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Abstract

The selective catalytic reduction of NO by propene has been investigated on a series of Rh catalysts supported by sulfated titanias. The
dispersion of Rh oxide was measured by FTIR, from the observation of NO adsorption, and the number of acid sites by gravimetry, from the
observation of NH adsorption. The addition of sulfated titania to Rh/gi&3 a mechanical mixture increased the rate pfdimation, and
a higher rate was observed when Rh was supported on sulfated titania. A quantitative analysis of the influence of the acidity of the support
shows that the activity for plincreases with the number of acid sites. An increase in the surface of Rh oxide also leads to an increase in rate
up to a plateau, at which point the rate is limited by an acid-catalysed reaction. This behaviour is attributed to a bifunctional mechanism for
the reaction. In the presence of 25 ppm of,SMd 3% water, these catalysts reach 40% yieldraNa GHSV= 35,000 tr1 with no loss
of properties.
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1. Introduction which NO is oxidised first to N@on the metal oxides or
cationic sites and then NQOreacts with an adsorbed hydro-
The selective catalytic reduction (SCR) of NO te by carbon a}ctivqted by the acid functifsi; and a bifunctional
hydrocarbons in the presence of a large excess0h&® mechams_m in wh!ch hydro_carbons_ are conv_erteo_l to some
been extensively studied as a potential process ip &i@is-  carbonyl intermediates, which then interact with Ni@ an
sion control for diesel and lean-burning engiriek The  2cid-catalysed reactid,7]. The promoting effect of acid-
mechanism of this process is complex and depends on they 0N activity and ¥ selectivity has been reported by sev-
catalyst[2], the type of hydrocarbon, and reaction condi- eral authors. L.oughran and Resa}:ﬁ&bf!rst showed thata}
tions [3]. Different reaction schemes have been proposed: mechanlcql m!xture of sfulfated zirconia (SZ) and PdiSIO
a redox mechanism involving Gugenerated through re- was effective in promoting the activity in SCR of NO by

. ; ; o thane. The same phenomenon was observed with me-
duction by hydrocarbof4]; a bifunctional mechanism in meth: : ; ; )
y hy 4] chanical mixtures of sulfated zirconia with Mar Cu

manganite, with a large increase in NO reduction toifN
* Corresponding author. Fax: +33 47244 5399. a large temperature rang@]. When the Cu/Zr@ catalyst
E-mail address: figueras@catalyse.cnrs(ff. Figueras). was promoted by sulfate, the conversion of NO by decane
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became selective for N10]. This effect corresponds to the
capture of NQ by the acid reaction.
Indeed solid acids exhibit some activity in SCR of NO
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Table 1
Amount of sulfur retained by the solid and acidity after calcinations at
773K

at temperatures at which radical oxidations in the gas phaseSample Non-calcined  Calcined
provide the intermediated 1]. In such a model, in which S (wt%) S(wt%)  Sget Acidity
different reactions are coupled, the rate can be limited ei- (m*/g)  (Meqg)
ther by the oxidation or by the acid-catalysed reaction. The GP350 <01 <01 50 032
variations in the turnover number with acidity can give an GP350-S-0.IN B2 108 69 030

. X GP350-S-1N B 244 91 074
answer to this question. In the case of Cu/sulfated,Zt@
rate per surface Cu atom at 573 K was found to be inde- gg-s-lN 237 22421 12?) gig
pendent of acidity{12]. Therefore, in that case oxidation - 056 24 023
limited the rate, and any improvement of the catalyst re- prsq.5.0 1N 108 074 74 026
quired a change in the oxidising function for a more active pts1-s-1N 244 086 80 030
one. The best catalysts for oxidation at low temperature areprsy _ 0.26 89 _
the noble metals. Pt and Pd are known to forp©\which is EHTI <01 55 Q23
also not desired, so the best candidate is Rh, which has beemrHTi-s-0.01N 023
studied here, with sulfated titanias as supports. In the pres-FHTi-S-0.1N 059
ence of nitrogen oxides and oxygen, Rh is oxidised to its FHTI-S-IN 298 093 50 026
oxide after adsorption of nitric oxidgL3]. It is most prob- Al203-S-IN - 3.55 052

ably present as oxide under the conditions of the reaction,

and hydrogen adsorption cannot be used to determine the

dispersion. Rh catalysts strongly adsorb NO in a variety o
forms detectable by infrared spectroscopy, which offers the
possibility of selecting species of simple stoichiomér4].

