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Abstract

Palladium catalysts were prepared by impregnation with Pd(ll)-bis-acetylacetonate dissolved in toluene on various nonporous support:
having very different thermal properties, SiQAI>O03, SigNg4, and SiC, and their catalytic properties were tested for the gas-phase 1,3-
butadiene hydrogenation reaction. The mean metal particle size of 0.5 Pd wt% loaded catalysts was similar (4 nm) for all supports. However
Pd particles have different Bgk/» XPS-binding energies, a sign of different electronic properties through their metal-support interactions.
All catalysts show a decrease of their activity versus time at the beginning of a reaction run. However, the effect is more or less pronouncec
on the different catalysts. The activity of the /&0, and PdSigN4 catalysts decreased rather rapidly until a stable situation was reached.
This is not the case for PAl>,03 and PdSIiC catalysts whose activity decreased continuously with time even after 20-h working. No
direct relationship can be drawn between the thermal conductivity of the support and the deactivation process. The deactivation via thermg
effects induced on the metal particles by the hydrogenation reaction (exothermic and working with a very high TOF) is consequently not
the predominant one. The evolution observed is in fact the consequence of the stabilization of the catalyst, probably via the formation of
carbonaceous residues, which actually depend on the intrinsic properties of thésopgiatt couple.
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1. Introduction is sensitive to the surface structure; the hydrogenation rate
has been found to be about five times more rapid with the
Partial hydrogenation of dienes and alkynes is of great more open (110) Pd face than with the close-packed (111)
industrial importance [1,2]. Butadiene is present as an impu- surface [6]. Both single-crystal surfaces were found to have
rity in C4 alkenes produced by steam cracking and its con- a constant activity versus time and a selectivity into butenes
tent must be considerably reduced in butadiene-butene mix-close to one up to the guasi-complete conversion of buta-
tures. This is actually performed by selective hydrogenation diene. This is not the case for gas-phase hydrogenation of
of butadiene. A good process will consequently work in such butadiene on supported Pd catalysts, which seems to depend
a way that the complete hydrogenation of butadiene into on the nature of the support. While only a slight decrease of
butenes will be effective until the complete conversion of the initial activity has been observed for Pd on alumina [7],
the diene is reached, i.e., avoiding any formation of the com- a rapid decrease of activity was observed versus time at the
pletely hydrogenated (butane) molecule. For these reactionspeginning of the reaction run for Pd on silica, before stabi-
Pd is still considered as the best catalyst. However, it haslization [6]. It is frequently postulated that poisoning, which
been shown that its activity and selectivity can be strongly actually occurs at the beginning of the reaction, is associated
influenced by the metal dispersion, the nature of the support,with the formation of carbonaceous residues. The presence
and the preparation method [3-5]. Moreover, such a reactionof carbonaceous residues could also influence the selectivity
toward butenes; it has been proposed that they would favor
msponding author. then—butang formation [_8] or, on the contrary, could either
E-mail address: Jean-Claude.Bertolini@catalyse.univ-lyon1.fr block the sites responsible for the further/total hydrogena-
(J.C. Bertolini). tion of butenes as the reaction proceeds or create the sites re-
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quired for selective formation of butenes (via carbonaceous Table 1
overlayers) [9]. The carbonaceous residues may also depend/ain characteristics of the supports and of the Pd deposits

on the acidic properties of the support and modify the activ- B-SiC a-SizNg a-Al,03  SiO,

ity/selectivity, and their variation with time under stream, for pensity (g cnr3) 3.2 3.2 4 22

the considered reaction [10]. BET specific surface 17 7 11 37
In order to improve the selectivity of competitive hydro- ~ area (n/9)

genation, Pd-based bimetallic catalysts were often emponed?t:g?:;"g‘:]Zicﬂvit 540  105-225[18) 3235 611

