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Abstract

PdrAl O catalysts modified by cerium or lanthanum promoters are tested for hydrocarbon conversion: methylcyclopen-2 3
Ž . Ž . Ž .tane MCP hydrogenolysis, 2-methylpentane 2MP isomerization and 3-methylhexane 3MH hydrocracking, deshydrocy-

Ž . Ž . Ž .clization and aromatization. The following parameters are reviewed: i precursor salt of palladium chloride or nitrate , ii
Ž . Ž . Ž . Žrare earth nature La or Ce , iii rare earth content within the range 0–100% and iv impregnation mode coimpregnation or

.successive impregnations . The influence of chloride coming from the precursor salt of palladium on the catalytic behaviour
is strongly underlined. Chlorine anions are trapped by rare earth cations at the interface, as evidenced in a subsequent paper

Ž .dealing with characterization studies of these same catalysts K. Kili, L. Hilaire, F. Le Normand, submitted . Although the
reactions readily occur on metallic sites, as evidenced by 13C labelled experiments, the addition of rare earth increases the
activity and modifies the selectivity, especially for 2MP isomerization. These changes are rationalized in terms of significant

Ž . Ž .modification of the kinetic surface parameters competitive hydrogen and hydrocarbon coverages . This is explained by i
lowering of the hydrogen coverage of the palladium sites accompanying surface diffusion on the interface with the support

Ž .and ii creation of new selective sites at the transition metal–rare earth interface. The other parameters investigated yield
only minor changes of the catalytic behaviour. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Transition metal catalysts promoted by addi-
tion of a rare earth such as cerium or lanthanum

) Corresponding author. Current address: IPCMS-GSI, Groupe
Surfaces-Interfaces, UMR 7504 du CNRS, 23 rue du Loess, 67037
Strasbourg Cedex, France; Tel.: q33-3-88-107097; Fax: q33-3-
88-107248; E-mail: fln@odhinn.u-strasbg.fr

1 Current address: Faculte des Sciences, Universite du Benin,´ ´ ´
BP 1515, Lome, Togo.

have been widely studied for two important
groups of catalytic reactions:

- Automotive exhaust gas depollution where
they allow a broadening in the AirrFuel ac-
ceptance window of the gas composition and
thus increase the performance and the stabi-

w xlization of the three-way catalysts 1,2 .
- Syngas conversion where they change the
selectivity towards methanol and higher alco-

w xhols formation 3 .

1381-1169r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S1381-1169 98 00229-5
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Most explanations on the properties of such
catalysts generally point out the creation of new
sites at the interface between the metallic parti-
cle and the promoter by formation of an anionic
vacancy on ceria. As such, these oxophile cen-
ters could help to a stronger adsorption and
even to a partial decomposition of carbon
monoxide, providing a new pathway towards

w xthe formation of higher alcohols 4–11 . This is
now the most widely accepted view in the litera-
ture, although some authors have discussed other
explanations, such as a direct electronic transfer

w xup to an alloy formation 12,13 or a modifica-
Ž .tion of the size and the texture surface plans of

the metallic particle induced by interaction with
w xthe rare earth 4 .

However today, a more complete view of the
subject lacks as both the reducibility–oxidabil-
ity and the acido-basicity of rare earth oxides
are addressed in the occurrence of such an
interaction. Characterization studies of these
catalysts, with a special insight to these new
sites, were carried out by FTIR of adsorbed CO
w x14 , oxygen storage capacity measurements
w x w x15 , thermo-programmed desorption 16,17 ,
thermo-programmed reduction and oxydation
w x Ž . w x18 , and X-ray photoemission XPS 19 . Im-
portant modifications of the C–O stretching vi-
brations were assigned to the creation of surface

w xanion vacancies. In preceding papers 20–23 ,
we used XPS on the Pd and Ce core levels and

Ž .X-ray absorption XAS on the cerium L edgeIII
Ž .to fully characterize Pd–Ce La rAl O cata-2 3

lysts. Surprisingly, we report that the precursor
salt of the transition metal is an important pa-
rameter that governs the interaction between the
transition metal and the rare earth. Thereby, by
introducing a chloride salt precursor, an interac-
tion has been proposed to occur through a chlo-
rine bridge which allows to fast reoxidize palla-
dium or reduce cerium, according to the oxida-
tive or reductive conditions, respectively. By
contrast, when starting from nitrate salt precur-

w xsor, no such interaction does occur at all 22 .
To further investigate the exact nature of this

interaction, we prepared PdrAl O catalysts2 3

modified by cerium and lanthanum additives
that we test for hydrocarbon conversion. The
catalytic probes include both the activity and the
selectivity in the following reactions: methylcy-

Ž .clopentane MCP hydrogenolysis, 2-methyl-
Ž . Ž .pentane 2MP and 3-methylhexane 3MH iso-

merization, hydrocracking, deshydrocyclization
and aromatization. The specific mechanistic
pathways were previously determined in our
laboratory for unmodified PdrAl O in a wide2 3

range of metallic dispersion by a proper use of
the 13C labelling technique in the 2MP and

w x3MH isomerization 24,25 and they had probed
to be sensitive to size effects of the palladium

w xparticle size 26 .
In this paper the effect of the following pa-

rameters have been addressed:
Ž- Palladium precursor salt chloride

Ž . Ž . .Pd NH Cl or nitrate Pd NO3 4 2 3 2
Ž .- Rare earth nature La or Ce
Ž- Rare earth content the rare earth promotion

.ranges from 0 to 100% molar
Ž- Impregnation mode coimpregnation or suc-

cessive impregnations by two different proce-
.dures .

The physico-chemical properties of such cat-
w xalysts have been elsewhere reported 20 . The

Ž .influence of i the calcination temperature and
Ž .ii the palladium loading and reduction temper-

w xatures has been elsewhere reported 27,28 .

2. Experimental part

2.1. Catalysts preparation

The support is a Woelm alumina of surface
area 169 m2rg. The ceria support was prepared
by precipitation of cerium nitrate into hydroxide
at pHs9, followed by calcination at 2008C

Ž .within 4 h. The La O lanthana support was2 3

prepared in the same way, except that calcina-
tion is operated at 5508C within 6 h. Surface
areas were 38 and 19 m2rg, respectively.