A band at 1910-1930 cnt has been assigned by several
authorg[15,16]to a linear RiF—NO species adsorbed on an

oxidised Rh species, and the area of the band can then bé

used to measure the dispersion of the oxide.

2. Experimental

§ cases the sample was calcined at 973 K, in which case it is

referred to as 1Rh-G5-1N-973.

The chemical analyses were performed by ICP on the
solutions obtained by acid attack of the solid. Surface ar-
eas were determined from the isotherms of &disorption
t 77 K. The dispersion of Rh oxide on the supports was
estimated by infrared spectrometry with NO as a molecu-
lar probe and a Bruker FTIR spectrometer. Self-supported
wafers mounted in a glass cell were used for this purpose.
The catalysts were calcined at 773 K in air, brought into
contact with NO at room temperature, and then evacuated at
different temperatures. The acid properties were determined

Rh was supported on a mesoporous silica from Grace py adsorption of ammonia at 383 K, measured by gravimetry

Davison (GD 432) and a series of titanias commercialised with a SETARAM microbalance. The solid was first treated
or developed by Millennium Chemicals. Titanias can be pre- for 1 h in air at 773 K, then in helium for 1 h at the same
pared by hydrolysis either of sulfates (G5 and DT51), in temperature, cooled in helium to 383 K, then brought into

which case they contain sulfur in amounts depending on the contact with N (1% in He) up to equilibrium. When this

final pH of the process, or chlorides (GP350), giving sulfur-
free TiQ,. Sulfation was made by bringing the support into
contact with a HSOy solution: G5-S-1N-773 stands for a
G5 support treated wita 1 N SOy solution and calcined
at 773 K in air for 2 h. A nonporous S-free titania obtained
by flame hydrolysis of the chloride (designated FHTi) of

equilibrium was reached, pure He was passed over the solid
to eliminate the small amount of physically adsorbedsNH
retained by the solid.

X-ray photoelectron spectroscopy (XPS) experiments
were carried out in a VG Escalab 200R spectrometer with a
hemispherical analyser with a pass energy of 20 eV. A Mg-

low surface area was also used for comparison. The differentk, X-ray source at 1253.6 eV was used for the analyses.

supports used are listed Tlable 1 Since calcination induces
partial desulfatation of the solid, the amount of sulfur is re-
ported before and after calcination.

Rh/TiO, catalysts containing 0.6—1.7 wt% Rh were pre-
pared from the supports by incipient wetness impregnation,
with RhCk - xH20 as precursor. Rh/SiOwvas prepared by
cation exchange from ammonia solutions of (Rh@}$)Cls.

The spectrometer was calibrated on thg, 3 line of sputter-
cleaned Ag, at a binding energy of 368.20 eV. Photoelectron
binding energies on Rla3signals were referenced to the
C1ls line fixed at 285.0 eV. The normalised XPS intensi-
ties, which are proportional to the effective concentrations
of the corresponding elements in the surface layer, were
determined as the integrated peak area divided by their cor-

The catalyst was dried at oven temperature and then calcinedesponding sensitivity factgt.7].

in flowing air at 773 K for 10 h, reached with a ramp of
5 K/min. 1Rh-G5-1N stands for a sample containing 1 wt%
Rh, deposited on G5-1N and calcined at 773 K. In a few

The catalytic tests were performed in a flow reactor,
with 0.1 g of catalyst and a reaction mixture composed of
1000 ppm NO, 1000 ppm4Eils, and 9% Q in He. The total
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flow rate was 120 ciymin, corresponding to a space veloc- RANO

ity of about 35,000 hl. The reaction products were mea-
sured by gas chromatography for nitrogen and propene, and
by infrared absorption with detectors for nitrogen oxides.
The catalyst was first treated for 1 h at 773 K in a mixture of
10% O/He, then cooled to low temperature. A temperature-
programmed reaction was then performed, and the catalyst
was maintained at 773 K for 1 h in the presence of the
reaction mixture; then the temperature was progressively de—Ja
creased to room temperature over a 6-h period. The results<
reported here are those obtained when the temperature was
decreasing, since the catalyst is stabilised by the procedure
used.
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3. Resultsand discussion Wavenumbers (cm™)

3.1. Characterisations of the catalysts Fig. 1. Infrared spectra of NO adsorption on Rh-FHTi after evacuation at
different temperatures.