[1,11-14]. The actual influence of the second metal added to RT(W/m/K) y

Pd is not clearly established, and many explanations havegy, materialt 270 150 30 ~1

been tentatively proposed. One can invoke a possible elec-
tronic influence, a structural promotion, and/or a location at _

e considered.
specific S|t6§ _Of the added meu’f‘l'_ o . b These are approximate values, which depend upon the manufacturing

The modification of the activity/selectivity versus time process. The reported values are among the highest given in the literature.
can be due to a poisoning of some specific sites having
an overactivity, such as the low-coordinated sites present catalysts were prepared by impregnation of the as-
at edges and corners of the Pd particles. In that sense theypplied supports with an adequate amount of Pd(1l)-bis-
location of a nonreactive element especially at the edges andacetylacetonate [Pd&Bl70,)2] (99% from Strem) dissolved
the corners, like Cu in PdCu [15], can be a way to limit the in toluene. After evaporation of the solvent and drying at
poisoning. 80 °C, the catalyst precursor was decomposed under argon

Moreover, one must keep in mind the high exothermicity flow at 773 K for 2 h, the increasing rate of temperature
of the reaction which, combined with the very high turnover peing limited to 1 K s, and cooled to RT under this neutral
number of palladium surface atoms, could cause problems inatmosphere. It is then calcinated for 2 h at 623 K under
heat transfer and local increase of the temperature of the acoxygen flow (increasing rate of temperature of 1 K i
tive Pd particles. One way to avoid these problems is the useand further reduced under hydrogen flow for 2 h at 773 K
of highly thermo-conducting materials as support of the Pd (heating rate= 1 Kmin~1). Finally, the reduced catalysts
catalyst. Of these, silicon carbide and, to a lesser extent, sil-were flowed half an hour under Ar after cooling at RT.
icon nitride are among the most highly thermo-conducting
compounds, on which it is possible to deposit palladium as 2.2. Catalyst characterization
fine particles by chemical means [16,17]. Moreover, on sil-
icon nitride Pd undergoes a peculiar electronic interaction  Induced coupled plasma (ICP) chemical analysis was
which can modify its catalytic properties [17]. used to determine the metal loading of the different catalysts.

In the present paper we will compare the catalytic The samples were put in acid solution and heated. The
properties of the gas-phase hydrogenation of 1,3-butadieneacids solutions used were eithes$0y/HNO3/HF at 523 K
of Pd deposited on supports showing very different thermo- or HF + $HCI/3HNO3 at 423-473 K. The acid attack
conductivity, SiC, SiNs4, and AbO3, and SiQ which has does not dissolve completely the silicon nitride, and silicon
the lowest thermal properties. carbide and gray residues were observed. Alumina and
silica were completely dissolved. The solutions were filtered
before analysis by optical ICP in a Spectro monochromatic
spectrophotometer (Pd wavelength was 340.6 nm).

The crystal structure of the supports was controlled by X-
ray diffraction using a Brucker D5005 powder goniometer
(typed—0) where the sample is fixed and the X-ray tube (Cu-
Ka1ta2, A = 0.154184 nm) and the detector rotate. Spectra

Nonporous materials in the shape of powders with similar were acquired in a@range of 3-80using 0.020 steps and
BET specific surface areas were used as supports of thean acquisition time of 1 /step.

active Pd metallic phase. The main characteristics of these  The catalysts morphology (size and distribution of the
powdered supports are given in Table 1. The SiC support, Pd particles supported on the powders) was determined by
from Nippon Carbide, presents the low temperature cubic transmission electron microscopy (TEM). The microscope
B phase [16]. The silicon nitride support, from Goodfellow, is a JEOL JEM 2010, operating at 200 kV, equipped with
was mainly constituted by the low temperature hexagonal a LaBs tip, a high-resolution pole piece, and a Pentafet-
a phase; the presence of some high temperaughase  LinK ISIS EDS-X spectrometer (Oxford Instruments). High-
was also measured by XRD [17]. More classical nonporous resolution electron microscopy (HRTEM) allows lattice
«-alumina and amorphous silica supports, produced by imaging of the palladium particles and of the support.
Rhdne—Poulenc, were used for comparison. Known valuesChemical analysis (from several hundreds of nanometers
of the thermal conductivity of such compounds are reported down to 3-nm regions) was achieved by energy-dispersive
in Table 1 for information. X-ray spectroscopy (EDS-X) in the TEM in order to check