Catalysts were prepared by coimpregnation
or successive impregnations of aqueous solu-
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Ž y1 . Ž . Ž .tions 10 N of Pd NH Cl purity 99.99%3 4 2
Ž . Ž . Ž .series I to IV, Table 1 or Pd NO series V3 2

Ž . Ž . Ž .with Ce NO series I, III–V or La NO3 3 3 3
Ž .series II . All reagents were purchased by
Johnson Matthey and the purity was better than
99.99%. After wet impregnation, catalysts were
dried 24 h in an oven at 1208C. Catalysts pre-
pared by coimpregnation were calcined in the
catalytic reactor for 4 h at 2008C in a flux of 20
mlrmn of dried air. At such calcination temper-
ature it has been previously shown that the

w xcatalytic activity is high 27 . Two modes of
successive impregnations were carried out.

ŽWhen rare earth was first impregnated Series
.IV , the catalyst was calcined at 2008C 4 h after

drying before subsequent palladium impregna-
tion. When palladium was first impregnated
Ž .Series III , the catalysts were subsequently cal-

cined 4 h at 4008C followed by rare earth
impregnation. The palladium content was
roughly kept constant around 8"2% whereas
the rare earth content is continuously increased.
For brevity’s sake, the catalysts Pd–

Ž .Ce La rAl O will be hereafter referred by the2 3

code indicated in Table 1. The weight contents
of palladium, rare earth and chlorine after the
catalytic tests are reported in Table 1, together
with the palladium mean particle size deter-
mined by transmission electron spectroscopy.

ŽOther physical properties surface area, X-ray
.diffraction, X-ray photoemission, . . . have been

w xelsewhere reported 20 . Two important indica-
tions can be extracted from the data of Table 1.
First, the chlorine content increases with the
rare earth addition. This is the result of a chlo-
rine trapping by the rare earth, as the occurrence

Table 1
Catalysts Pd–TRrAl O2 3

Ž . Ž . Ž . Ž . Ž .Series no. Impregnation mode Precursor salt Ce La wt.% Pd wt.% Cl wt.% d TEM, nm

Ž .I-1 Coimpregnation Pd NH Cl 0.00 9.3 0.7 4.53 4 2

I-2 < < 0.02 8.1 – –
I-3 < < 0.3 6.9 1.0 –
I-4 < < 0.5 7.8 1.0 –
I-5 < < 1.0 8.5 – –
I-6 < < 1.5 8.5 0.9 6.5
I-7 < < 3.2 7.0 1.1 –
I-8 < < 12.5 6.4 3.2 8.0
I-9 < < CeO 8.5 4.7 f15–202

Ž .II-10 < < 0.02 8.9 0.5 –
Ž .II-11 < < 0.5 9.7 – –
Ž .II-12 < < 1.1 9.1 1.1 –
Ž .II-13 < < 7.0 6.4 2.2 –
Ž .II-14 < < La O 7.7 5.5 G102 3

Ž .III-15 Successive impregnations Pd™Ce < 0.0 8.5 – –
III-16 < < 0.6 8.4 – –

Ž .III-17 < < 0.6 7.2 – –
III-18 < < 8.5 5.2 – –
III-19 < < 13.8 5.6 – –

Ž .IV-20 Successive impregnations Ce™Pd < 0.1 8.0 – –
IV-21 < < 0.5 7.9 – –
IV-22 < < 1.0 8.0 – –
IV-23 < < 2.2 8.6 – –
IV-24 < < 10.9 7.5 – –

Ž .V-25 Coimpregnation Pd NO 0.0 0.8 – –3 2

V-26 < < 0.7 5.8 – –
V-27 < < 2.6 8.1 – 4.0
V-28 < < 9.2 8.9 – –
V-29 < < CeO 1.1 – –2
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w xof oxychloride was detected 20,23,27 . Second,
the mean palladium particle size increases with
the rare earth addition due to a strong decrease

w xof the surface area of the catalyst 20 .

2.2. Catalytic tests

Hydrocarbon conversion was tested under at-
mospheric hydrogen in a pulsed catalytic mi-

w xcroreactor already described 29 . Unless other-
Ž .wise specified, catalysts generally 50–200 mg

were treated by the following procedure: after
drying and calcination in the microreactor, they
were flushed by nitrogen at room temperature
during 10 min before hydrogen was admitted.
Reduction was operated while the temperature

Ž .rose 28Crmin up to 4008C followed by an
Žhour at the reaction temperature 3008C for

MCP and 2MP and 3608C for 3MH reactivity,
.respectively . In all cases the gaseous flux was

20 mlrmin. Before any test, the catalyst was
first precovered by a 3 ml injection of the
reagent.

2.3. Products

The preparation and purification of the la-
Ž 13 13belled reagents 2 and 4- C-2MPs and 3- C-

.3MP together with the analysis of the label in
the reaction products have been previously de-

w xscribed in details 29,30 . All other hydrocar-
Ž .bons MCP, 2 and 3MP, 3MH were Fluka

puriss products and were used without further
purification. Frequent chromatographic tests
showed that MCP contained both 0.06"0.01%
of n-hexane and cyclohexane as main impuri-
ties. They were substracted from the analysis of
the products. The chromatographic analysis were

w xelsewhere described 26 .

2.4. ActiÕity

Activity A , expressed in micromoles perI

second and per gram of palladium, were calcu-

lated for a low conversion level a , accordingT

to:

A s a ) F rW 1Ž . Ž .I T

Ž .where F is the hydrocarbon flux mmolrs and
Ž .W the palladium weight g of the catalysts. For

small conversions, within the range 1–5%, the
accuracy in the determination of the conversions

Ž Ž ..from the formula Eq. 1 was about 10% but
larger than 10% for larger conversions. We did
not measure activities for conversions larger
than 20% where repeating processes did not

Ž Ž ..validate the formula Eq. 1 . We checked on
each sample, by plotting the contact time WrF
as a function of the conversion a , that diffu-T

sional limitations did not restrict the determina-
tion of the activity.

