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Abstract

The selective reduction of NO with propene was investigated on sulfated TiO2, either pure or containing 1 wt% Rh, using in situ diffuse
flectance Fourier infrared transform spectroscopy (DRIFTS). During the NO–C3H6–O2 reaction, the main surface species detected were adso
nitrate, a carbonylic compound, acetate, cyanide (–CN), and isocyanate (–NCO). The formation of nitrates at the TiO2 surface occurs by a fas
disproportionation of NO, and by its oxidation on Rh. Rh promotes the formation of –CN and –NCO species. Different steps of the
were investigated using cycles of adsorption. The interaction of a nitrated surface with propene leads to the formation of a carbonylic
tentatively identified as acetaldehyde. This carbonylic compound reacts very fast with a mixture NO+ O2, leading to the rapid formation of –CN
and –NCO species. The appearance ofν(NH) bands ascribed to the formation of ammonia surface complexes was observed simultaneou
a decrease of the –NCO band, suggesting that the –NCO species is hydrolyzed to the –NH complexes by the reaction with some trac
A reaction mechanism can be proposed in which nitrate species react with acetaldehyde in an acid-catalysed process, yielding cyanate
further hydrolysed to ammonia and CO2. N2 is then be formed by the reaction of NH3 with NO.
 2005 Elsevier Inc. All rights reserved.

Keywords: Nitric oxide reduction; In situ DRIFTS; Propene; Rh oxide; Sulfated titania; Coadsorptions
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1. Introduction

The selective catalytic reduction of NOx by hydrocarbons
(HC-SCR) under “lean” conditions (i.e., excess oxygen)
been studied extensively over the last 15 years for app
tions in emission control from diesel and lean-burning gaso
engines. The operation of such engines under excess ox
provides energy savings from better fuel efficiency. Howe
under these conditions, the conventional three-way cata
promote the reaction between the limited amounts of hydro
bons with the excess amount of oxygen present in the exh
thus failing to reduce NOx . The field of HC-SCR has been r
viewed a number of times[1–4], and several mechanisms ha
been proposed. A simple mechanism that involves the d

* Corresponding author. Fax: +33472445399.
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ciation of NO on a reduced metal surface to give N(ads)
O(ads), with subsequent desorption of N2 and N2O and re-
moval of O(ads) by the reductant, can explain many of
results with the platinum group metal catalysts when usin
support of low acidity. An additional contribution from organ
nitro-type species may contribute to the overall NOx reduction
activity when acidic supports are involved[5–7]. Indeed, using
a purely acid catalyst, the reduction of NO by aldehydes is
and selective at low temperature[8,9], clearly demonstrating
possible pathway to N through acid catalysis.

The results recently reported on the kinetics of SCR on
sulfated titania agree with the importance of acidity in the
action [10]. A bifunctional mechanism has been proposed
which the rate is controlled by the oxidizing function at low R
content and by acidity at high Rh loading. Investigation of
reaction by in situ infrared spectroscopy can provide usefu
formation on the intermediates. For the SCR of NOx with C3H6

http://www.elsevier.com/locate/jcat
mailto:figueras@catalyse.cnrs.fr
http://dx.doi.org/10.1016/j.jcat.2005.10.002
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on Ag/γ -Al2O3, Meunier et al.[11] proposed organo-nitrit
species characterized by a band at 1645 cm−1 as intermediate
For Rh/MCM-41, Long and Yang[12] proposed a mechanis
in which Rh–NO+ reacts with adsorbed propene, leading
cyanates, the formation of acrolein being the path to the sid
action of combustion. In contrast, acrylic compounds formed
allylic oxidation were considered key intermediates on Ga2O3–
Al2O3 [13]. We report here the results of a study in which
attempted to identify surface-adsorbed intermediates on Rh
ide/sulfated TiO2. Data on the adsorption of simple gases (e
NOx , CO, acrolein, propene) on Rh or titania are abundant
those concerning mixtures are less common; thus that we
to simulate different steps of the reaction on Rh/sulfated
nia, performing co-adsorptions and successive adsorption
the reactants.

