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Dehydrogenation of methylcyclohexane has been studied over a platinum monometallic catalyst
supported on a-Al,O;. Physical and chemical properties of platinum crystallites were studied by
TPR and TPD/H, techniques. The hydrogen desorption profile was found to be particle size
dependent. A tightly-bonded hydrogen fixed on platinum particles after high-temperature reduction
was revealed by TPD/H,. In the methylcyclohexane dehydrogenation, it was found that the reactiv-
ity of platinum crystallites is related to the activation process performed before the catalytic test.
The dehydrogenation rate increased by at least a factor of 2.0 when a desorption following high-
temperature reduction was performed. These results were consistent with the hydrogen desorption

profiles observed by TPD/H,.

INTRODUCTION

Supported metal catalysts are largely
used in chemical transformations in refining
processes (I, 2). Conversion of hydrocar-
bons into aromatics in the reforming process
is usually performed on a highly dispersed
noble metal such as monometallic Pt/y_-
Al,O; or bimetallic (Pt-Sn, Pt-Re) cata-
lysts. In these systems, the transition metal
is the active site for the dehydrogenation
(DH) reaction. However, there is little avail-
able information about the influence of
metallic particle size on turnover frequency
(TOF) of this reaction.

The simplest reaction of naphtha re-
forming process is the dehydrogenation of
cyclohexane. Attribution of structural sen-
sitivity (3) in this reaction is not well estab-
lished for supported platinum particles in
contrast to single-crystals. Early work by
Blakely and Somorjai (4) has shown that
dehydrogenation is structure-insensitive to-
ward an increasing kink and step density of
the surface of platinum single-crystal when
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studied at low pressure. Further work (5,
6) at higher pressure has given a structure-
sensitive reaction; the TOF increased when
surface atom coordination decreased. Simi-
lar results were found for an iridium single-
crystal (7).

On supported platinum catalysts, DH al-
ways seems structure-insensitive (8-16)
when ALO; or SiO, are used as supports.
Furthermore, the study of Abdeladim (13)
has shown an anomalous high DH rate on
very small platinum particles supported on
chlorided y-Al,0;. Over an Ni/SiO, cata-
lyst, free of chlorine, a negative structure
effect was observed: activity increased for
particle size varying from 2.0 to0 4.0 nm (/7).
In contrast to single-crystal studies, sup-
ported catalysts lead to almost all behaviors:
positive, negative, or no structure effect. A
new question arises with a recent single-
crystal study (6) in which the use of a
blocking site agent led to the conclusion, in
agreement with the multiplet theory (18, 19),
that cyclohexane DH needs at least eight
platinum atoms. However, all other single-
crystal studies prior to this showed an in-
creasing reaction rate when surface atom
coordination decreased.

An apparent size effect can sometimes be
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caused by other phenomena: chemisorbed
hydrogen (20-26), oxygen (27, 28), or car-
bon deposit (4, 5, 29-34) were the most fre-
quently represented examples cited in the
literature. Maeda ef al. (26) showed that a
higher reduction temperature of Rh/Al,O;
increased the DH rate with few changes in
the particle size. On other hand, adsorbed
hydrogen in high-temperature (Hyp) condi-
tions can also suppress the total catalytic
activity (24). This Hy; was revealed by
TPD/H, of industrial Pt/SiO, (22) and Pt/
Al,O; (24) catalysts. Carbon deposition
could be structure-sensitive (16, 29); Mitro-
fanova and Boronin (/6) have shown that
the deactivation rate of a catalyst increases
with particle size, and the lower stability of
low dispersions is attributed to an increase
in proportion of high-coordinated (111)
surface.

We have studied the supported platinum
particle size effect in the methylcyclohex-
ane (MCH) dehydrogenation. The prepara-
tion of counter-ion free catalysts allowed us
to focus the study on the active sites on
platinum particles. We have also investi-
gated temperature-programmed reduction
(TPR) and desorption of hydrogen (TPD/
H,) techniques with the aim of correlating
the “structural” effect with the physical/
chemical properties of supported platinum.