Changing the surface area of the support and the condi-
tions of sulfation results in quite different acidities, as re-
ported inTable 1 The acidities measured for 0.6Rh-GP350 02 473K
and 0.6Rh-G5 were those of the pure supports within an er- ’5
ror of 10-15%. The fact that Rh addition does not change &
the number of acid sites can be accounted for by the small 8
Rh content.

Measuring the dispersion of supported oxides is not a triv-
ial problem and requires selection of a probe with a known ]
stoichiometry of adsorption at the surface. NO is readily ad- 1637
sorbed and is known to form different surface species such 00 298K
as nitrosyls or nitratefl4]. Among these species, mononi-
trosyls have been observed after adsorption at low tempera- -
ture, characterised by a band at 1935-1908tof a Rh'— 2100 2000 1900 1800 1700 1600 1500 1400
NO’* species, due to the formation ofrabond between Wavenumbers (cm™)

Rh and NO. For the adsorption of NO on alumina-supported

Rh oxide at 523 K, Efthimiadis et gl18] reported this band Fig. 2. Infrared spectra of NO adsorption after evacuation at different tem-
at 1908 cntl. The experiments were performed with a flow peratures on a 0.6Rh-GP350-S-1N sample used in the SCR test.

cell, in an oxidising atmosphere (5%)) to maintain the

sample in the oxidised state. On a freshly reduced RIGAI ported to be produced by donation of an electron antibonding
sample, adsorbing NO from a NO/He mixture, the band as- (p2pz*) of NO to a d orbital of the metal to strengthen the
signed to Rh—N® has been reported at 1877 ch{19]. Af- NO bond[21]. The shift of the band from its initial posi-
ter one night of contact at 473 K with an originally reduced tion at 1936 to 1914 cm' after evacuation at 473 K reflects
sample, a unique NO band was observed near 1910tcm a small change in the retrodonation, attributed to a slight
that corresponded to the Rh(1)-NGQpecieg16]. The same  reduction of the sample induced by vacuum treatment. Elec-
band has been found at 1920 thon Rh supported by Tig) tron enrichment at the Rh site makes it possible to pump
which was either pure or doped by®%Vcations[15]. There- more electrons into the anti-bondiagorbital of NO, thus
fore the position of the band changes with the degree of weakening the N—O bond. This change in electron density
oxidation of Rh, and a band in the range of 1935-1908tm  at the Rh atom induces a stretching of the N-O bond and
is characteristic of the oxid@0]. This molecular adsorption  therefore a change in the dipole moment, leading to a higher
corresponds to a 1:1 stoichiometry, which makes it possible intensity of the band. The results obtained at 373 K were
to estimate the dispersion. used to estimate the dispersion of Rh oxide, since the ad-

FTIR spectra for NO adsorbed at different temperatures sorption is then more representative of the catalyst in the
appear inFig. 1 for Rh-FHTi and inFig. 2 for Rh-GP350 oxidised state. The integrated area of the band was corrected
sulfated. The intensity changes with the evacuation temper-by the weight of the sample and the surface of the wafer.
ature, and a slight shift is noticed after desorption at 473 K.  The intensities of the bands measured on the catalyst af-
The formation of the cationic (M—N©) species has beenre- ter the reaction differ somewhat from those measured on the

1914

1617

1542

373K 1936

0.1

Absorban
1618

1726
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1 1 1 1
Table 2 .307,96
Area and position of the FTIR band (not corrected for the amount of Rh) of 5
the mononitrosyl species measured after evacuation at 373 K for fresh and
used catalysts

Sample Fresh catalyst Used catalyst g:

Area  Wavenumber Area  Wavenumber >

(a.u.) (Cm_l) (a.u.) (cm™ l) z, Before reaction
0.6Rh-GP350-S-IN 13 1926 19 1936 %
0.6Rh-GP350 20 1918 49 1928 -
0.35Rh-G5 5 1913 5 1921 After reaction
0.6Rh-FHTi 50 1928 i ;
1Rh-G5 17 1924 54 1910 325 320 315 310 305 300
2Rh-G5 69 1920 138 1922 Binding energy (eV)
1Rh-DT51 37 1925 62 1920
O'GRh'GS'Sle 5 1920 Fig. 3. XPS spectra of 1Rh-G5 before, and after reaction.
1Rh-DT51(bis) 38 1913
0.6Rh-FHTI-S-1N 13 1930

amixture of RE+ and R species. After reaction the peaks
are shifted to higher energies and the solid is therefore more
fresh catalyst Table 3. However, taking into account the oxidised than it was originally after treatment undera-Be
resolution of the spectrometer (4 ch), their position varies  mixture. The deconvolution of the peak indeed yields about
only a little. The treatment in the reaction mixture usually 70% Rh as R after the reaction. This finding agrees with
leads to more intense bands, suggesting surface reconstruche report by Oh and Carpent@4] that the oxidation state
tion in this atmosphere. Indeed, the surface migration of Rh of Rh/Al,O3 changes reversibly in response to changes in
atoms in the presence of NO was proposed eddig] the stoichiometry of the gaseous environment at the temper-
These areas reported ifable 3 show that significant  atures occurring in the catalytic treatment of exhaust gases.
changes in dispersion can be observed with a change in thePart of the reduction of the sample can probably be ascribed
support. If we consider the series containing 0.6% Rh on to the vacuum treatment in the XPS chamber, and it can then
GP350, a lower dispersion is noticed on the sulfated oxide. be concluded that in the conditions of the reaction, the cata-
Pure TiQ is basic and can exchange anions, but sulfation lyst is indeed an oxide.
decreases basicity, and the interaction, if any, between the
solid acid and Rh anions is very weak; Rh is then fixed not 3.2. Catalytic properties
by exchange but by adsorption of small particles, the size of
which depends on the concentration of the solution and rate  The catalytic properties were determined in the temper-
of evaporation of the solvefi22]. ature range 523-773 K. The influence of the acidity of the
The oxidation state of Rh was investigated by XPS be- support in bifunctional processes can be demonstrated with
fore and after the reaction. The sample “before reaction” was mechanical mixtures. This is illustrated fig. 4, which re-
pretreated in a mixture of £He, and the sample “after re-  ports the catalytic properties of Rh/Si@ompared irFig. 5
action” was cooled in the reaction mixture and kept under with those of a mechanical mixture of Rh/Si@nd sulfated
argon for the transfer in the spectrometer. The XPS spec-TiOz, and of Rh deposited on sulfated titania. As reported
tra, reported irFig. 3, show two bands at 313 and 307 eV earlier by several authors, Rh is very selective forand
assigned to Rh&/» and Rhads,» peaks. According to the  forms NG, above 550—600 K when the support is silica, and
literature, the 35> band is at 309.1 eV for Rz and at above 700 K when an acid support is used, so that the reac-
307.3 eV for metallic RIi23], so that the spectra are those of tion below 550 K is selective for N

Table 3

Integrated intensities of NO—Rh bands at 373 K corrected for the weight of sample and activities for the selective reduction of NO by propene at 573 K

Sample Rh Surface of Area of the IR Rate at 573 K
(Wt%) the support (fg~1) band/g solid (a.u.) (10~ mols1g1

0.35Rh-G5 B6 63 519 107

1Rh-G5 112 63 1664 B

1Rh-G5-1N-773 1 100 2623 .a

1Rh-G5-1N-923 1 - 2249 08

2Rh-G5 17 63 6866 125

1Rh-DT 51 104 74 3661 5

1Rh-DT 51(bis) 104 74 3774 B

0.6Rh-GP350-S-1N 6 91 2400 14

0.6Rh-GP350 ® 50 4900 14

0.6Rh-FHTi 06 55 790 066
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The addition of an acid support in a mechanical mixture

increases the rate of formation of dn Rh/SiQ at low tem-
peratures and shifts the production of Nt© higher temper-
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Fig. 6. Variations of the conversion at 573 K as a function of the surface of
the nitrosyl infrared band measured after catalytic testing on Rh catalysts
deposited on different supports.

atures is therefore limited by the size of the particles and is
not representative of the mechanism.