3. Results

( )3.1. Methylcyclopentane MCP hydrogenolysis

According to Scheme 1, MCP yields by hy-
drogenolysis of the cycle the following initial
products:

Ž- nH, 2MP and 3MP pathways 1, 2, 3 in
.Scheme 1, respectively by rupture of the

endocyclic carbon–carbon bond. It had been
shown that these reactions are reversible on

w xpalladium at 3008C 24–26 ;
Ž .- cP pathway 4 in Scheme 1 by irreversible

rupture of the exocyclic carbon–carbon bond.

Scheme 1. Hydrogenolysis of MCP.
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Table 2
Activity and selectivity in MCP hydrogenolysis Pd–RErA12O3

Ž .catalysts REsCe or La

Series no. A cP 2MP 3MP nHH
Ž .mmolrs.g Pd

I-1 4.2 2 48 28 22
I-3 4.7 4 46 25 21
I-5 5.1 5 47 26 22
I-6 6.0 4 47 27 22
I-7 3.5 1 49 27 23
I-8 1.5 3 50 25 22
I-9 0.1 2 56 23 19
II-12 2.8 3 49 26 23
II-13 1.5 3 52 25 20
III-15 0.6 2 55 25 18
III-17 0.1 4 45 27 24
III-18 0.01 6 50 27 16
IV-20 5.3 7 50 25 18
IV-22 6.0 6 47 25 22
IV-23 3.2 5 50 25 20
IV-24 2.2 3 52 24 21
V-26 3.2 1 56 23 20
V-27 4.3 3 48 27 22
V-28 2.9 4 50 25 21
V-29 3.3 2 53 25 20

Ž .Ring enlargement to cyclohexane R and
Ž .hydrocracking H by multiple breakings of the

carbon–carbon bond are generally negligible at
low conversions and at 3008C.

Table 2 displays some characteristic results
obtained on the five series. In Fig. 1 the varia-
tion of the activity A is plotted with the rareH

Ž .earth to palladium molar ratio RErPd . The
Ž .PdrAl O , PdrCeO PdrLa O catalysts are2 3 2 2 3

the lower and the upper limits of this ratio,
respectively.

The striking feature of these results is the
large difference of activity according to the
palladium precursor salt: chloride or nitrate,
corresponding to series I–IV and V, respec-
tively. With a chloride precursor, the activity is
enhanced by about one order of magnitude com-
pared to the nitrate precursor. This difference
tends to increase with the addition of a rare
earth promoter, so that activity is vanishingly
small for the nitrate precursor catalyst above
Ž .CerPd G1. A decrease in activity down to
three orders of magnitude is noted when palla-
dium is deposited on the rare earth oxides. This
effect is more pronounced on the lanthanum-

Ž .promoted catalysts series II or on the nitrate-
Ž .precursor catalysts series V . In the range of

medium rare earth content, there is a small
Ždifference in the promotion by lanthanum series

. Ž .II or cerium series I and IV . At low cerium

Ž . Ž .Fig. 1. Variation of the MCP hydrogenolysis activity A with the molar RErPd content for Pd–Ce La rAl O catalysts. Square SeriesH 2 3
Ž . Ž .I–II; Circle series IV and Up triangle series V, respectively.
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content, the activity rate A exhibits a maxi-H
Žmum for ca.1 1–2% cerium content series I

.and IV instead of a continuous decrease in
activity for the lanthanum-promoted catalysts
Ž .series II . Catalysts I and IV displays the same
behaviour with cerium content. By contrast, the
activity still remains large even at high cerium

Žcontent for the catalysts of the series III not
.shown .

The distributions of the initial products are
determined by extrapolation to zero conversion

Ž .level Table 2 . Fig. 2 displays two examples of
such extrapolation for catalysts I-1 and II-13,
respectively. The error in the initial product

Ž . Ž . Ž . ŽFig. 2. Extrapolation to zero conversion of the products distribution: a Sample no. I-1 and b Sample no. II-13. Down triangle 2MP; Up
. Ž . Ž .triangle 3MP; Circle nH and Square cP.
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selectivity is then estimated to "2%. We ob-
served only small change in the evolution of
product distribution with conversion. This indi-
cates that consecutive reactions are scarce even
at a high conversion level.

In Fig. 3, the evolution of the initial product
distribution with the rare earthrpalladium molar
ratio is plotted for the catalysts of the series I.
The variations of the selectivity are small but
still detectable. Thereby, the 2MP selectivity
slowly rises with the cerium content from 48%
on the PdrAl O catalyst up to 56% on the2 3

ceria support.
The activation energies for each single car-

bon–carbon bond rupture have been determined
on catalysts of the series I in a small tempera-

Ž .ture range 275–3108C at a low conversion
Ž . Ž .level a -5% Table 3 . The error is esti-T

mated at 4 kcalrmol. Arrhenius plots Log A si
Ž .f 1rT are plotted on Fig. 4. Activities are

determined both in the decreasing and the in-
creasing temperature mode. Activation energies
are nearly the same for each endocyclic
carbon–carbon bond rupture on a given sample.
However when promoted with cerium or sup-
ported on ceria, the activation energies of the
rupture of the endocyclic bonds are lowered by

Table 3
Activation energies for carbon–carbon bond rupture in MCP

Ž .hydrogenolysis on Pd–CerAl O series I2 3

Ž . Ž . Ž .Series RErPd P10 EA Kcalrmol DT 8C
Ž .no. molar cP 2MP 3MP nH

I-1 0.0 56 57 58 57 280–310
I-8 14.9 64 47 47 47 275–310
I-9 100 60 44 49 45 255–300

about 10 kcalrmol. The rupture of the exo-
cyclic carbon–carbon bond is more activated by
about 10 kcalrmol.