EXPERIMENTAL
Catalyst Preparation

First-generation catalysts were prepared
by chemical exchange techniques devel-
oped by Yermakov et al. (35-37). After a
calcination at 773 K for 2 hr in an air stream
(2literh™'g~! ), the e-alumina (15 m?>g~")
was added to a toluene solution of the re-
quired amount of platinum acetylacetonate
(Pt(acac),). The chemical exchange was
done in excess solution (five times the total
pore volume or 5Vpp) for a minimum period
of 48 hr in order to obtain uniform metallic
distribution in the pore system. The catalyst
was then dried at 393 K for 16 hr, calcined
in flowing air at 623 K for 2 hr, and then
reduced in a hydrogen stream (2 liter h~!
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g ') at 723 K for 2 hr. These steps pro-
duced a highly dispersed platinum catalyst
but with a low loading (<2000 ppm).

A refilling reaction technique (38) was
used to prepare low-dispersed catalysts as-
sociated with a narrow particle diameter dis-
tribution. The first-generation catalyst (re-
exposed to air) and toluene solvent were
placed in a glass reactor where hydrogen
was allowed to bubble for 1 hr. The oxygen-
free Pt(acac), solution was then added to the
catalyst. We observed a gradual bleaching
of the solution during the reaction. After a
single-refilling run, the catalyst was dried,
calcined and then reduced in the same con-
ditions as mentioned above. Incipient wet-
ness was also performed, in order to obtain
a higher (=0.4 wt%) platinum content, or
when an ionic complex (H,Pt(OH),) was
used. This last catalyst was prepared in ni-
tric acid/methanol solvent and calcined at
803 K rather than 623 K in order to decom-
pose the complex.

Total platinum content was determined
by X-ray fluorescence (Philips PW1404).
Particle sizes were determined by either
H,-0O, titration or electron microscopy
(J.E.O.L. 120CX). Spherical shape was as-
sumed in determining the average size in
H,-0, titration. Size distributions were
evaluated by counting at least 200 particles.
Average size and standard deviation (¢,,™)
were calculated by the usual formulas
(39—41). Chemical and physical properties
of the reduced catalyst are reported in
Table 1.

Temperature-Programmed Techniques

TPR experiments were carried out using
5% hydrogen in argon mixture and a heating
rate of 5 K min ! from ambient temperature
to 1123 K. The temperature was held until
the hydrogen consumption stopped. Before
TPR experiments, reduced samples were
calcined in situ at 623 K for 2 hr.

Prior to TPD experiments, the catalysts
were reduced under flowing hydrogen at 723
K for a period of 2 hr. The samples were
then cooled to ambient temperature under a
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TABLE 1

Physical and Chemical Properties of Catalysts
Ranked According to Metallic Dispersion

Sample wi% Pt D Particle size
(%) (nm)“
1 0.14 99 <1.0 (<1.0)
2 0.06 96 1.0 (<1.0)
3 0.11 90 1.1 (1.D)
4 0.18 84 1.2 (1.2)
S 0.16 80 1.3 (1.5 = 0.1)
6 0.13 77 1.3(1.4 =0.1)
4A 0.27 76 1.3
7* 0.20 71 1.4 (1.7 = 0.1)
2A 0.11 69 1.5
2B 0.11 54 1.9 2.1 £ 0.3)
4B 0.23 53 1.9 (1.8 = 0.1)
8 0.46 45 23 (1.7 =£0.1)
SA 0.32 33 3.1 29 = 0.2)
9 0.82 32 3224 =02)

Note. The second generation catalysts are indicated
by the first generation number followed by a capital
letter.

@ Electron microscopy measured value indicated in
parentheses.

b Prepared with H,Pt(OH),.

flowing hydrogen mixture to adsorb hydro-
gen on the platinum surface. TPD/H, exper-
iments were carried out on these samples
using a pure argon flow and a heating rate
of 20 K min~! from ambient temperature
to 1123 K and maintained until hydrogen
desorption stopped.