a May vary a few with the crystalline phase and the crystallographic axis

2. Experimental

2.1. Supportsand catalyst preparation



28 G. Garcia Cervantes et al. / Journal of Catalysis 214 (2003) 26-32

the local composition as well as the absence of pollutants. Chemical analysis showed that for all the studied cata-
Size distributions were obtained from TEM micrographs; lysts the Pd wt% is nearby 0.5%, which implies some loss of
the mean size of the particlegr() is determined using the  Pd during the whole preparation process. In fact, whatever
formuladpg (Nm) = Y_n;d; /3" ni, wheren; is the number  the metal content and the support the loss was constant and
of particles corresponding to a diametii(nm). around 0.15 wt%.
~ Photoemission measurements (XPS) were performed us-  or such a low loading, the diffraction lines correspond-
ing an Escalab 200R from Fisons Instruments. Some chargqng to the Pd metal were not detected in the X-ray diffrac-
effect can appear during measurements; all data are COlometers of the metalized catalysts
rected taking the XPS-binding energy (BE) of respectively Representative TEM micrographs of the studied catalysts
the Spp level of SiC at 100.2 eV, the ] level of SgN4 at ; R . o

are given in Fig. 1. The size distributions are reported as

7.6 eV, th level of Al t74.2 eV, the i
397.6 eV, the Adp level of Al20s a eV, and the g inserts in the TEM micrographs. The mean size of the Pd

level of Si&; at 103.4 eV, as reference energy [19]. For quan- ) ,
titative analysis, the areas of the peaks considered are corParticles is close to 4 nm whatever the support (see Table 2).
XPS experiments showed differences in thegdtsinding

rected by taking into account their respective cross sections,

the spectrometer transmission (varying as the reciprocal ofénergies, which depend on the nature of the support. The

the square root of the kinetic energy of the photoelectrons Ptds/2-binding energy is a little less than 335 eV on SiC

(KE~95) in the energy region considered), and the mean free and SiQ. For Pd on §Ng, it is nearly 1 eV more. The

path of electrons (taken as proportional to the kinetic energy Ptsds/2 BE on alumina ranges between these two values. For

of the photoelectrons (KE) in the energy region considered). comparison, we measured a value of 335.3 eV for massive
Pd using the same instrumental setup [21].

2.3. Catalytic measurements The measured values of the Pd loading, of the particle
sizes, and of the XPS-binding energies for the different

The 1,3-butadiene hydrogenation was carried out pri- catalysts are given in Table 2.
marily between 273 and 313 K in a flow reactor at at- |5 Figs. 2-5 are reported the conversion and fhe

mospheric pressure. The reaction was performed in ex-ggjectivity into butenes versus time for the studied catalysts,
ge;s odf.lh%/d(;qgeﬂ (HI:ICH: 6'352:’ T% gea(flfa’e m||xtt.ure for experiments performed at 293 K. The general trend is a
eing diluted in He (HgH + HC) = 6.5). The relative decrease of activity with time accompanied with an increase

flows were set with Brooks flow gauges; the total flow -
. 1 ) of the S selectivity. However, these effects are more or
was fixed at 10 Ih+. Products analysis was performed . .
less rapid and more or less pronounced on the various

by gas chromatography. The selectivity into butenes is de-
yd grapny y catalysts. For Pd on Sihe initial decrease of the activity

fined by S1 = Poutened Y (Poutenest Poutand; the relative L.
amount of 1-butene in the butenes cut is measuresbby is important but the catalyst reaches a steady state after 5-6 h