For ¢ > 0.3 diffusion resistance is limited, and the rate
at 573 K was taken as representative of activity for the
comparison of different Rh catalysts. The activity is plot-
ted against the surface of the infrared band of the nitrosyl
species irFig. 6, for catalysts prepared from different sup-
ports and containing 0.6—1.7 wt% Rh. In this plot, the area of
the infrared band was that measured after catalysis, and the
supports showing acidities in the range of 0.3-0.4 fgeq
(supports GP350, GP350-S-0.1N, G5, G5-S-1N, and DT51-
S-1N) or 0.23-0.26 meg (DT51, DT51-S-0.1N, FHTi, and
FHTI-S-1N) in Table 1were considered as equivalent. The
pure supports show some activity, which increases with the

atures. In the mechanical mixture, the two reactions proceedacidity of the support, and this activity is taken as the activ-
with different particles, and the process can be limited by in- ity of the Rh-free support. A linear correlation is initially
terparticle diffusion, mainly at the higher temperatures. As observed with the surface of the Rh—NO band with both
predicted by the theory of bifunctional reactions, support- acidities. The observation of parallel lines suggests the ad-
ing Rh on the surface of the solid acid leads to a further ditivity of two different processes: one catalysed by pure Rh
increase of the rate at low temperature. Above 600 K, the oxide, predominant at low acidity, and one involving acidity,
rate is strongly limited by internal diffusion. This rate mea- Wwhen acid sites are numerous. It appears also that when the
sured at 573 K with a feed containing 1000 ppm of NO and a surface exposed by Rh oxide is high, the activity is levelled:

GHSV of 34,000 h! corresponds to 10 molstg~1. The
Thiele modulus modified by Weig25,26]

¢ = vR?/(DetCo),

where v is the rate (molsgl), R is the radius of the
catalyst grains (here 0.01 cm{jy is the concentration
(8 x 1078 molmlY), and Det is the diffusion coefficient
(10~* cn?s1) is about 0.3. Diffusion limits the overall

process wherp = 1, and the conversion at higher temper-

in that case, the reaction is controlled by the acid function
and increasing the amount of Rh has no effect.

The effect of the number of acid sites on the rate is re-
ported inFig. 7. In this figure the point at zero acidity is
that measured with Rh/S§O Activity first increases with
the number of acid sites, then reaches a plateau. This be-
haviour is expected for a bifunctional reaction in which the
rate-limiting step would be the acid-catalysed reaction at low
acidity, and oxidation on the most acidic catalysts. Therefore
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Fig. 7. Variation of the activity at 573 K as a function of acidity for catalysts

containing 0.6% Rh supported on different acidic supports.

this kinetic analysis supports the hypothesis of a complex ] . A C0_NON.-SO I
mechanism, reduced to a redox on a silica support, but as- . ﬁ‘ A cﬁs -Zsoz 2 -
sisted by acidity when the number of sites is sufficiently 9 2 ——NO_-N, + SO,

high. This effect of acidity is indicated by the samples 1Rh- = | " —A—CH_+S0, |
G5 calcined at 773 or 923 Krable 3: in that case the sur- .g A

face of the IR band of nitrosyls does not change appreciably, ah

but calcinations induce a loss of sulfur and a decrease in ac-g . éﬁ 33338”’883.., -
tivity by a factor of 2. The changes in selectivity fopMNIO» o | e o’ % "-...m“
also vary in the direction predicted for a bifunctional mech- A2 @’d’) S **
anism in which NQ is consumed by an acid-catalysed reac- ) ‘gﬁ o OOOOO i
tion: increasing the acidity of titanias shifts the temperature 1 000000t
at which NG is formed to higher values={g. 8). At low M ——
acidity, the rate of production of N{Os too high compared 200 250 300 350 400 450 500
with the rate of the acid-catalysed reaction and,N@pears Temperature (°C)

in the gas phase.