Desorption energies were evaluated from
the first-order kinetic desorption model in
which readsorption is negligible (42). The
pre-exponential factor used (A = 1073 cm?
s™P H,,,,~ " is taken from a single-crystal
study (43) on Pt(111).

Catalytic Reactions

Methylcyclohexane dehydrogenation ex-
periments were made at 573 K under atmo-
spheric pressure in a fixed bed. The catalyst
(constant platinum exposed surface, Sp, =~
3000 cm?), diluted with 10 cm? of quartz with
the same grain size, was placed in the middle
of a quartz reactor 28 mm in diameter, then
reduced in situ during 2 hr at 723 K in a
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hydrogen flow of 5 liter min~'. The reactant
flowrates were controlled through a syringe
micropump for methylcyclohexane and a ro-
tameter for hydrogen. The H,/MCH (or Ar/
MCH) mole ratio was held at 5. The homo-
geneity of the reaction temperature was as-
sured by the use of a furnace with three
heating zones, such that the difference from
the top to the bottom of the catalytic bed
did not exceed 5 K. The temperatures were
measured by three thermocouples placed in
a thermometric well located along the cata-
lytic bed.

The principal products of the reaction,
mostly toluene, were separated by gas chro-
matography at 373 K ina 50-m WCOT Fused
Silica (CP-WAX-52CB) column and ana-
lyzed by FID. The weight (w_,, = 0.4-1.2 g)
and grain size (0.3-0.5 mm) of the catalyst
were determined in order to avoid diffusion
processes (44). The reactant flow of 15-20
cm® min~! was used to limit conversion to
10%. The TOF represents the number of
methylcyclohexane molecules transformed
per initial accessible platinum atom per sec-
ond. The TOF is extrapolated to zero time
in the first part of the resulting deactivation
curve; in the extrapolation, the decrease in
reaction rate did not exceed 15% of the ini-
tial rate measured.

RESULTS

Size Distribution Measured by Electron
Microscopy (EM)

With the electron microscope we were
able to observe platinum crystallites larger
than about 0.8 nm. On very low platinum
content (=0.1%) samples, only a few parti-
cles were observed, which precludes a rele-
vant size distribution evaluation. However,
the size of the observed platinum crystallites
is in agreement with the H,—O, calculated
value.

For the other samples, typical size distri-
butions are represented in Figs. 1a~1d. The
samples prepared by a chemical exchange
impregnation, which allows a controlled re-
action between a platinum precursor and
a functional group (-OH) of support, have
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rather small particles with a narrow distribu-
tion (see Fig. 1a). When a refilling reaction
is carried out at 293 K, the particle size is
displaced to a larger size (see Fig. 1b), as
expected, and the shape of the distribution
remains almost the same. At a higher tem-
perature, the distribution obtained is
broader and includes a small fraction of
small unchanged crystallites (see Fig. 1c).
For catalysts prepared by incipient wetness,
distribution of particle size is broader (see
Fig. 1d) than those prepared by chemical
exchange for the same dispersion. As a re-
sult (see Table 1), there is a better agreement
between mean diameter measured by H,-O,
and EM when incipient wetness is not used.
Usually, the mean size of particles evalu-

ratio (%)

ratio (%)

ratio (%)

ratio (%)

3 4 5
particle diameter (nm)

FiG. 1. Size distribution of platinum particles for a
catalyst prepared by (a) chemical exchange, (b) refilling
reaction at 293 K, (¢) refilling at 303 K, and (d) incipient
wetness.
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FiG. 2. TPR profiles of (1) 0.46 wt% Pt and (2) 0.0 wt%
Pt catalysts for the same support weight.

ated by EM is larger than the H,—O, value
because the very small (nonobservable) par-
ticles are not taken into account.