PLbutend 3" (Poutened. For the TOF determination, the dis- Working; its activity is quite low in comparison with the

persionD is calculated following the expressian= 1.1/d others. The same tendency is observed for thgSBts
(d being the mean size diameter, expressed in nm), valid for catalyst, but with a higher steady-sate activity. Pd on alumina
fcc Pd particles [20]. and Pd on silicon carbide both present a higher activity and a

For easier heat transfer between the thermostated batHess important decrease of activity with time. However, they
(which fixes the reaction temperature) and the catalyst, have a lowelS; selectivity. In Table 3 are given the turn over
reactors consisting of stainless-steel tubes %¢%-inch frequency (TOF), thé; selectivity (into butenes), and tise
outer/inner diameter (instead of quartz as usually) were used.selectivity (which measures the 1-butene ratio in the butenes
Five milligrams of catalyst was blended with 45 mg of the cut) versus temperature.
inert support before introduction in the reactor. The values of the activation energies for the considered

As-prepared gatalysts were retreated in'the reactor for 2 ho 4 tion (butadiene> butenes) on the different catalysts
at 773 K in flowing Q and then reduced infor 1.5 h o546 hereafter correspond to calculations by taking into
?;tglz:i' K, ngy were cooled under an He flow before the account sufficiently high activities to get a precise value, but

ytic studies. only at temperatures so that the selectivity into butefies
remains very high (above 85%), i.e., avoiding the 273 K
value for the less active catalyst (Pd on giGand the
values obtained at 303 K and above for the more active

The amorphous nature of the silica supportwas confirmed Pd/SisN4 and PgSIiC catalysts. The activation energy is
by X-ray diffraction. The alumina and silicon carbide 77+ 2 kimol! for Pd supported on SiD SigNs, and
supports exhibited respectively the known hexagomal ~ SiC. Taking into account the experimental values reported
structure and the cubig structure. For the silicon nitride  in Table 3 for the PAAI O3 catalyst, a value significantly
support, the presence of somephase was detected amid lower for the activation energy of the reaction is found
the hexagonal phase. (46 kI mot1).

3. Resaults
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Fig. 1. Transmission electron micrographs of the four catalysts (scale bars are 100 nm).SgpP¢b) PJ/Al,03, (c) Pd/'SizNg, (d) PJSIiC. The size
histograms are inserted in the respective micrographs.

4. Discussion Pd/Si3Ny4 catalyst is about the same. The evolution of the re-
action versus time is different on the P&l 203 and PdSiC
Let us first discuss the deactivation process observed atcatalysts, for which the loss of activity is less important, but
the beginning of the reaction runs performed at 293 K. for which we never observed a complete stabilization. No
The conversion decreases regularly with time under reac-correlation can be found between the thermal conductivity
tion with the Pd'SiO; catalyst and then stabilizes after some of the support (SiC> SizsNg > Al203 > SiOy) and the de-
hours working, as observed earlier [6]. The behavior of the activation process during the reaction run. One can therefore
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50 100
Table 2 | Pd/ot~/-\|203
Physico-chemical properties of the Pd-supported catalysts
40+ 90
Pd/B-SiC  Pda-SisgNg Pd/a-Al,03 Pd/SIO,
Pd loading (wt%) 0.61 0.48 0.54 0.52 L 20l %
TEM mean particle 4.5 4.3 3.7 4.1 z ;
size (nm) 2 £
DispersionD? 0.24 0.26 0.3 0.27 S 20+ E
Pdsgs/2-binding 334.7 335.9 335.4 334.9 § s
energy (eV) 10 o
@ The dispersion, for Pd particles, is calculated following the relation-
ship: D =1.1/d; d being the mean diameter expressed in nm [20]. 8
0 2 4 6 8 10 12 14 16 18
Time [h]

conclude that the heat transfer from the reacting metal par-
ticles to the support is not one of the main parameters for Fig. 3. 1,3-Butadiene conversion (%) and selectivly = Pputened
preventing the deactivation processes. This points out that>-(Pbutenest Phutand (%) for the PdAIO3 catalyst. Flow rates:
. . . .~ Hy = 1.33 Ihl, butadiene= 0.2 Ih™1, and helium= 9 Ih1;
the use of highly thermo-conducting materials, such as SiC,
. . . . . temperature= 293 K.

and SgNg4, for such an exothermic reaction working with a
high TOF (i.e., liberating many calories per unit time) does
not avoid the deactivation process.