2. Experimental

The titania support, denoted by G5 and commercialised
Millennium Chemicals, was prepared by hydrolysis of sulfa
and contains sulfur. It was used after a standard calcinatio
773 K in air for 2 h, which results in an S content of 0.32 w
and a BET surface of 64 m2/g. The number of acid sites re
taining ammonia at 383 K was 0.36 mmol/g, as measured b
thermogravimetry. By impregnation of 2.2% S, the numbe
acid sites increased only to 0.4 mEq/g, demonstrating that th
original S content was sufficient to create most of the a
ity [10]. As reported inTable 1, these acidities agree with tho
determined either by adsorption of ammonia, using volume
or the adsorption of pyridine, measured by Fourier transform
frared (FTIR) spectroscopy, using the integration of bands
the extinction coefficients reported by Rosenberg and Ande
for sulfates[14].

An Rh/TiO2 catalyst containing 1 wt% Rh was prepar
from this support by incipient wetness impregnation, us
RhCl3·xH2O as precursor. The catalyst was dried at oven t
perature, then calcined in flowing air at 773 K for 10 h, reac
at a ramp rate of 5 K/min.

These solids have been characterised previously[10]. The
chemical analyses were performed by ICP on the solutions
tained by acid attack of the solid, the surface areas were
termined from the isotherms of N2 adsorption at 77 K, and aci
properties were determined by adsorption of ammonia at 38
measured by gravimetry using a SETARAM microbalance.
solid was treated for 1 h in air at 773 K, in helium for 1 h at t
same temperature, cooled in helium to 383 K, and conta
with NH3 (1% in He) up to equilibrium. When this equilib
rium was reached, pure He was passed over the solid to e

Table 1
Acidities of G5 either pure or treated by 1 N sulfuric acid, measured by diffe
techniques

Sample Ammonia adsorption (mmol/gcat) Pyridine adsorption
(mmol/gcat)ATG Volumetry

G5 0.36 0.31 0.21
G5-S-1N 0.40 0.41 0.59
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nate the small amount of physically adsorbed NH3 retained by
the solid. The number of acid sites measured by pyridine
sorption of Rh/G5 (0.19 mEq/g) was very close to that of G
(0.21 mEq/g), suggesting that the metal content was insu
cient to modify the characteristics of the support.

In situ infrared spectra were recorded using a diffuse
flectance Fourier infrared transform spectroscopy (DRIF
cell mounted on a Bruker Equinox 55 spectrophotometer.
samples (≈60 mg) were placed in a Specac cell, which perm
operation in controlled atmosphere at high temperatures. A
of 100 scans were accumulated at a resolution of 4 cm−1 in the
temperature range 293–773 K. All spectra were ratioed ag
the background spectra collected on the adsorbate-free
port at the corresponding temperatures. The adsorptions
performed on samples first treated at 723 K in air. This tr
ment was done to remove eventual contamination of the su
by organic compounds, and the calcination temperature (lo
than that used for standardisation of the solid) ensured tha
solid was not modified.

Pure gases (Air Liquide, 99.99% purity) were used
reagents. The standard reaction mixture comprised 1000
NO, 1000 ppm C3H6, and 9% O2 in He. The total flow
rate was 60 cm3/min, corresponding to a space velocity
about 35,000 h−1. A helium stream containing 1000 ppm NO
1000 ppm NO+ 9% O2, or 1000 ppm NO2 was used for the
study of adsorption or co-adsorption of reactants.

3. Results

Because both the support and Rh oxide can adsorb NOx and
propene, reactant adsorption was performed on both the su
and the Rh catalyst. In a continuous-flow reactor, it appe
that, due to the low concentration of reactants, the SCR r
tion was limited by diffusion above 573 K[10]. Work in the
diffusion regime leads to lower selectivities for intermediat
thus the present experiments were performed at 523 K, to a
diffusional limitations.

3.1. Adsorptions and co-adsorptions on the support

The G5 support treated at 723 K in air exhibited a ban
1361 cm−1 attributed to sulfates and another band at 3657 cm−1

of acid OH. This finding is similar to what is well known fo
sulfated zirconia[15]. Fig. 1reports the DRIFTS spectra of G
maintained in a flow of 1000 ppm NO in He at different te
peratures. The adsorption of NO was weak, because desor
occurs below 523 K; therefore, adsorbed NO cannot partici
directly in the reaction, which starts at about 550 K. At ro
temperature, NO adsorption induces the disappearance o
band of sulfate, which becomes negative, and the appea
of bands at 1613, 1584, 1513, 1490, 1294, and 1247 cm−1 as-
signed to different forms of nitrates[16]. Data obtained from
the literature on the interaction of titania with NO, O2, and
NO–O2 mixtures are listed inTable 2. Another feature is a
broad band at about 3300 cm−1, characteristic of H bonding
This H bonding is due to the formation of water, here res
ing from the displacement of OH by nitrates. It was recen
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perature
Fig. 1. DRIFTS spectra in the zones of nitrates (a) and OH (b), recorded on G5 maintained under a flow containing 1000 ppm NO in He at different tems.
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Table 2
Wavenumber and assignment of DRIFTS bands of nitrate species