TPR and TPD/H,

The calcination performed on reduced
catalysts should leave the platinum at a max-
imum oxidation state of 4. The theoretical
stoichiometry H,/Pt for the reduction from
Pt(IV) to Pt(0) is 2. For the TPD/H,, the
generally accepted stoichiometry H/Pt,
(where Pt refers to surface platinum atom)
is 1 (45).

Figure 2 shows reduction profiles of sup-
ported platinum (sample 8) and the carrier.
The volume of hydrogen consumed by the
support around 920 K is not negligible and
must be taken into account in further consid-
erations. The peak from the support could
be attributed to the reduction of impurities.
This peak does not appear in the profile of
supported platinum, so we can suppose that
platinum catalyzes this reduction and dis-
places the peak to lower temperature. In this
manner, the third peak around 760 K (curve
1, Fig. 2) could correspond to the reduction
of impurities. Table 2 gives experimental
hydrogen consumption volumes and H,/Pt
stoichiometries for this process. The total
amount of consumed hydrogen for which
the support contribution was subtracted
gives a H,/Pt ratio (2.25, 1.59) close to theo-
retical values. The slight variation (2.25 in-
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TABLE 2

Reduction Properties of Catalysts

Sample Disp Vi, Txr H,/Pt
(%) (em® g7 (K)
Support — 0.280 918 —

0.111 383 0.80
3 90 0.186 665 1.35
0.294 822 2.13

2.25¢
0.313 373 0.54
8 45 0.291 663 0.50
0.592 763 1.03

ma

Note. Ty, reduction temperature; H,/Pt, hydrogen
molecules per total platinum atom.

“ Calculated with Vy (total) — Vy, (impurities)
(Vy, (impurities) = 0.280 cm® g~!).

stead of 2.00) can be explained by the fact
that the reduction of impurities is not neces-
sarily independent of the platinum content.
Furthermore, the difference in H,/Pt ratio
(2.25 and 1.59) between these two samples
leads one to suppose that calcination step
effected before TPR does not lead to a com-
plete oxidation of bulk platinum in larger
crystallites (sample §).

Figure 3 shows that the profiles of hydro-
gen desorption are dependent on particle
size. In highly dispersed samples, the pro-
files present two overlapping peaks: one is
at a low temperature (H;;) and one at a

Desorption rate (a.u.)
o o o -
&8 8 3 8

o
N
2

250 450 650 850
Temperature (K)

1050

F1G. 3. Particle size effect on TPD/H, profiles for the
same platinum amount: (1) D = 45%, (2) D = 53%, (3)
D = 71%, (4) D = 77%, and (5) D = 90%.
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higher temperature (Hy;), separated by
40-50 kJ mol~!, as presented in Table 3.
When dispersion decreases (in other terms
when particle diameter increases), the inten-
sity of the Hy; peak decreases and finally
disappears. For a medium dispersed cata-
lyst (D = 71%), the Hy is shifted to lower
temperatures leading to a single desorption
peak centered at 650 K. Globally, the small
particles are able to retain on average more
hydrogen than large particles with an in-
creasing temperature. The most important
point is that the total hydrogen is desorbed
for temperatures between 400 and 850 K,
i.e., in the same range in which dehydroge-
nation and aromatization reactions are usu-
ally performed. From this result we infer
that the amount of chemisorbed hydrogen
can vary with pretreatment conditions and
affect the reactivity of platinum crystallites
in methylcyclohexane dehydrogenation.

Test Reactions

Figure 4 shows the variation of the DH
rate or the TOF following two activation
procedures for different dispersions of plati-
num. The pretreatment “A” is a single re-
duction at 723 K. The second, “B”, refers
to a reduction followed by a desorption in
an argon stream also performed at 723 K.
Following the “B” activation procedure, the
catalytic test is performed at 573 K in flow-
ing hydrogen (“B1”) or argon (“B2”). It
should be mentioned that the “B” procedure
leads to higher conversion (= 35%), so the
observed effect on TOF should only be more
pronounced if tests are carried out in low
conversion conditions.