One can therefore think that the main process appearing
at the beginning of the considered reaction is its stabilization

through the formation of carbonaceous deposits [10,13,22]. UPon the acidity of the support [10]. N N
Looking at the activity/selectivity versus time curves mea- " @ny case, the experimental values of activity/selectivity

sured at RT for Pd on Siand SiNg (Figs. 2 and 4), more measured at different temperatures after 18-h working (Ta-

precisely by considering the simultaneous decrease of activ-P1€ 3) provide evidence that thy selectivity rapidly de-
ity and increase of selectivity into butenes to reach a 100% creases as soon as the conversion becomes higher than about

selectivity as soon as the catalyst exhibits a stable activity, 1°7¢- This is a sign that the active sites for further hydro-
one can propose a scenario in which the catalytically ac- genation are in fact always present; and that the thermody-

tive sites responsible for the further total hydrogenation of namic and kinetic parameters simply govern the reaction on

1-butene would be selectively blocked by these carbonaeous® Slt_ab'l'ZEd surface.'d h . ith he i
deposits or that the sites required for selective formation _ et us now consider the reaction with respect to the in-
of the butenes are created as proposed by Crabb and Marlrinsic properties of the Pd particles. All the studied catalyst
shall [9]. Such a proposal is in contradiction with some con- have about the same characteristics with respect to the metal

clusions of other authors who propose that the carbonaceoud®@ding & 0.5%) and the mean size(4 nm). Whatever

residues at the surface would make the catalyst less selecth® sample, the line shape of both theddgl>3dy2) XPS

tive into butenes [23]. Looking again at Figs. 2-5, one sees pegks and theblcorrers]ponging4,l§(;/V Augedr sp(é:;ctr:m is
clearly that the stabilization process is more or less rapid duite comparable to that obtained for a reduced fdte as

depending on the support: moreover, the ROz catalyst measured for a clean and massive palladium sample, and not
P g PP ¢RAOs y to an oxidized P& state as measured for PdO [21]. Never-

shows a quite different behavior since both the activity and
the S1 selectivity decrease simultaneously with time. Such
behavior has also been observed on Pt catalysts and depends

50 0O O OO ) 100

e Pd/SIO, d 50 [eSsesssaccesssssesssstssseosssssossss 100
p \ / Od
L] 7
P (¢]
1N s
o —_ —_
— 1S 0 5 . | g
g\c, 30 b o/ . ao\; —_ .\ /O :
= \' J 12 g o bl 1%
i § 5 :
g 204 s e 70% g 20-D * E 70(%
8 ., 1 o g /.‘- w
P Oga
104 .‘0. - 60 © 10 460
o... ]
L Pd/a-Si,N,
0 T T T T T T T T T T T T T T T T v 50 0 T T T T T T 50
0 2 4 6 8 10 12 14 16 18 0 3 6 9 12 15 18
Time [h] Time [h]
Fig. 2. 1,3-Butadiene conversion (%) and selectivly = Ppytened Fig. 4. 1,3-Butadiene conversion (%) and selectivly = Pptened
> (Pputenes+ Poutane (%) for the PJSiO, catalyst. Flow rates: > (Pputenes+ Pputand (%) for the P@SisN4 catalyst. Flow rates:
H, = 1.33 Ih1, butadiene= 0.2 Ih™1, and helium= 9 Ih=1; H, = 1.33 Ih1, butadiene= 0.2 Ih™1, and helium= 9 |h1;

temperature= 293 K. temperature= 293 K.
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50 100
| pdisic | The activation energye™ is quite the same for Pd on