Because of the protocol of activation including a calcina- rig- 9. CtO”VGFS_iO” of N?_Q' o) ?nd pfo??”?ﬁﬂ,lgg) ;S a fllj\ln(():tkigocg
H H H H mper I n q 10N MIXtur ntainin m m
tion at 773 K before the reaction, the operation in oxygen- gsH‘f ;‘supgnz’ss(g;mfg;)a oy gve;gs,?)oo r%l. ppm RO, PP
rich conditions in the presence of N oxides, we assume that
the working catalyst is a supported Rh oxide, as indicated by
XPS. In a neutral atmosphere and with reduced catalysts,converted to nitriles or hydroxylamines by an acid catalytic
the formation of both W and NO requires the presence Procesg29], and this path through nitriles could account for
of reduced surface sitd7], which are unlikely to exist  the role of acid supporti31,32] Rh catalyses partial ox-
in our experimental oxidising conditions. A detailed mecha- idation of propene to acrolein, acetone, and eth488];
nism has been proposed by Adelman ef2#] for the SCR therefore a path similar to that recently described by Yeom
of NO by propene on Cu/ZSM5. This proposal supposes et al.[34] for the reaction of acetaldehyde with NOn BaY
the formation of nitrosoalkanes by reaction of alkyl radi- zeolites could also be suggested. Nitromethane was detected
cal with NO or NG to form nitrosoalkanes. Nitrosoalkanes in the reaction products, showing that acid-catalysed reac-
with ana-hydrogen are not stable and would spontaneously tions can convert acetaldehyde to nitromethane, which has
isomerise to form oximef9]. Indeed, Beutel et al. have long been reported as an intermediate of the rea¢86h
shown that on Cu/ZSM-5, acetone oxime, the isomerisation  An interesting characteristic of these catalysts is their re-
product of nitrosopropane, reacts fast with NO to formm N  sistance to S@and water: as illustrated iRig. 9, the rate
and N>O [30]. Isotopic labelling shows that N-N bonds are shows little sensitivity to the presence of 25 ppm of,3©
formed between two nitrogen atoms with different histories: the reaction mixture and is retained with the addition of 3%
an impinging NO molecule and an adsorbed oxime complex. H2O in the feed. Toubeli36] observed an inhibition of the
This mechanism does not involve any step catalysed by acidsformation of Nb by the addition of S@ but used reduced
and cannot be strictly applied here. However, oximes can beRh catalysts supported by a Ti©f low surface area, about
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20 n?g~! doped by Wt. It has been observed that the

adsorption of S@on FHTi is reversible at moderate temper-

atures. This reversibility shows a low interaction of sulfates
with the surface and is not observed on Fi@ith high sur-

33

[10] G. Delahay, E. Ensuque, B. Coq, F. Figueras, J. Catal. 175 (1998) 7.

[11] H. Hamada, Y. Kintaichi, M. Tabata, M. Sasaki, T. Ito, Chem. Lett.
(1991) 2179.

[12] F. Figueras, B. Coq, E. Ensuque, D. Tachon, G. Delahay, Catal.
Today 42 (1998) 117.

face areas, which appear then as much more acidic. The lacki3] H. cordatos, R.J. Gorte, Appl. Catal. B 7 (1995) 33.

of influence of SQ could be a result of the oxidation state of

[14] K.I. Hadjiivanov, Catal. Rev.-Sci. Eng. 42 (2000) 71.

the metal: the oxide has an acidic character and is not pronel15] T. Chafik, A.M. Efstathiou, X.E. Verykios, J. Phys. Chem. B 101

to adsorb an acid like SO
In conclusion, the determination of the rate as a function

(1997) 7968.
[16] P.J. Levy, V. Pitchon, V. Perrichon, M. Primet, M. Cheuvrier, C.
Gauthier, J. Catal. 178 (1998) 363.

of the dispersion of Rh oxide suggests a bifunctional mecha-[17] 3.H. scofield, J. Electron. Spectrosc. Relat. Phenom. 8 (1976) 129.

nism for the selective catalytic reduction of NO by propene.
At the higher acidities it appears that the rate is controlled
by the oxidation of propene, so that the improvement of cat-
alytic activity has to be focused on this step.