Adsorbed species Wavenumber (cm−1) References

Literature This wok

O

–

N– –

O O

– –

M M

1650–1600 1613–1610 [44,45]

1225–1170 1247–1240

bridging bidentate nitrate

O

–

N
– –

O O– –

M

1565–1500 1584–1574 [44,46]

1300–1260 1294–1285

chelating bitentate nitrate

O O– –

N

–

O

–

M

1530–1480 1500–1484 [44,45]

1290–1250 1296–1285

monodentate nitrate

O O– –

N

–

O
– –

M M

1530–1480 1500–1484 [44,45]

1290–1250 1296–1285

bridging monodentate nitrate

reported that NO adsorption on titania resulted in its dispro
tionation to NO, N2O2

2−, and nitrates[17]. This observation
accounts for the results obtained here on G5.

Fig. 2 shows bands at 1911, 1621, 1582, 1552, 1363, 1
and 1238 cm−1 when the adsorption was performed using a
containing 1000 ppm NO2. The band at 1490 cm−1 observed
for NO adsorption is missing. The band at 1911 cm−1 exhibits
a low intensity and has been ascribed to nitrosyls (NO+) ad-
sorbed at Ti atoms. The bands at 1615 and 1245 cm−1, assigned
to bidentate nitrate species, are observed after treatment by
-

,
s

O,

NO + O2, or NO2 (Fig. 3). This formation of nitrosyls and
nitrates by adsorption of NO2 is consistent with the dispropo
tionation of NO2 into NO+ and NO3

− proposed by Hadjiivanov
et al. [16]. These bidentate nitrate species are stable unde
lium at 523 K. However, a comparison of the spectra obtai
in Fig. 3 reveals a slightly different spectrum for the adso
tion recorded using a mixture NO+ O2, with the loss of severa
bands at 473 K. This can be attributed to the lower stability
some nitrate species. These weakly adsorbed species are
acterized by two bands at 1500 and 1280 cm−1, assigned to
monodentate nitrates[17].

Using a mixture composed of 1000 ppm C3H6 and 9% O2
in He produced different behaviours as a function of tem
ature, as illustrated inFig. 4. At room temperature, the ban
of sulfates was modified, reflecting the interaction of ole
and the acid sites. The bands relative to propene are w
but a band at 1622 cm−1, corresponding to C=C vibration,
is observed. This band disappears at 473 K with the de
opment of a band at 1674 cm−1, in the zone of carbonyls
In the gas phase, this band appears at 1732 cm−1 but can
be shifted to 1657 cm−1 after adsorption at Lewis acid site
[18–20]. Small bands at 1455 and 1437 cm−1 correspond to
δas(CH3) andδs(CH3) vibrations, suggesting the formation
acetaldehyde, such as the bands at 2980 and 2942 cm−1 in the
range ofν(CH3) modes[21]. The band at 1674 cm−1 has also
been assigned to acrolein[12], which has strong bands at th
same position. However, titania is not selective for allylic o
dation and catalyses mainly the attack at the C=C bond[22].
Band assignments reported in the literature are listed inTa-
ble 3. The tentative attribution of the carbonyl band to aceta
hyde therefore fits better with the known catalytic proper
of titania. At 573 K, propene oxidation is important and p
duces water detected by the band at 1640 cm−1. At 673 K, the
band of carbonyls vanishes, and new bands appear at 151
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Fig. 2. DRIFTS spectra of adsorbed species during the exposure of G5 to a flow of 1000 ppm NO2 in He at 523 K.

Fig. 3. DRIFTS spectra of the G5 support at 298 K, under different atmospheres.
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Table 3
Wavenumbers and assignment of the infrared bands observed upon interaction
of G5 with a flow of C3H6 and O2 in helium

Wavenumber (cm−1) Assignment References

1449 νs(CO3
−) carbonate [47]

1519 νas(COO−) carboxyle [23]
1549 νs(COO−) formiate [48]
1370 νas(COO−) formiate

1622 ν(C=C) propene [49]
1674 ν(C=O) acrolein [19,50]
1455 δ(CH3) acrolein
1640 δ(OH) H2O [47]

2980 ν(CH3) [21]

1449 cm−1. These bands have been assigned to surface ca
ate for the band at 1449 cm−1 and to carboxylate for the ban
at 1519 cm−1 [23].