3.2. 2-Methylpentane isomerization

( )3.2.1. a OÕerall actiÕity and selectiÕity
As depicted in Scheme 2, 2MP directly yields

at 3008C as main reactions:
- Hydrocracking from C1 to C5 hydrocarbons
with selectivity S .H

- Isomerization according to the so-called
bond shift mechanism with selectivity SBS
w x30 .
- Isomerization and deshydrocyclization ac-
cording to the so-called cyclic mechanism

w xwith selectivity S 30 .C

The isomerization activity A is reported inI

Table 4 for some selected catalysts as well as

Ž . Ž . ŽFig. 3. Initial product distribution for Pd–CerAl O catalysts of the series I as a function of the molar ratio CerPd . Circle 2MP; Up2 3
. Ž . Ž .triangle 3MP; Down triangle nH and Square cP.
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Ž . Ž . Ž . ŽFig. 4. Arrhenius plots Log As f 1rT in MCP single carbon–carbon bond rupture for catalyst no. I-8. Square 2MP; Circle 3MP; Up
. Ž .triangle nH and Down triangle cP.

the conversion a , the selectivity for hydroc-T

racking S and the selectivity for isomerizationH

S . As the two isomerization pathways cannotI

unambiguously be determined with the use of
unlabelled hydrocarbons, the overall selectivity
for isomerization is S sS qS includingI BS C

MCP. A trend towards a decrease in activity is
observed when increasing the rare earth content.
The precursor salt of palladium significantly
affects the isomerization selectivity. These vari-
ations must be considered with care however as,
unlike MCP hydrogenolysis, S strongly de-I

pends on the overall conversion. By contrast the
isomerization selectivity strongly decreases

Scheme 2. 2MP reactivity.

when using the nitrate precursor salt of palla-
dium.

Also reported in Table 4 are the isomeriza-
tion ratios 3MPrnH obtained by the MCP hy-
drogenolysis and the 2MP isomerization, re-
spectively. The similarity of these two ratios
strongly suggests that, whatever the series, the
main isomerization process occurs through a
cyclic mechanism, which is the main pathway

w xdescribed on pure palladium 24 .
Anyway the high ratio isobutane to n-butane

indicates that consecutive reactions are negligi-
ble as n-butane could be obtained only by
multiple carbon–carbon bond rupture.

We compare the activity in 2MP isomeriza-
w Ž .xtion A A sa P S qS vs. the activity inI I T BS C

MCP hydrogenolysis A by plotting the ratioH

rsA rA as a function of the RErPd molarI H
Ž .content Fig. 5 . We find then a similar be-

haviour for the catalysts prepared from the pal-
ladium chloride precursor salt, whatever the im-

Ž .pregnation mode series I, II and IV . The ratio
r passes through a smooth minimum at low rare
earth content, then steeply increases to reach a
value about five-fold larger on the ceria support.
On the contrary for the catalysts prepared with a
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Table 4
2MP isomerization at 3008C on Pd–RErAl O catalysts: activity and selectivity2 3

Ž . Ž . Ž . Ž .Series RerPd P10 a % 3MPrnH 3MPrnH S S rsA rA AT MCP 2MP H I I II I
Ž . Ž .no. molar mmolrs.g Pd

I-1 0.0 14 1.00 1.30 63 37 0.29 2.4
I-4 0.5 6 1.20 1.20 56 44 0.14 1.2
I-6 1.4 6 1.25 1.25 55 45 0.10 1.3
I-8 14.9 6 1.10 1.15 36 64 0.50 1.2
I-9 100.0 1 – 1.20 14 86 1.10 0.13

Ž .II-12 0.9 7 1.30 1.15 60 40 0.18 1.3
Ž .II-13 8.4 9 1.40 1.15 45 55 0.33 1.5

IV-22 0.9 12 1.05 1.15 47 53 0.25 2.5
IV-24 11.2 3 1.15 1.15 39 61 0.29 1.1
V-25 0.0 0.1 1.20 1.40 50 50 0.08 0.10
V-26 0.9 2 1.05 1.30 65 35 0.22 0.15
V-28 7.8 0.2 – 1.70 76 24 0.12 0.006

Ž .palladium nitrate precursor series V , r drops
Ž .to a very small value Table 4 . As the main

process on palladium is a cyclic mechanism
with adsorbed MCP as a common intermediate
in both isomerization and deshydrocyclization
Ž .Scheme 2 , the ratio r is a true indication of
the relative rate of dehydrocyclization compared
to the hydrogenolysis of the same cycle. Thus
an increase in r must imply an increase in the
deshydrocyclization step yielding MCP and the
isomers or an inhibition in the ring opening of

the adsorbed cycle. However, as pointed out by
w xGault 31 , the distribution of 2MP products is

strongly dependent on the conversion level, and
further indications can only be gained by the
use of 13C-labelled reagents.

3.2.2. 13C isotopic labelling
Three labelled hexanes have been used

Ž .Scheme 3 . They allow to fully distinguish
between the cyclic mechanism and the bond
shift mechanism of 2MP and 3MP isomerization

Fig. 5. Evolution of rsA rA as a function of the molar ratio RErPd. Series I–II.I H



( )K. Kili, F. Le NormandrJournal of Molecular Catalysis A: Chemical 140 1999 267–285276

Scheme 3. Isomerization pathways of 13C-labelled hexanes. DL and MC stand for bond shift and cyclic mechanisms, respectively.

w x 13 13 1324,31,32 . 2- C-2MP, 4- C-2MP and 3- C-
3MP yields by a cyclic mechanism 3-13C-3MP
Ž . 13 Ž .pathway I , 1- C-3MP pathway III and 2-
13 Ž .C-2MP pathway V , respectively, and by a

13 Ž .bond shift mechanism 2- C-3MP pathway I ,
13 Ž . 13 Ž2- C-3MP pathway III and 3- C-2MP path-

.way V , respectively. On the other hand, the use
of 2-13C-2MP and 4-13C-2MP is required to
determine the respective contributions of the

Ž . Žbond shift A or methyl shift , bond shift B or
.isopropyl shift and the cyclic mechanism of

Ž .n-hexane pathways II and IV . Therefore, 2-
13C-2MP yields the 3-13C-nH by a bond shift A,
but the 2-13C-nH by a bond shift B or the cyclic