SiOp, SisNg4, and SiC, while the BE values are markedly
different. E* is lower only for PdAl,03, whose BE value
is in a range in between those of the others. However, the
E* value corresponds then not only to the butadiene
butenes hydrogenation reaction but also to the consecutive
transformation of butenes, well evidenced by the far from
100%S; selectivity.
Among the catalysts exhibiting a high selectivity after
stabilization at 293 K (Pd on Si) SisN4, and to a less
S A A extent SiC) the P(SizN4 catalyst, which exhibits the higher
Time [h] Pdsgs/2 BE value, has the higher activity. The 51STOF (at
Fig. 5. 1.3-Butadiene comversion (%) and selectity 7 . 293 K and for a hydrogen pressure of _95 torr) is high and
Z(.Pbu.ten(;s‘f‘ Poutang (%) for the PdSIC catalyst. FIO\*,’V“ter”;eS: comparable to that measured on Pd single crystals for the
Hy = 1.33 IhL, butadiene= 02 IhL, and helum= 9 Ih-1; ~ Same hydrogen pressure [6].
temperature= 293 K. With respect to the selectivity into butenes,/B#N4
appears also to be one of the more efficient, together with
the PJSIiO, catalyst. Nevertheless, the performance of
theless, the different values of thedggl>-binding energies  such a catalyst with respect to the selectivity into butenes
for the different catalysts (see Table 2) can be considered asemains quite bad; indeed, the formation of the completely
a sign of some modification of the electronic properties of hydrogenated product, the butane, is effective as soon as the
the Pd particles induced by more or less support interaction.conversion becomes higher than about 15%. In any case, the
Simply, one can consider that Pd is in a neutral state on SiO s, selectivity into butenes never reaches 100% fof $@
and on SiC, but somewhat electron deficient asiNgj Pd on and for Pg@Al,Ogz, even for very low conversion. Whatever
Al203 shows an intermediate behavior. No direct correlation the catalyst, the 1-butene represents ab@8tdf the whole
between the different parameters for the considered reactionramount of butenes as long as the selectivity remains close

404 =490

Conversion (%)
S, Selectivity (%)

L
=3
o

o
w
o -

(activity/selectivity/activation energy) and theddg> XPS- to 100%. This seems to be a general trend for “normal”
binding energies of Pd emerges from the data collected onpalladium [7,22]. Thérans/cisratio in the 2-butenes is then
the different catalysts. close to 9, a quite high value often found on pure Pd [24] and

interpreted in terms of butadiene adsorbed in twvallylic

states which would be mainly governed by the time-averaged
13?:]%56r frequencies (TOF i 1), S = Py conformational behavior of butadiene molecules in the gas
ands, — Pl-?)uten 75 Poutencd sélelctivgt;‘steg:f\Neeﬁb;;egeg p gi‘?’j‘”K or Phase,i.e., aanti/synvalue of about 201 [25326]. As soon .
the studied catalysts under the experimental conditions usgeHE = as butane appears as a product of the reaction, the proportion
6.65, He/(H2/HC) = 6.5 and a total flow rate= 10 |h~1) of 2-butenes increases. This is the consequence of both the
largely more rapid hydrogenation rate for the 1-butene as

compared to 2-butenes and the rapid isomerization of 1-

T (°K)  %conversion TOF (s1)  §1(%) $2(%)

Pd/Si 273 ~04 ~0.15 100 69 . .
9Sic2 283 115 041 100 68 butene into the thermodynamically more stable 2-butenes.