For the pretreatment A, one can see that
the TOF increases by a factor of around 6
when dispersion (or accessibility) is varied
from 0.90 to 0.32. This observed negative
structure effect is in agreement with the
study of Desai and Richardson (I7) on cyclo-
hexane dehydrogenation over Ni/SiO,.

The important point is that different pre-
treatments (A or B) lead to a much more
noticeable change in TOF than the structure
effect by itself. With the procedure B, a
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TABLE 3
Desorption Properties of Catalysts
Sample Disp. Vu, Ty H/Pt, Ey
(%) (em’ g™y (K) (kJ mol~")
3 90 0.015 2974 0.24 —
0.037 580 ; 752 0.60 153 ; 208
6 77 0.027 299¢ 0.43 —
0.044 588 ; 733 0.70 155 ; 195
7 71 0.051 299 0.57 —_
0.076 652 0.85 172
4B 53 0.049 3004 0.64 —
0.058 555 0.76 146
8 45 0.064 298¢ 0.49 —
0.090 536 0.69 141

Note. Tp, desorption temperature; H/Pt,, hydrogen atom per surface platinum atom; Ej,, desorption energy.
2 hydrogen chemisorption following the reduction (on cooling from 723 to 298 K).

large change in the catalytic behavior with
respect to procedure A is observed. The
more apparent change occurs for small par-
ticles; the DH rate increases by an order of
magnitude in respect to the rate measured
in procedure A. Pretreatment B leaves the
particles in a state such that a positive struc-
ture effect is observed rather than a negative
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F16. 4. Influence of activation processes of catalysts
on methylcyclohexane dehydrogenation: (A) single re-
duction; (B1) reduction + desorption, test reaction in
H,; and (B2) reduction + desorption, test reaction in
Ar.

one. The increase in DH rate after pretreat-
ment B is moderate for low-dispersed cata-
lysts; both curves (A and B1) might con-
verge to the same TOF at around D = 25%
(¢ = 4.0 nm). Several tests were also re-
peated in an argon stream (Ar/MCH = 95)
with the aim of verifying the hydrogen effect
on TOF at the reaction temperature (573 K).
These last results are expressed by the curve
B2. Partial pressure of hydrogen (P = 0.83
atm) maintained in the reactor in experiment
B1 decreases the DH rate as already de-
scribed by the kinetic expression in previous
experiments (15, 23).

No sulphur was detected in reactant or
products and no large differences were ob-
served by EM in the particle diameter before
and after the catalytic test (see Fig. 5). The
deactivation of the catalyst is principally
caused by carbon deposition on metal active
sites.

DISCUSSION

Temperature fixed at 293 K leads to a
homogeneous refilling in the pore system.
Otherwise, the use of low surface area sup-
port avoids deposition of metal on support
instead of the platinum particle already
fixed. The difference observed in the mean
diameters (Table 1) is more pronounced for
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incipient wetness prepared samples. This
result is in agreement with the fact that this
last technique usually gives a large distribu-
tion of particle size (/). However, the
change in particle size caused by refilling
reactions is abnormally high when consider-
ing the low metal quantities which are
added. Hence accurate agreement between
the H,—O, and EM value can only be ex-
plained by a decrease of the number of parti-
cles in the second-generation catalyst.

The hydrogen pretreatment of the plati-
num catalysts changes the TOF drastically.
After a single reduction at 723 K, the varia-
tion of DH rate with particle size empha-
sizes a negative structure effect. The DH
rate increases by a factor of around 6.0 when
the particle size is varied from 1.0 to 3.0 nm.
It was already shown that the coordination
of surface atoms for a cubo-octahedral
model had drastic changes between 0.0 and
3.0 nm (I/7, 30). Our findings are not in
agreement with single-crystal studies (5-7)
which claim low activity for closed-packed
surfaces in respect to others containing
steps and kinks. The negative structure ef-
fect observed (I7) for cyclohexane DH over
Ni/SiO, catalyst is not so evident. The rela-
tive increase of a factor of 2.0 does not seem
significant for the attribution of structure
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Fi1G. 5. Effect of catalytic test on the particle size
distribution of catalyst 5.
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F1G. 6. Evidence of the high temperature hydrogen
chemisorbed on platinum particles of sample 3: (1) re-
duced at 723 K and quenched in H, and (2) reduced at
723 K and quenched in Ar.