Finally, spectra were recorded at 523 and 573 K in the p
ence of the standard reaction mixture including 1000 ppm
1000 ppm C3H6, and 9% O2 (Fig. 5). These spectra also conta
the bands at 1673 and 1659 cm−1 attributed to acetaldehyde
which disappear at 573 K, with the appearance of bands at
and 1440 cm−1 assigned to carboxylates and carbonates. In
dition, new bands not observed in the other cases, at 2317, 2
2267, and 2192 cm−1, are seen. The first two bands are abs
at 573 K, where only the band at 2267 cm−1 is observed. The
band at 2317 cm−1 has been attributed to aν(CN) vibration of
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Fig. 4. DRIFTS spectra of the adsorbed species for G5 exposed to a flow of C3H6 + 9% O2 in He at different temperatures.

Fig. 5. DRIFTS spectra of the species adsorbed on G5 submitted to the standard reaction mixture at different temperatures.
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a RCN species adsorbed at a Lewis acid Ti4+. The existence
of anionic vacancies is well accepted on TiO2, leading to the
formation of Ti3+ sites[24], and the band at 2289 cm−1 has
thus been attributed to the adsorption of RCN species at3+
sites; however, this band can also be attributed to the ad
tion at strong acid sites, such as those modified by sulfates
band at 2267 cm−1 can be attributed to the adsorption of RCN
Bronsted acid sites. The very weak band at 2192 cm−1 has been
assigned to isocyanate compounds RNCO[25–29]. The nitrile
must result from the reaction of NO or NO2 with propene or
acetaldehyde.

3.2. Adsorptions and co-adsorptions on Rh/G5

The adsorption of NO on Rh/G5 has been reported to yie
Rh–NO+ species and nitrates[10]. The spectra recorded on th
interaction with a NO–O2 mixture, reported inFig. 6, show the
formation of two species adsorbed on Rh, one species w
p-
e

a

a

band at 1925 cm−1 assigned to Rh–NO+ (Table 4) and another
species with bands at 1612 and 1577 cm−1 corresponding to ni
trates adsorbed at the support surface. These species are f
rapidly and retained in pure helium at 523 K.

The spectra recorded on the interaction of G5 and Rh
with the reaction mixture at 523 K are reported inFig. 7. More
intense bands are observed in the second case, showing th
ticipation of Rh oxide in the process. The band at 1916 cm−1 is
assigned to Rh–NO+ species, and new bands appear at 21
2160, and 2112 cm−1. The band at 2192 cm−1 observed in
Fig. 5 has been assigned to isocyanates; in the presence o
its intensity increases, suggesting catalysis by Rh. Severa
thors have suggested that NCO moieties are formed on Rh
migrated on the support[30–32]. The band at 2160 cm−1 has
been attributed to Rh–NCO[30], and that at 2112 cm−1 to ace-
tonitrile coordinated on Rh. Finally, a small band is observe
1776 cm−1 that could correspond to the Rh–NO−.



J.L Flores-Moreno et al. / Journal of Catalysis 236 (2005) 292–303 297
Fig. 6. Time dependence of the DRIFTS spectra recorded with Rh/G5 submitted at 523 K to a flow of 1000 ppm NO+ 9% O2 in He.
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Table 4
Wavenumbers and assignments of the adsorbed species formed by inte
of Rh/G5 with a flow containing C3H6/NO/O2 in helium

Adsorbed
species

Wavenumber

(cm−1)

Description Reference

Rh–NO− 1665 High coverage [12,51]
1770 Low coverage

Rh–NO 1820 Neutral
(Rh0)2–CO 1860–1885 Bridging [51,52]

Rh–NO+ 1910–1930 Positively charged [53]
(Rh+)2–CO 1995 Bridging [51]
(Rh2+)2–CO 2004 Bridging [51]
Rh0–CO 2030–2050 Linear [51]

2070 [54]
Rh+–CO 2075–2093 Linear [51,54]
Rh+(CO)2 2093 Bridging [51]

2029
Rh2+–CO 2114 Linear [51]
Rh3+–CO 2140–2146 Linear [51]

2137 [54]
Rh–NCO 2203 Covalent isocyanate [51]

2269 [55]
(NCO)− 2175 Ionic isocyanate
Rh–CN 2147–2154 [54]
Ti–NCO 2192 [56]
Ti–CN 2317 Adsorbed at different sites [57]

2289
2267

We consequently conclude that cyanates, isocyanates
nitriles are formed during the reaction. To precisely characte
the mechanism, the reactivities of the different species for
at the surface were investigated.