Ž . 13mechanism pathway II . However the 4- C-
2MP can differentiate between the two last pro-
cesses as the 2-13C-nH is obtained by the bond

shift B and the 3-13C-nH is obtained by half by
Ž .the cyclic mechanism pathway IV . The use of

3-13C-3MP also determines the comparative rate
Ž 13 .in n-hexane formation by ethyl shift 3- C-nH

Ž 13 . Ž .and cyclic mechanism 2- C-nH pathway VI .
This molecule also allows to evaluate the rate of
autoisomerization from 3-13C-3MP to 2-13C-

Ž .3MP by an ethyl shift pathway VII . Finally
the occurrence of abnormal species, such as the
1-13C-nH or the 1-13C-3MP obtained from the
2-13C-2MP, provides some additional informa-
tion on consecutive adsorptions–desorptions or
on possible diffusional limitations.

We report in Table 5 the isotopic distribution
in isomeric products of the three catalysts I-6,
I-8 and IV-18. They are compared with an
unpromoted 8.5% PdrAl O sample of the lit-2 3
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Table 5
Isomerization of labelled 2 and 3 at 3008C on Pd–RErAl O : distribution of the label in the products distribution2 3

w xerature 24 . We note no significant change in
isotopic labelling of the products. The cyclic
mechanism is largely the predominant process
as 3-13C-3MP and 2-13C-nH are the main prod-
ucts in the isomerization of 2-13C-2MP and
3-13C-3MP, respectively.

Hence, the isotopic labelling allows to estab-
lish a complete mechanistic balance, including
now hydrocracking, isomerization and deshy-

Ž .drocyclization products Table 6 . We also re-
port for comparison the distribution on unpro-

w xmoted PdrAl O catalysts 24,26 . When the2 3

cerium content increases, the selectivity in cyclic
mechanism S noticeably increases to theCM

detriment of the hydrocracking selectivity S .H

This result is obtained in spite of the fact that a
large conversion promotes irreversible hydroc-
racking and the conversion is larger on the

Table 6
2 and 3MP isomerization at 3008C on Pd–CerAl O . Overall2 3

products distribution

Ž . Ž .Series no. RErPd P a % S S ST CM BS H
Ž .1000 molar

w xRef. 24 0.0 13 35 7 58
w xRef. 26 0.0 9 35 3 62

I-6 140 5 45 7 48
I-8 1490 11 48 13 39
III-18 1250 17 53 7 40

w xsample of Ref. 24 than on the sample I-6 and
is close to the conversion on samples I-8 and
V-28. The bond shift selectivity S remainsBS

invariably low. We also note that the selectivi-
ties are not dependent on the mode of impregna-
tion.

As we report on Table 5 that the proportion
of labelled isomers obtained by a cyclic mecha-
nism does not increase, we conclude that the
increase in cyclic mechanism S reported inCM

Table 6 is essentially due to a MCP desorption
faster than the rupture of the endocyclic car-
bon–carbon bond of the adsorbed MCP.

3.3. 3-Methylhexane reaction

According to Scheme 4, 3-methylhexane
Ž .3MH yields:

- Irreversible aromatization to toluene with
selectivity S .A

- Irreversible hydrocracking to C1–C6 hydro-
carbons S .H

- Reversible isomerization and 1–5 deshydro-
cyclization products S .I

Some results have been obtained in 3MH
conversion at 3608C. Activities in overall reac-
tion A and in aromatization A are reported inT A

Table 7 together with the respective selectivities
Žin hydrocracking S , isomerization and deshy-H
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Scheme 4. 3MH reactivity.

.drocyclization S and aromatization S . As forI A

the MCP hydrogenolysis, overall and aromatiza-
tion activities slightly increase at low cerium
content and then decrease. The maximum in
activity is reached for a CerPd molar ratio of
about 0.05. As far as the activities are con-
cerned, no influence of the rare earth content
could be detected, but both S and S are largeH A

on the lanthanum-promoted catalysts.

4. Discussion

ŽThe study of Pd–RErAl O catalysts REs2 3
.La, Ce reveals a slight influence of nature of

the rare earth but a strong influence of rare earth
content in connection with the palladium pre-
cursor salt. Let us recall the main results which
assess the increasing importance of the follow-
ing factors.

ŽThe hydrocarbon conversion hydrogenolysis,
.isomerization, aromatization is larger by one to

two orders of magnitude when palladium chlo-
Ž .ride is used as precursor salt series I–IV in-

Ž .stead of palladium nitrate series V . This trend
increases with the rare earth content. Whatever
the series, the activity drops with the rare earth
content.

The 2MP selectivity in MCP hydrogenolysis
Ž .is slightly increased with i the use of palla-

Ž .dium chloride and ii the rare earth content.
The overall selectivity in 2MP isomerization

is noticeably increased to the detriment of hy-
drocracking by rare earth addition. Isomeriza-
tion products are predominantly formed through
a cyclic mechanism.

In a set of preceding papers, many catalysts
of this study were characterized by means of
spectroscopic and microscopic investigations
w x Ž .20–22 . In the case of the Pd chloride cata-

Table 7
3MH reactivity at 3608C on Pd–RErAl O2 3

Ž . Ž .Series no. RErPd P1000 a % A A S S ST T A H I A
Ž . Ž . Ž .molar mmolrs.g mmolrs.gPd Pd

I-1 0 11 2.3 0.10 38 57 5
I-3 37 19 4.5 0.35 38 53 9
I-5 85 13 3.8 0.26 40 53 7
I-7 350 10 2.7 0.18 39 54 7
I-8 1490 9 2.7 0.11 41 55 4
I-9 6650 – 0.6 0.05 30 62 8

Ž .II-12 93 15 2.8 0.20 50 43 7
Ž .II-13 840 11 2.3 0.18 55 37 8
Ž .II-14 7829 – 0.8 0.10 51 37 12
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lysts, a model of interaction between the rare
earth and transition metal was developed. A
specific localization of chlorine anions was pro-
posed at the interface between the transition
metal and the rare earth. They can provide new
catalytic sites. We now discuss how such sites
infer modifications of the catalytic activity and
selectivity of saturated hydrocarbons.

