°), or to metallic
gold (20 = 38.2°, 20 = 44.3°). JCPDS powder diffraction
database filef36] have confirmed that manganese is in the
form of MnO; in both the support and the fresh gold-based
catalyst. The situation is changed for spent Au/Mi203
(seeFig. 1)). First of all, the XRD pattern of Mn@®had
disappeared, and new peaks ét=234.8° and 2 = 40.5°
appeared. According tf86], these peaks comprise the fin-
gerprint of MnO. In addition, the peak intensity of metal-
lic gold increases, especially that fop 2 44.3°. Thus,

and HO are also formed in the temperature range at which Au/MnO,/Al,QOg3 suffers drastic, irreversible changes upon

propene is oxidized by 9over Au/CeQ/Al,03, that is,
around 150C. Thus, by this experiment it is proved that the
oxygen of ceria is highly mobile and plays an active role
in C3gHg oxidation into CQ. X-ray diffraction experiments
performed on the spent Au/Cef@l203 did not reveal any
change in the structure of Ce@r in that of Au. Proba-

reaction with propene in the absence of, @hereas with
Au/CeOQ,/Al 03 the whole structure of ceria is preserved in
the form of CeQ@ and only a minor reduction takes place.
From thermodynamic data, the enthalpy of formation of
MnO by the reduction of Mn@is 135 kJmotl. On the
other hand, the formation enthalpy of £& as a result of

bly only the near-surface oxygen, known as a highly mobile CeQ reduction is much higher, 378 kJmdl These data

species, had an active role the oxidation, and the tem-

confirm our experimental results, that the reduction of MNnO

perature and reaction conditions attained were not sufficientto MnO proceeds more easillyan the reduction of Ceio

to convert the Ce®to Ce0Os. In addition, no detectable

Ce03. As a consequence, MnO is obtained with onHg

change in the structure of Au was detected by XRD, and in the gas stream, whereas Ce® little affected by the re-
the average size of the gold particles as estimated by theducing gas.

FWHM of 26 = 38.2° was not affected by this experiment.
Coke deposition has not been observed for Au/@aBOs3.

On the basis of these results our conclusion is that, in-
deed, the Mars—van Krevelen mechanism plays a signifi-

Apparently the presence of gold prevents coke formation cant role in propene oxidation over Au/Ce®l,03 and

during GHe oxidation.
To examine any direct participation of MR@n propene

Au/TMOJ/AI;O3 (TMO, transition metal oxide) catalysts.
Hence, the readily reducible oxide can provide the active

oxidation, an experiment similar to the one described for oxygen for the reaction to take place, and, probably, there

Au/CeQ,/Al,03 was performed with mildly pre-reduced

is a direct relationship between oxygen availability (based
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Fig. 11. XRD patters of MNn@/Al,03, fresh-Au/MnQ./Al,O3 and spent-Au/Mn@/Al,03.

on our calculations, mainly the near-surface oxygen of ceria ment used result in nanosized gold particles in the metallic
is involved in the reaction) ahthe catalytic performance. state that are highly active in propene oxidation. The cat-
This oxidation mechanism may also explain the gold parti- alytic activity of Au/Al,Osz is improved by the addition of
cle size effect, that is, why Au/Mn@Al 03 (dXRP = 8 nm) transition metal oxides (TMOs) and ceria. These additives
is a very effective catalyst in §Hg oxidation, in spite of can act as a structural promoter and/or as a cocatalyst. The
its large gold particles: the active oxygen is provided by mostactive catalyst contains @rThe gold particles are sta-
MnO,, and propene may be activated on Au or at the in- bilized against sintering in the presence of ceria. In addition,
terface gold/support. it was proved experimentally that the lattice oxygen of the

Other factors may also plag role in the observed cat- oxide plays an active role in4Elg oxidation via the Mars
alytic performance of Au/M@Al,Os. Density-functional and van Krevelen mechanism.
calculations for Au clusters show thap@nd CO can ad-
sorb Au atoms if the coordination number (CN) is less
than 8[37]. In turn, the concentration of low coordinated Acknowledgments
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