3.3. Reactivity of NOy species in the presence of propene

In this approach, the catalyst was first submitted to a mix
composed of 1000 ppm NO–9% O2 in He to form the nitrates
then to a flow of 1000 ppm C3H6 in He. The results reporte
in Fig. 8 show the spectra of the original surface covered w
ion

nd
e
d

e

nitrates, denoted as NOy , and also the spectra obtained after d
ferent intervals at 523 K. The first spectrum is identical to t
reported above. The solid, flushed by pure helium for 60
and retaining a large fraction of the adsorbed species, was
submitted to the C3H6/He flow, and the surface was analyz
at different times. The main features after 4 min are the ero
of the band of sulfates, the growth of a band at 1675 cm−1, the
higher intensity of the band at 1925 cm−1, and decreased inten
sity of the band at 1612 cm−1. After 1 h, a broad band centre
at 1530 cm−1 develops.

These evolutions suggest that C3H6 reacts with the nitrate
localised at the support surface. This reaction correspond
NO formation, which can account for the increase of the R
NO+ band at 1925 cm−1 and of acetaldehyde with the grow
of the band at 1675 cm−1 [12]. After 1 h, the nitrates are con
sumed, and acetaldehyde remains untransformed (such a
nitrates linked to Rh), so that acetaldehyde is formed ex
sively by reaction of the nitrates from the support.

3.4. Interaction of NO + O2 with the oxygenated species
formed with propene

The oxygenated species formed earlier were further rea
with a mixture containing 1000 ppm NO and 9% O2 in He,
to compare the products formed with those formed by
teraction with propene. The resulting spectra are reporte
Fig. 9, in which the spectral zones corresponding to nitrates
to isocyanates/nitriles have been separated. When the NO2

mixture is admitted over the solid, the carbonylic band
1675 cm−1 disappears immediately and the 1912 cm−1 band
of Rh–NO+ reaches maximum intensity after 180 min. Sim
taneously, bands at 2187, 2161, and 2122 cm−1 appear in the
spectrum, assigned respectively to acetonitrile, NCO adso
at the Rh surface, and the support. They reach a maximum
30 min for the 2161 cm−1 band of isocyanate and after 3 h f
acetonitrile. It is noteworthy that stable CN or NCO species
pear only in the second introduction of NO, suggesting that



298 J.L Flores-Moreno et al. / Journal of Catalysis 236 (2005) 292–303

C

Fig. 7. DRIFTS spectra of adsorbed species for (a) G5 and (b) Rh/G5 submitted to the standard reaction mixture at 523 K.

Fig. 8. Reactivity of NOy species towards C3H6: evolution as a function of time of the spectra recorded at 523 K for Rh/G5 maintained in a flow of 1000 ppm3H6
in He.
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do not result from the direct interaction of NO and propene,
rather involve oxygenated intermediates.

3.5. Reactivity of adsorbed species in successive cycles

The solid was submitted to a flow of 1000 ppm C3H6 in He
after adsorption of NO+ O2, followed by adsorption of C3H6
and then readsorption of NO+ O2. The spectra are reported
Fig. 10. In this case, Rh–NO+ is restored very rapidly (abou
7 min) but is consumed and disappears after 1 h. Aceta
hyde is hardly detected, and the spectrum in the zone 2
2000 cm−1 is very similar to that observed earlier. Neverthele
on propene introduction, the nitrile band shifts from 2122
2115 cm−1, demonstrating the activation of the nitrile spec
by reduced rhodium species. This different behaviour indic
that the stationary state is not the same when the pretreatm
changed. To check this point, the pretreatment conditions w
changed.
t

-
–

,

s
t is
re

3.6. Reactivity of a surface pretreated by C3H6 + O2

The spectra obtained at different times for Rh/G5 subm
ted to a flow of 1000 ppm C3H6 + 9% O2 in He are re-
ported inFig. 11. These spectra show the formation of Rh+–
CO (band at 2092 cm−1), acetaldehyde (1675 cm−1), formi-
ates (1530 cm−1), and carbonates (1439 cm−1). The solid
equilibrated in this reaction mixture was then submitted
a flow NO+ O2 in He at 523 K. The resulting spectra, r
ported inFig. 12, show the immediate consumption of acetal
hyde and the formation of CN and NCO species (range 22
2100 cm−1). The behaviour here is quite different from th
observed with the pretreatment NO+ O2, then C3H6. In the
previous case there was no CO; therefore, the results su
that CN and NCO are formed by reaction of CO and NO
rhodium oxide. This is also suggested by the fact that Rh–N+
is formed before the appearance of nitriles and isocyanates
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(a)