For catalytic activity, the most important re-
sult is the large difference of activity between
the chloride and the nitrate precursor palladium
salts. Even on the unpromoted catalysts, the
ratio of activity of chloride precursor salt versus
nitrate catalyst is ca. 7. This ratio increases with
the rare earth content up to about 100. The
origin of such a strong effect of the palladium
precursor salt can be multiple.

A first explanation accounts for modifica-
Ž .tions of the dispersion mean particle size or

changes in the morphology of the metallic parti-
cle induced by the rare earth or chlorine addi-
tion. There is an increase of the mean crystallite
size with increasing rare earth content, in con-

w xnection with the loss of surface area 20 . How-
ever, the large mean particle size determined on
these catalysts, whatever the palladium precur-
sor salt, may induce only little changes in the
catalytic activity, taking the assumption of a
constant turnover frequency per palladium site.
This assumption is reported in the hydrogenoly-

w xsis of cyclopentane 33 . In the same way, a
modification in the morphology of the particles
by rare earth addition which changes the basal
surface plans could not be excluded as an epi-
taxial orientation of rhodium particles on ceria

w xhad been observed by Bernal et al. 34,35 . In
spite of the lack of data in literature on palla-

dium, but taking into account the results ob-
w xtained on platinum 31 , we may expect how-

ever small differences in reforming activity on
different surface planes of palladium. Thus we
believe that neither a dispersion effect nor a
morphological effect can explain the large dif-
ference of activities observed between the two
series of rare earth-promoted palladium cata-
lysts.

Modification of the kinetics parameters in-
duced by the chloride ions of the palladium
precursor salt. Once the activity, the selectivities
Ž .reaction pathways and the activation energies
are concerned.

First, let us recall the main mechanistic path-
ways of hydrocarbon reforming on unpromoted

w xpalladium 24,26,31 . It is now widely admitted
that the MCP hydrogenolysis as well as the
2MP isomerization occur through the so-called
cyclic mechanism. It involves common interme-
diates which are 1,2,5 triadsorbed p-olefin s-

Ž . w xalkyl species Scheme 5 26,31 . The stability
of such intermediates on palladium explains the
high selectivity towards 1–5 deshydrocycliza-
tion of adsorbed hexanes and further ring open-
ing. The occurrence of such intermediates is
clearly identified by the use of adequate 13C
hydrocarbon reagents. Whatever the rare earth
content, no change occurs in the isotopic distri-
bution of labelled hexanes products. This means
that the cyclic mechanism of isomerization also
predominates whatever the rare earth content.
However if the 13C isotopic labelling yields
useful information on the main isomerization
mechanism of hexanes, we need to consider the
overall product distribution to get an overview
of the real mechanistic balance, especially con-

Ž .Scheme 5. Sequence of intermediates in MCP deshydrocyclisation and 2MP isomerization displaying p-adsorbed 2MP I ; 1,2-5 s-alkyl
Ž . Ž .p-olefin 2MP II and s-alkyl MCP III .
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cerning the competitive desorption and the ring
opening of the adsorbed methylcyclopentane
ŽScheme 2 or in more details Scheme 5 of Ref.
w x.26 . We thereby clearly put into evidence an
increase in the cyclic mechanism with rare earth
content from ca. 35 to 55% of the overall
products, including both isomerization and des-

Ž .hydrocyclization Table 6 . Furthermore, the se-
lectivity in isomerization increases with rare
earth content with the noteworthy exception of

Ž .the nitrate precursor series Fig. 6 . This in-
crease in cyclic mechanism is due to an en-
hanced desorption of MCP rather than a ring
opening of the adsorbed MCP. The evolution of
the ratio of the 2MP isomerization rate versus
MCP hydrogenolysis rate with the rare earth

Ž .content Fig. 5 also supports the assumption
that the MCP adsorption is inhibited. It is inter-
esting to note that the same trends in the cat-
alytic selectivity and activity of 2MP and MCP
were observed on highly-dispersed PdrAl O2 3

w xcatalysts 26 . Let us recall however that these
considerations about selectivities must be han-
dled with care, as the rates of isomerization
according to a cyclic mechanism vs. deshydro-

cyclization are in strong correlation with con-
w xversion 31 .

It is possible to more quantitatively ascertain
this interpretation in the framework of the com-
petitive hydrogen–hydrocarbon multisite ad-

w xsorption model of Frennet et al. 36 . In this
model, the per site rates of hexanes isomeriza-
tion and MCP deshydrocyclization had been

w xcalculated 37 . Hydrogenolysis of methylcy-
clopentane and isomerization of 2-methylpen-
tane according to a cyclic mechanism have been
described according to a common scheme
w x26,37 , including successive adsorption–de-

w xsorption 1 , deshydrogenation–hydrogenation
w x w x2 and isomerization 3 steps according to the
equilibria:

C H qH mC H qH 1n 2 nq2 a n 2 nq1 2

C H mC H qH 2n i n iy1 a

C H mC H 3n j n k

where the index a states for an adsorbed inter-
mediate; i-2nq2 and jsk-2nq2. Let us
recall briefly the basic assumptions of this
model.

Ž . Ž . Ž .Fig. 6. Isomerization selectivity in 2MP reactivity as a function of the molar ratio RErPd. Square Series I; Circle series II; Star series
V. The conversion level is kept below 5%.
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Ž . w x1 The adsorption steps 1 occur according
to a bimolecular mechanism whereas the deshy-

w xdrogenation steps 2 occur according to a uni-
molecular one. Such difference in the mecha-
nisms of consecutive reactions of adsorption
and deshydrogenation had been shown for the

w xdeuteration of methane on rhodium 38 . A
modification of these mechanistic assumptions
does not change however the general conclu-
sions of this work, provided that the same
mechanism was applied to the two reagents.
This is ascertained by the use of the 13C label.