Acknowledgment

Thanks are due to the scientific services of IRC for chem-
ical and XPS analyses.

References

[1] R. Burch, J.P. Breen, F.C. Meunier, Appl. Catal. B 39 (2002) 283.

[2] M.D. Amiridis, T. Zhang, R.J. Farrauto, Appl. Catal. B 10 (1996) 203.

[3] K.M. Adams, J.V. Cavataio, R.H. Hammerle, Appl. Catal. B 10 (1996)
157.

[4] R. Burch, P.J. Millington, Appl. Catal. B 2 (1993) 101.

[5] C. Gaudin, D. Duprez, G. Mabilon, M. Prigent, J. Catal. 160 (1996)
10.

[6] M. Sasaki, H. Hamada, Y. Kintaichi, T. Ito, Catal. Lett. 15 (1992)
297.

[7] Z. Chajar, M. Primet, H. Praliaud, M. Chevrier, C. Gauthier, F. Mathis,
Catal. Lett. 28 (1994) 33.

[8] C.J. Loughran, D.E. Resasco, Appl. Catal. B 7 (1995) 113.

[9] G. Delahay, B. Coq, E. Ensuque, F. Figueras, Comptes Rend. Acad.
Sci. Ser. 11 322 (1996) 881.

[18] E.A. Efthimiadis, S.C. Christoforou, A.A. Nikolopoulos, |.A. Vasalos,
Appl. Catal. B 22 (1999) 91.

[19] C. Dujardin, A.-S. Mamede, E. Payen, B. Sombret, J.P. Huvenne,
P. Granger, Top. Catal. 30-31 (2004) 347.

[20] P. Granger, H. Praliaud, J. Billy, L. Leclercq, G. Leclercq, Surf.
Interface Anal. 34 (2002) 92.

[21] H. Arai, H. Tominaga, J. Catal. 43 (1976) 131.

[22] C. Marcilly, Rev. Inst. Fr. Petr. 39 (1984) 189.

[23] S. Lamalle, A. Mortreux, M. Evrard, F. Petit, J. Grimblot, J.P.
Bonnelle, J. Mol. Catal. 6 (1979) 11.

[24] S.H. Oh, J.E. Carpenter, J. Catal. 80 (1983) 472.

[25] P.B. Weisz, Ber. Bunsen-Ges. 79 (1975) 798.

[26] P.B. Weisz, Science 179 (1973) 433.

[27] T. Chafik, D.I. Kondarides, X.E. Verykios, J. Catal. 190 (2000)
446.

[28] B.J. Adelman, T. Beutel, G.-D. Lei, W.M.H. Sachtler, Appl. Catal.
B 11 (1996) L1-L9.

[29] J. March, Advanced Organic Chemistry: Reactions, Mechanisms and
Structure, third ed., Wiley, New York, 1985.

[30] T. Beutel, B.J. Adelman, G.D. Lei, W.M.H. Sachtler, Catal. Lett. 32
(1995) 83.

[31] T. Gerlach, M. Baerns, Chem. Eng. Sci. 54 (1999) 4379.

[32] T. Gerlach, U. lligen, M. Bartoszek, M. Baerns, Appl. Catal. B 22
(1999) 269.

[33] N.W. Cant, W.K. Hall, US Patent 3632833 (1972).

[34] Y.H. Yeom, B. Wen, W.M.H. Sachtler, E. Weitz, J. Phys. Chem. B 108
(2004) 5386.

[35] E.A. Lombardo, G.A. Sill, J.L. D'itri, W.K. Hall, J. Catal. 173 (1998)
440.

[36] A. Toubeli, E.A. Efthimiadis, |.A. Vasalos, Catal. Lett. 69 (2000) 157.



	Bifunctional mechanism for the selective catalytic reduction of NOx on Rh/sulfated titania
	Introduction
	Experimental
	Results and discussion
	Characterisations of the catalysts
	Catalytic properties

	Acknowledgment
	References