(b)

Fig. 9. Reactivity at 523 K towards NO+ O2, of the species formed by successive treatments of Rh/G5 by NO+ O2/He, then C3H6/He: DRIFTS spectra in the
zone of (a) carbonyls and (b) NCO and CN bands.
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The spectra recorded in the presence of the reaction mix
at different temperatures are reported inFig. 13. At 373 K, the
bands of nitrates are predominant, the band of Rh–NO+ species
is very weak, and the bands of CN at 2118 cm−1 and of NCO
2160 cm−1 start to appear. At 473 K, the bands of nitrates
eroded, the intensity related to Rh–NO+ increases, and a ban
at 2260 cm−1, attributed to a nitrile adsorbed at a Bronsted s
is observed. At 523 K, the same situation is observed wi
maximum intensity of the bands at 1918 and 2160 cm−1. At
573 K, the band at 2260 cm−1 disappears, indicating the los
of protonic acid sites. At 623 K, the band at 2184 cm−1, of iso-
cyanate adsorbed on TiO2, is at its maximum intensity, and tw
new bands appear at 3141 and 3048 cm−1. These bands can b
assigned toν(NH) vibrations of NH3 adsorbed on the suppor
At 673 K, the bands corresponding to ammonia increase
band of Rh–NO+ is still high, and carboxylates/carbonates
formed in large amounts. It is interesting to note that the gro
of the isocyanate band at 2118 cm−1 parallels that of the reac
re

,
a

e

h

tion rate. Above 673 K, NO2 is formed in significant amounts
and the conversion of NO to N2 decreases.

4. Discussion

The numbers of acid sites of G5 derived using three diffe
methods agree reasonably well. The higher number of acid
measured with NH3 can probably be related to the higher b
sicity of this probe. This number of acid sites can be compa
with that reported for zeolites: about 0.7 mEq/g for H-BEA
(Si/Al = 13) or 0.38 mEq/g for an amorphous silica-alumin
[33] and about 1.5 mEq/g for Y zeolites[34]. Increasing the S
amount on that sample to 2.2% does not significantly incre
the acidity, suggesting that 0.3% S is sufficient to promote a
ity. Therefore, despite a relatively low S content, G5 is a s
acid and must be considered a partially sulfated titania.

The adsorption of NO–NO2 on titania and sulfated tita
nia has been investigated by infrared spectrometry by se
groups. Ramis et al.[35], Dines et al.[36], and Hadjiivanov
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(a)

(b)

Fig. 10. Reactivity at 523 K towards C3H6, of the species formed by successive exposures of Rh/G5 to NO+O2/He followed by C3H6/He, then again NO+O2/He:
DRIFTS spectra in the zone of (a) carbonyls and (b) –CN and –NCO bands.

Fig. 11. DRIFTS spectra of the adsorbed species formed at 523 K on Rh/G5, maintained in a flow of 1000 ppm C3H6 + 9% O2 in He.
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Fig. 12. Spectra, recorded at 523 K, showing the reactivity towards NO–O2, of the species formed by the treatment of Rh/G5 in a flow of 1000 ppm C3H6 + 9% O2
in He.

Fig. 13. DRIFTS spectra, recorded at different temperatures, for Rh/G5 maintained in the standard reaction mixture.
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Scheme 1. Possible mechanism for the reduction of NOx from acetaldehyde.