Ž .2 The ultimate degree j of deshydrogena-
tion is identical, whatever the hydrocarbon is.

Ž .3 The adsorption and deshydrogenation of
cyclic and acyclic hexanes require the same

w xnumber of contiguous sites z. Luck 39 have
shown that the difference in size of the active
sites required for the adsorption of these hydro-
carbons on platinum does not exceed 0.5.

Ž .4 In the case of 2MP isomerization, the
parallel and competitive reactions of hydroc-
racking and bond shift isomerization are ne-
glected as they require different intermediate

w xspecies 31 .
Ž .5 In the methylcyclopentane hydrogenoly-

sis, the rate limiting step is assumed to be the
ring opening of s-alkyl methylcyclopentane to-
wards the 1,2-5 s-alkyl p-olefin hydrocarbon
Ž .inverse of reaction III in Scheme 5 . The ad-
sorption rate of cyclic hydrocarbons is known to
be fast.

Ž .6 In 2MP cyclic isomerization, the rate
limiting step is supposed to be the deshydrocy-
clization of the 1,2-5 triadsorbed complex to-

Žwards the s-alkyl cycle formation reaction III
.of Scheme 5 . This hypothesis can be supported

for two reasons: first, if adsorption–desorption
or deshydrogenation–hydrogenation were rate
limiting steps, we must then yield a randomiza-
tion of the 13C label in the isomers that we did
not observe at all. Second, the ratio of selectiv-
ity 3MPrnH is quite the same in 2MP isomer-
ization and in MCP hydrogenolysis. This is a
strong argument for a reaction limited by the
ring formation. Furthermore we assume that no

change of the rate limiting step occurs while
increasing the rare earth content. This is partly
supported by the absence of any randomization
of the 13C label.

Within the limits of these assumptions, we
can now express the rates of reaction. The rate
of 2MP isomerization A can thus be written asI

follows:

zq2 IA s 1yu yu PP Pk PK ru PPŽ .I C H HC i H H

2Ž .

and the rate of MCP hydrogenolysis A as:H

zDA sP Pk PK P 1yu yu Pu rPŽ .H HC H C H H H

3Ž .

where k and k are the rate constants per siteI H

for the limiting steps of isomerization and hy-
drogenolysis, respectively. K I and K D are the
equilibrium constants for hydrocarbon adsorp-
tion and deshydrogenation, respectively. PHC

and P are the hydrocarbon and hydrogen pres-H

sures, respectively. u and u are the hydrocar-C H

bon and hydrogen coverages, respectively, and
z is the number of free adjacent atoms which
define a reactive site for a hydrocarbon reaction,

w xin the sense of Frennet 36 .
Ž . Ž .From Eqs. 2 and 3 , we foresee that a

change in u and u will result in a net changeH C

in the rates of isomerization A and hy-I

drogenolysis A by a factor including the termsH
wŽ . zq2 x wŽfs 1yu yu ru and gs 1yu yC H H C
. z xu Pu , respectively. The number of con-H H

w xtiguous sites z is about 10 for hexanes 40 . The
hydrogen coverage u is expected around 0.7H

w xin our conditions 41 . Therefore small changes
in u can induce large changes in the reactionH

rates A and A due to the high value of theI H

number of contiguous sites z. For example, a
decrease of 0.1 for u with the following set ofH

Ž .parameters u f0.7, u f0.1 and zs10 in-H C

creases the rates of isomerization and hy-
drogenolysis by about 150 and 50, respectively,
leading to a three-fold increase of the ratio
A rA . In a paper previously devoted to theI H

characterization of these catalysts, two types of
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Ž .sites were identified on Pd chloride catalysts
w x20 . Type I sites are classical palladium surface
sites, whereas type II sites are settled at the
interface of the transition metal and the rare
earth or the alumina support with a chlorine
bridge. Chlorine at the interface was detected

Ž .both by X-ray photoelectron spectroscopy XPS
and Extended X-ray absorption fine structure
Ž . w xEXAFS 22 . Only type I sites do exist on the

Ž .Pd nitrate catalysts. On type II sites the strong
basicity of chloride anion could help to the
adsorption of hydrogen. Hydrogen is easily de-
composed through chemisorption on the metal-
lic sites I, and then may diffuse to the interface
sites II full of chloride anions. Hence in the
steady conditions the hydrogen coverage de-
creases on type I sites and more free sites are
available on palladium for the chemisorption of

Ž .hydrocarbons Scheme 6 . The rates A and AI H
Ž . Ž .both increase according to Eqs. 2 and 3 ,

respectively, owing to du <du . This deple-C H

tion of the hydrogen surface concentration on
the metal does not occur when nitrate is the
precursor salt. There are some studies in the
literature by thermo-programmed-desorption

Scheme 6. Top view of a palladium particles with hydrocarbon
Ž . Ž . Ž .hc and hydrogen h in the cases a no interaction with the

Ž . Žsupport; b interaction with rare earth promoter chloride precur-
.sor salt of palladium .

Ž . Ž .TPD or thermo-programmed-oxidation TPO
that reported the enhanced strength of the
chemisorbed hydrogen on transition metalrceria

wcatalysts when chloride anions are present 42–
x44 .
Such explanation also supports the enhanced

selectivity towards deshydrocyclization of 2MP,
the evolution of the ratio A rA and the in-I H

creasing apparent activation energy E in MCPa

hydrogenolysis. The loss of hydrogen coverage
enhances the desorption of the less-hydro-
genated intermediates like adsorbed s-alkyl
methylcyclopentane instead of ring opening and
further hydrogenation of the isomers.

Ž . Ž .From Eqs. 2 and 3 , the ratio A rA canI H

be expressed as:

2 I 2 DA rA s 1yu yu Pk PK ru Pk PKŽ .I H C H i H H

2skP 1yu yu ru . 4Ž . Ž .C H H

Some decrease in hydrogen coverage may
result in an increase in the ratio A rA , whichI H

is clearly observed at high rare earth content,
whatever the nature of the rare earth. On the

Ž .other hand, on the Pd nitrate catalysts no modi-
fication of the hydrogen coverage occurs as no
special interaction does exist between palladium

Ž .and the promoted support Scheme 6 . Even
more, the adsorption of hydrocarbons through
carbene intermediates enhances the highly-de-
shydrogenated and irreversibly adsorbed hydro-
carbons. Hence the overall activity and the ratio
A rA steeply drop whereas the selectivity to-I H

wards hydrogenolysis highly increases. Possibly
also large areas of the palladium surface are
poisoned.