sensitivity; an order of magnitude is more
relevant. The more significant increase of
6.0 observed in our results is attributed to
an “inductive” effect of hydrogen. The pres-
ence of Hy; on platinum crystallites at 573
K can suppress, as we see later, the accessi-
bility to platinum atoms by the MCH mol-
ecule.

As shown in Fig. 3, the Hy; peak de-
creased and is displaced to lower tempera-
ture with decreasing particle size. The low
H/Pt, ratios (Table 3) obtained from TPD
suggest that the high-temperature peak can-
not originate from a spillover species (22).
This Hy; species could be attributed to pref-
erential adsorption sites (/7) on small parti-
cles or related to intrinsic properties (46, 47)
of small platinum crystallites. This Hy; can
be isolated by quenching the sample (from
723 to 298 K) after the change of vector gas
(hydrogen by argon). The TPD diagram of
Fig. 6 shows the behavior of the same cata-
lyst (0.11 wt% D = 90%) cooled in a differ-
ent stream. The sample cooled in argon
gives a single desorption peak centered at
the same temperature as Hyr observed for
the sample cooled in the H, stream. This
means that hydrogen can be chemisorbed
on small platinum crystallites at 723 K and
be trapped on the surface on cooling. This
trapped hydrogen is so tightly bound onto
small crystallites that the reaction tempera-
ture conditions (573 K) were not sufficient
to desorb all chemisorbed atoms.
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The difference between the amount of hy-
drogen adsorbed after the reduction (on
cooling from 723 to 298 K) and the total
amount of hydrogen desorbed during the
TPD corresponds to the quantity of hydro-
gen fixed on the platinum surface at 723 K,
i.e., the Hyr species. The variation of the
amount of Hyy as a function of the platinum
accessibility is presented in Fig. 7. The vari-
ation of Hy followed the inverse trend of
TOF (in the A procedure) with dispersion;
the amount of Hy; decreases as the particle
size increases. This could possibly mean
that the low activity of the well-dispersed
catalysts is caused by the strongly bonded
hydrogen which induces the poisoning of
platinum surface atoms. It should be noted
that this Hy; species is reactive toward O,
as observed in H,—O, titration. Perhaps this
can be explained by the exothermic compo-
nent of the H,—O, reaction or by the higher
reactivity of oxygen molecules on platinum
particles.

Figure 8 compares the TPD profiles of
the well-dispersed catalyst (catalyst 3, D =
90%) following the same activation treat-
ments as that for “A” and “B” procedures.
When the desorption for 2 hr in the “B”
procedure is performed, even if the sample
is re-exposed to hydrogen at 573 K (as in the
test reaction), the TPD profile shows one
peak at low temperature and the peak at high
temperature has disappeared. Moreover, no

0.5

0.44

0.31

0.1J

0.0 —_————
0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Metal accessibiiity

High temperature hydrogen (H/Pt(s))

F1G. 7. Variation of the amount of high-temperature
hydrogen with the metallic dispersion.
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Fi:. 8. Influence of pretreatments on the TPD profile
of catalyst 3: (1) reduction at 723 K and (2) reduction
+ desorption at 723 K and re-exposure to hydrogen at
573 K.

particle size changes were observed by elec-
tron microscopy for this catalyst after both
treatments (A and B).