of the SCR of NO with propene over Ga2O3–Al2O3. Both cat-
alysts are acidic, and the kinetic study of this reaction o
Rh/sulfated titania[10] demonstrated that NO2 reacted faste
on acidic supports and was not desorbed in the gas phase
623 K. NO2 was then captured by propene in an acid-cataly
reaction. The role of Rh in the process may be to provide N2
to form nitrates. However, a second role can be proposed re
to the catalytic properties of Rh for propene oxidation[39]. Be-
tween 450 and 550 K, the oxidation of olefins by O2 gives
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Rh/SiO2 catalyst and acetone and propanal on RhO2/Al2O3
[40]. The consecutive reactions of the products on Rh/S2
have also been reported; propanal was converted to ace
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ides. Anderson and Rochester[41] also observed that acrole
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These reactions of acetaldehyde and NO2 are catalyzed by
acid–base mechanisms and do not require any transition m
All of the intermediates have been detected by in situ DR
spectroscopy, and the sequence can be catalyzed by su
titania. Rh oxide is required here to provide NO2. This mecha-
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on Rh and Ru, the partial oxidation of propene at about 47
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Whatever the mechanism of propene oxidation, the reducta
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5. Conclusion
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readily oxidized to CO2 in the conditions of reaction. Rh ox
ide is found to promote the transformation of acetaldehyd
isocyanate. The conjunction of these steps gives a bifunct
mechanism, as observed from the kinetic study.

References

[1] A. Fritz, V. Pitchon, Appl. Catal. B 13 (1997) 1.
[2] M.D. Amiridis, C. Mihut, M. Maciejewski, A. Baiker, Top. Catal. 2

(2004) 141.
[3] R.M. Heck, R.J. Farrauto, Appl. Catal. B 221 (2001) 443.
[4] R. Burch, J.P. Breen, F.C. Meunier, Appl. Catal. B 39 (2002) 283.
[5] B.J. Adelman, T. Beutel, G.-D. Lei, W.M.H. Sachtler, Appl. Catal. B

(1996) L1.
[6] T. Beutel, B. Adelman, W.M.H. Sachtler, Catal. Lett. 37 (1996) 125.
[7] T. Beutel, B.J. Adelman, W.M.H. Sachtler, Appl. Catal. B 9 (1996) L1
[8] B. Wen, Y.H. Yeom, E. Weitz, W.M.H. Sachtler, Appl. Catal. B 48 (200

125.
[9] Y.H. Yeom, B. Wen, W.M.H. Sachtler, E. Weitz, J. Phys. Chem. B 1

(2004) 5386.
[10] F. Figueras, J.L. Flores, G. Delahay, A. Giroir-Fendler, A. Bourane, J

Clacens, A. Desmartin-Chomel, C. Lehaut-Burnouf, J. Catal. 232 (2
27.

[11] F.C. Meunier, J.P. Breen, V. Zuzaniuk, M. Olsson, J.R.H. Ross, J.
tal. 187 (1999) 493.

[12] R.Q. Long, R.T. Yang, J. Phys. Chem. B 103 (1999) 2232.
[13] M. Haneda, N. Bion, M. Daturi, J. Saussey, J.-C. Lavalley, D. Dup

H. Hamada, J. Catal. 206 (2002) 114.
[14] D.J. Rosenberg, J.A. Anderson, Catal. Lett. 83 (2002) 59.
[15] C. Morterra, G. Cerrato, V. Bolis, Catal. Today 17 (1993) 505.
[16] K. Hadjiivanov, V. Bushev, M. Kantcheva, D. Klissurski, Langmuir

(1994) 464.
[17] K. Hadjiivanov, H. Knozinger, Phys. Chem. Chem. Phys. 2 (2000) 28
[18] J.E. Bailie, C.H. Rochester, G.J. Hutchings, J. Chem. Soc., Far

Trans. 93 (1997) 2331.
[19] H. Yoshitake, Y. Iwasawa, J. Chem. Soc., Faraday Trans. 88 (1992) 5
[20] P.G. Harrison, B. Maunders, J. Chem. Soc., Faraday Trans. 1 81 (1

1345.
[21] Nist, http://www.Webbook.Nist.Gov.
[22] W.E. Slink, P.B. De Groot, J. Catal. 68 (1981) 423.
[23] D.V. Kozlov, E.A. Paukshtis, E.N. Savinov, Appl. Catal. B 24 (200

L7.
[24] G. Ramis, G. Busca, V. Lorenzelli, J. Chem. Soc., Faraday Trans.