293 39 14 100 66
303 104 35 100 65
313 26 85 73 52 5. Summary and conclusions

Pd/AI,03 273 4 12 96 58
283 8 25 " 41 The preparation of Pd (0.5 wt%) catalysts by impreg-
293 14 45 76 47 . . : : )
303 31 97 50 28 nation with Pd(ll)-bis-acetylacetonate dissolved in toluene
313 37 106 45 26 leads to the formation of metal particles having a very nar-

Pd/SisNy 273 12 045 100 72 row size distributio.n centered_near 4 nm_whatever the (non-
283 35 14 100 71 porous) support: Sig) Al,03, SisN4, and SiC. Nevertheless,
293 13 5 100 73 the XPS Pggs/2-binding energy depends on the support: it
303 44 165 65 26 is quite high for PdSisN4 (nearby 336 eV). This is 1 eV

_ 313 46 166 56 24 higher than for PASiO, and P¢'SiC. Pg/Al,03 shows an

Pd/SIC 22;33 “(i? ~ 8'25 188 ;; intermediate binding energy value for the Pd XPS peaks.
293 65 5 85 51 Whatever the catalyst a decrease of the catalytic activ-
303 13 42 67 44 ity is observed versus time for the gas-phase hydrogenation
313 205 65 57 35 of 1,3-butadiene. It is rapid and well pronounced, for both

The values are reported for measurements made after more than 18 h o?d/SiO2 and PdSizN4 catalysts, i.e., for Pd on supports
stream at 293 K. having very different thermal properties. The behavior of Pd
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supported on AIO3 and on SiC, the most highly thermo-
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[7] J. Goetz, M.A. Volpe, R. Touroude, J. Catal. 164 (1996) 369.

conducting support, is more complex and the length of time [8] A. Sarkany, Appl. Catal. A 175 (1998) 245.
necessary for reaching a stable regime is much longer. In any [9] E:M. Crabb, R. Marshall, Appl. Catal. A 217 (2001) 41.

case, no direct relationship can be drawn between the ther
mal conductivity of the support and the deactivation process.
One can therefore conclude that the deactivation via thermal

_[10] M. Primet, M. El Azhar, M. Guénin, Appl. Catal. 58 (1990) 241.

[11] J.W. Hightower, B. Furlong, A. Sarkany, L. Guczi, in: Proceedings
10th International Congress on Catalysis, Budapest (1992), Vol. C,
Akademia Kiado, Budapest, 1993, p. 2305.

effects induced on the metal particles by the hydrogenation[12] A. Sarkany, Z. Zsoldos, B.K. Furlong, J.W. Hightower, L. Guczi,

reaction (exothermic and working with a very high TOF) is

J. Catal. 141 (1993) 566.

not the predominant one. The evolution observed is in fact [13] B-K. Furlong, J.W. Hightower, T.L. Chan, A. Sarkany, L. Guczi, Appl.

the consequence of the stabilization of the catalyst, probably
via the formation of carbonaceous residues, which is actually

dependent on the intrinsic properties of the mytapport.
Considering the stabilized catalysts, the/BgN4 cata-
lyst (for which the Pdgs> XPS-binding energy is higher

compared to the others and to massive palladium) can be
considered slightly more efficient than the others; it shows

Catal. A 117 (1994) 41.

[14] J. Goetz, M.A. Volpe, C.E. Gigola, R. Touroude, J. Catal. 199 (2001)
338.

[15] A.J. Renouprez, K. Lebas, G. Bergeret, J.L. Rousset, P. Delichére, in:
J.W. Hightower, W.N. Delgass, E. Iglesia, A.T. Bell (Eds.), Studies
in Surface Science and Catalysis, Vol. 101, Elsevier Science, 1996,
p. 1105.

[16] C. Méthivier, B. Béguin, M. Brun, J. Massardier, J.C. Bertolini, J. Ca-
tal. 173 (1998) 374.

a higher TOF and a good selectivity into butenes up to a [17] c. méthivier, J. Massardier, J.C. Bertolini, Appl. Catal. A 182 (1999)

slightly higher conversion.
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