When the Hy; is removed from the sur-
face by a heat treatment in argon atmo-
sphere, this leads to an important increase
in the DH rate (see Fig. 4). The DH rate
increases by a factor of around 10 for small
(= 1.0 nm) particles and only by 2 for larger
(= 3.0 nm) ones. If only pretreatment B is
considered, an increase of around 2 in the
DH rate is observed in either hydrogen or
argon gas flow in the range of dispersion
studied. This last increase does not seem
meaningful for a structural effect, the type of
pretreatment being much more important.
The large increase observed after the de-
sorption suggests that hydrogen chemi-
sorbed during the reduction at 723 K is a
poison for the reaction and the amount of
this Hyp species decreases as a function of
the particle size.

In summary, the methylcyclohexane de-
hydrogenation reaction has been found to be
sensitive to the procedure in the activation
process of Pt/a-Al,O, catalyst. Adsorbed
hydrogen in high-temperature conditions
caused an important decrease of the DH
rate. This Hy trapped on the platinum sur-
face appears to be unreactive and causes a
strong decrease in the ability of platinum
to activate the MCH molecule. It was also
demonstrated that TPD/H, technique is a
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very useful tool in the understanding of par-
ticular properties of small particles.

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

REFERENCES

Che, M., and Bennett, C. O., in “Advances in
Catalysis” (D. D. Eley, H. Pines, and P. B. Weise,
Eds.), Vol. 36, p. 55. Academic Press, New York,
1989.

. Foger, K., in “Catalysis (Science and Technol-

ogy)” (J. R. Anderson and M. Boudart, Eds.), Vol.
6, p. 227. Springer-Verlag, Berlin, 1984.

. Boudart, M., Aldag, A., Benson, J. E., Dougharty,

N. A., and Harkins, C. G., J. Catal. 6, 92 (1966).

. Blakely, D. W., and Somorjai, G. A., J. Catal. 42,

181 (1976).

. Herz,R. K., Gillespie, W. D., Petersen, E. E., and

Somorjai, G. A., J. Catal. 67, 371 (1981).

. Rodriguez, J. A., Univ. Diss., 1988. [Diss. Abstr.

Int. B 50(4), 1437-B (1989)].

. Nieuwenhuys, B. E., and Somorjai, G. A., J. Ca-

tal. 46, 259 (1977).

. Sinfelt, J. H., Carter, J. L., and Yates, D.J. C., J.

Catal. 24, 283 (1972).

. Kraft, M., and Spindler, H., in “Proceedings, 4th

International Congress on Catalysis, Moscow
1968 (B. A. Kazansky, Ed.), Vol. I1, p. 286. Aka-
démiai Kiadé, Budapest, 1971.

Cusumano, J. A., Dembinski, G. W., and Sinfelt,
J. H., J. Catal. 5, 471 (1966).

Guenin, M., Breysse, M., Frety, R., Tifouti, K.,
Marecot, P., and Barbier, J., J. Catal. 105, 144
(1987).

Ostrovskii, N. M., Oshchurkova, O. V., Bogomo-
lova, O. B., and Shivata, N. B., Kinet. Catal. 25,
1010 (1984).

Abdeladim, A., Ph.D. thesis, Université Pierre et
Marie Curie, Paris, 1982.

Ito, N., Tanabe, H., Shindo, Y., and Kakuta, T.,
Sekiyu Gakkaishi 28, 323 (1985).

Guenin, M., Breysse, M., and Frety, R., J. Mol.
Catal. 25, 119 (1984).

Mitrofanova, A. M., and Boronin, V. S., Russ. J.
Phys. Chem. 46, 32 (1972).

Desai, P. H., and Richardson, J. T., J. Catal. 98,
392 (1986).

Balandin, A. A., in “Advances in Catalysis™ (D. D.
Eley, W. G. Frankenburg, and V. I. Komarewsky,
Eds.), Vol. 10, p. 96. Academic Press, New York,
1958.