Ž .Finally, according to Eq. 3 , the apparent
activation energy E in MCP hydrogenolysisa

Ž .can be written according to Eq. 5 :

E sE qaPH qbPH qdLogHrd 1rTŽ .a 0 h c

5Ž .

where E is the true activation energy, H and0 h

H are the variations in enthalpy for the adsorp-c

tion of hydrogen and hydrocarbons with coeffi-
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cients a and b, respectively and H is a surface
function which depends from hydrogen and hy-

Ž .drocarbon coverages according to Eq. 6 :
z

Hs 1yu yu . 6Ž . Ž .C H

A change in the hydrogen coverage with
Ž .temperature leads to d Log Hrd 1rT -0.

Consequently, the apparent activation energy
w xcan be modified up to about 20 kcalrmol 41 .

However the hydrogen desorption from sites II
is expected to be highly activated. Both TPD
and TPO had reported such high temperature
hydrogen desorption on transition metalrceria

w xcatalysts containing chloride anions 42,45 . We
effectively find that in the presence of rare earth
the apparent activation energy decreases by
about 10 kcalrmol, relatively to the unpro-
moted catalyst.

The influence of the precursor salt of the
transition metal promoted by ceria on the cat-

w xalytic has been studied in Refs. 42–48 . Some
of these studies report the formation of an inter-

w xmetallic 12,13,46,47 , but it should be empha-
sized that the catalysts were then not prelimi-
nary calcined. The behaviour of such catalysts
is quite different if they are preliminary calcined

w xor not 49 . Moreover, the catalytic activity of
w xsuch intermetallics become very weak 50 ,

which is not the case of this study. A so-called
bifunctional mechanism can also be excluded
w x51,52 . Hence, the creation of acidic sites on
the support due to the high content and the
basicity of chloride ion in the presence of rare
earth can be expected. However the isotopic 13C
distribution in the 2MP isomerization clearly
indicates that these reactions occur on the metal-

w xlic sites instead of the support 53 . This point is
further supported by the low aromatization se-
lectivity at 3608C. Another explanation involves
an electronic charge transfer from the rare earth
to the palladium to explain modifications of the

w xselective hydrogenation of butadiene 48 . Such
a transfer cannot be fully excluded, although by
XPS we fail to clearly put into evidence such
transfer on the reduced catalysts as well as the
large size of the particles precludes a sharp

w xmodification of the electron density 20,27 .
Nevertheless the occurrence of some electronic
transfer could explain some results that remain
unexplained by the model above developed. First
a small but different behaviour occurs between
lanthana and ceria-promoted catalysts at low
rare earth content in MCP hydrogenolysis activ-

Ž .ity Fig. 1 . Second, the decrease of hydrogen
coverage cannot explain the smaller hydrocrack-
ing activity of 2MP when promoted by ceria or

Ž .lanthana Table 4 . Finally we observe a slight
initial decrease of the ratio r of the 2MP iso-

Ž .merisation vs. MCP hydrogenolysis Fig. 5 . It
is well-known that the hydrocracking of hydro-
carbons requires more deeply deshydrogenated

w xintermediates 31,54 , and thus we expect an
increase of the hydrocracking selectivity which
is not observed. This apparent discrepancy can
be relied to a size effect and to a different
nature of the interfacial type II sites. We showed
extensively in previous papers that the ceria is
strongly reduced in such catalysts, whereas lan-

w xthana is not 22,23,27 . The strong oxophile
character of reduced ceria on sites II helps to
the dissociation of hydrocarbons as well as CO.
Therefore, we believe sites II provide enhanced
per site activity on the ceria-promoted catalysts
but not on lanthana-promoted catalysts. On cata-
lysts of large surface area like those with a low
rare earth content, the relative amount of inter-
facial sites II is not negligible and the overall
activity increases. On catalysts of low surface
area like those with a high rare earth content,
the mean particle size increases and the relative
amount of interfacial sites becomes negligible.
Hence the overall activity drops and this differ-
ence of behaviour between ceria and lanthana
promotion cancels. Not only these sites enhance
the activity, but they also modify the selectivity.
The high hydrogen concentration near sites II
prevents the hydrocracking activity. This can
also explain the small decrease in rsA rAI H

observed at lower rare earth content on Pd
Ž .chloride catalysts.

Finally, it is quite interesting to note that a
similar study performed on a Pt–CerAl O2 3
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catalyst also points out a maximum of n-heptane
Žconversion at similar CerPt molar ratio 0.35-

. w xCerPt-0.14 42 . This maximum is inter-
Ž .preted by both an electronic increasing and

Ž .structural decreasing effects. These effects can
be accounted in our study by the enhanced
selectivity on sites II and the drop of the density
of sites I due to the size increase, respectively.
Another study underlines the better isomeriza-
tion selectivity of nH, to the detriment of hydro-

w xcracking and aromatization selectivities 55 .

5. Conclusions

The main conclusions of this study can be
summarized as follows.

For catalysts with palladium particles of large
size, there is a large difference in reforming
activity in strong relationship with the palla-
dium precursor salt. Starting from a chloride as
palladium precursor salt, the catalytic activity is
from one to two orders of magnitude more
active than a nitrate precursor salt. This effect is

Ž .independent of the rare earth nature Ce or La
and increases with the rare earth content.

Modifications of activity and selectivity in
reforming reactions are explained by kinetic

Žeffects decrease of the hydrogen coverage on
metallic sites induced by preferential diffusion
of hydrogen at the metal-support interface, cre-
ation of new active sites at the interface by
interaction between the metallic particle and the

. Žpromoted support and dispersion effects loss
.of surface area of the support .
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