(1987) 1591.
[25] Y. Ukisu, S. Sato, G. Muramatsu, K. Yoshida, Catal. Lett. 11 (1991) 1
[26] M. Haneda, Y. Kintaichi, M. Inaba, H. Hamada, Catal. Today 42 (19

127.
[27] G.R. Bamwenda, A. Obuchi, A. Ogata, K. Mizuno, Chem. Lett. (19

2109.
[28] G.R. Bamwenda, A. Ogata, A. Obuchi, J. Oi, K. Mizuno, J. Skrzyp

Appl. Catal. B 6 (1995) 311.
[29] K.-I. Shimizu, J. Shibata, A. Satsuma, T. Hattori, Phys. Chem. Ch

Phys. 3 (2001) 880.
[30] F. Solymosi, J. Rasko, J. Catal. 65 (1980) 235.
[31] D.I. Kondarides, X.E. Verykios, J. Catal. 202 (2001) 207.
[32] F. Solymosi, T. Bansagi, J. Catal. 202 (2001) 205.
[33] B. Dragoi, A. Gervasini, E. Dumitriu, A. Auroux, Thermochim. Acta 4

(2004) 127.
[34] G. Zi, T. Yi, Z. Yugin, Appl. Catal. 56 (1989) 83.
[35] G. Ramis, G. Busca, V. Lorenzelli, P. Forzatti, Appl. Catal. 64 (1990) 2
[36] T.J. Dines, C.H. Rochester, A.M. Ward, J. Chem. Soc., Faraday Tran

(1991) 643.
[37] R.T. Yang, W.B. Li, N. Chen, Appl. Catal. B 169 (1998) 215.

http://www.Webbook.Nist.Gov


J.L Flores-Moreno et al. / Journal of Catalysis 236 (2005) 292–303 303

.

91

198

31

97)

s. 8

91

net.

,

aday

67

d-
05

7.
[38] A. Ueda, K. Ejima, M. Azuma, T. Kobayashi, Catal. Lett. 53 (1998) 73
[39] W.K. Hall, N.W. Cant, J. Catal. 22 (1971) 310.
[40] J.W. Mcmillan, H.E. Fischer, J. Schwartz, J. Am. Chem. Soc. 113 (19

4014.
[41] J.A. Anderson, C.H. Rochester, J. Chem. Soc., Faraday Trans. 1 85 (

1129.
[42] Y.H. Yeom, J. Henao, M.J. Li, W.M.H. Sachtler, E. Weitz, J. Catal. 2

(2005) 181.
[43] N.W. Cant, W.K. Hall, J. Catal. 16 (1970) 220.
[44] K.I. Hadjiivanov, Catal. Rev.-Sci. Eng. 42 (2000) 71.
[45] T. Chafik, A.M. Efstathiou, X.E. Verykios, J. Phys. Chem. B 101 (19

7968.
[46] T.J. Dines, C.H. Rochester, A.M. Ward, J. Chem. Soc., Faraday Tran

(1991) 1617.
[47] M. El-Maazawi, A.N. Finken, A.B. Nair, V.H. Grassian, J. Catal. 1

(2000) 138.
)

9)

7

[48] G.Y. Popova, T.V. Andrushkevich, Y.A. Chesalov, E.S. Stoyanov, Ki
Catal. 41 (2000) 805.

[49] G. Mul, A. Zwijnenburg, B. Van Der Linden, M. Makkee, J.A. Moulijn
J. Catal. 201 (2001) 128.

[50] J.E. Bailie, C.H. Rochester, G.J. Hutchings, J. Chem. Soc., Far
Trans. 93 (1997) 4389.

[51] D.I. Kondarides, T. Chafik, X.E. Verykios, J. Catal. 191 (2000) 147.
[52] H. Arai, H. Tominaga, J. Catal. 43 (1976) 131.
[53] B.E. Hayden, A. King, M.A. Newton, N. Yoshikawa, J. Mol. Catal. 1

(2001) 33.
[54] S.S.C. Chuang, S. Debnath, J. Mol. Catal. 79 (1993) 323.
[55] M.L. Unland, J. Catal. 31 (1973) 459.
[56] P. Davit, G. Martra, S. Coluccia, V. Augugliaro, E. Garcia Lopez, V. Lo

do, G. Marci, L. Palmisano, M. Schiavello, J. Mol. Catal. A 204–2
(2003) 693.

[57] J. Zhuang, C.N. Russu, J.T. Yates, J. Phys. Chem. B 103 (1999) 695


	DRIFTS study of the nature and reactivity of the surface compounds formed by co-adsorption of NO, O2 and propene on sulfated titania-supported rhodium catalysts
	Introduction 
	Experimental
	Results
	Adsorptions and co-adsorptions on the support
	Adsorptions and co-adsorptions on Rh/G5
	Reactivity of NOy species in the presence of propene
	Interaction of NO+O2 with the oxygenated species formed with propene
	Reactivity of adsorbed species in successive cycles
	Reactivity of a surface pretreated by C3H6+O2

	Discussion
	Conclusion
	References