Dalmon, J. A., Candy, J. P., and Martin, G. A., in
“Proceedings, 6th International Congress Cataly-
sis, London 1976” (G. C. Bond, P. B. Wells, and
F. C. Tompkins, Eds.), p. 903. Chemical Society,
London, 1977,

Rozanov, V. V., and Sklyarov, A. V., Kinet. Ca-
tal. 24, 773 (1983).

Paal Z., and Menon, P. G., Catal. Rev.-Sci. Eng.
25, 229 (1983).

22

23

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4.

45.

46.

ROCHEFORT, LE PELTIER, AND BOITIAUX

Frennet, A., and Wells, P. B., App!. Catal. 18, 243
(1985).

Aben, P. C., Van Der Eijk, H., and Oelderik,
J. M., in “Proceedings, 5th International Congress
on Catalysis, Palm Beach, 1972 (J. W. Hightower,
Ed.), p. 717. North-Holland/American Elsevier,
Amsterdam/New York, 1973.

Menon, P. G., and Froment, G. F., Appl. Catal. 1,
31 (1981).

Corma, A., Martin, M. A., Pajares, J. A., Perez-
Pariente, J., Avalos, M., and Yacaman, M. J., J.
Mol. Catal. 48, 199 (1988).

Maeda, A., Kunimori, K., and Uchijima, T.,
Chem. Lett., 165 (1987).

Smith, C. E., Biberian, J. P., and Somorjai, G. A.,
J. Catal. 57, 426 (1979).

Gillespie, W. D., Herz, R. K., Petersen, E. E., and
Somorjai, G. A., J. Catal. 70, 147 (1980).
Poltorak, O. M., and Boronin, V. S., Russ. J. Phys.
Chem. 40, 1436 (1966).

Menon, P. G., J. Mol. Catal. 59, 207 (1990).
Wolf, E. E., and Petersen, E. E., J. Catal. 46, 190
1977).

Somorjai, G. A., and Blakely, D. W., Nature 258,
580 (1975).

Melchar, A., Garbowski, E., Mathieu, M. V., and
Primet, M., J. Chem. Soc. Faraday Trans. 1 82,
3667 (1986).

Barbier, J., Appl. Catal. 23, 225 (1986).
Yermakov, Yu. I., Catal. Rev.-Sci. Eng. 13, 77
(1976).

Yermakov, Yu. I., and Kuznetsov, B. N., J. Mol.
Catal. 9, 13 (1980).

Yermakov, Yu. 1., Kuznetsov, B. N., and Zakh-
arov, V. A., in “Catalysis by Supported Com-
plexes.” Elsevier, Amsterdam, 1981.

Menezo, J. C., Denanot, M. F., Peyrovi, S., and
Barbier, 1., Appl. Catal. 15, 353 (1985).

Baker, R. T. K., Thomas, C., and Thomas, R. B.,
J. Catal. 38, 510 (1975).

Matyi, R. J., Schwartz, L. H., and Butt, J. B.,
Catal. Rev.-Sci. Eng. 29, 41 (1987).

Paryjczak, T., and Szymura, J. A., Z. Anorg. Allg.
Chem. 449, 105 (1979).

Cvetanovic, R. J., and Amenomiya, Y., in “Ad-
vances in Catalysis” (D. D. Eley, H. Pines, and
P. B. Weisz, Eds.), Vol. 17, p. 103. Academic
Press, New York, 1967.

Poelsema, B., Palmer, R. L., and Mechtersheimer,
G., Surf. Sci. 117, 60 (1982).

Andreev, A. A., Shopov, D. M., and Kiperman,
S. L., Kinet. Catal. 7, 941 (1966).

Menon, P. G., in “Hydrogen Effects in Catalysis,
Fundamentals and Practical Applications” (Z. Paal
and P. G. Menon, Eds.), p. 117. Dekker, New
York, 1988.

Katzer, J. R., Schuit, G. C. A., and Van Hooff, J.
H. C., J. Catal. 59, 278 (1979).

. Sayari, A., Wang, H. T., and Goodwin, J. G., Jr.,

J. Catal. 93, 368 (1985).



