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Methylcyclopentane hydrogenolysis and 2-methylpentane isomerization were studied. On ruthe-
nium/alumina catalysts, no isomer products were detected in Cq hydrocarbon reactions. Methylcy-
clopentane hydrogenolysis was selective as confirmed by the high 3-methylpentane/n-hexane ra-
tios. Isomerization reactions on Pt(9.6 at.%)-Ru(0.4 at.%)/Al,0; were studied between 220 and
300°C. Skeletal rearrangements proceeded from 220°C where Pt is inactive for this type of reac-
tions. Very low apparent activation energies in isomerization reactions of Cys-labeled hydrocarbons
were found for selective and nonselective cyclic mechanisms: [2-C'?]-2-methylpentane — [3-C"]-3-

methylpentane and [4-C'3]-2-methylpentane —

[3-C1]-n-hexane, respectively. The results were

explained using a bimolecular kinetic model which can take into account the phenomenon as an

increase either in hydrocarbon coverage or in
surface.

INTRODUCTION

It is well known that ruthenium is one of
the most active metals in hydrogenolysis
reactions. Carter et al. (1) studying the hy-
drogenolysis of n-heptane over a series of
unsupported metals found that the activi-
ties of these various metals were as follows:
Ru > Ir > Rh ~ Pt > Pd. This order of
activities corresponds closely to the pattern
of variation of the percentage d-character
of the metallic bond. 7

Alloying platinum with a metal which,
like ruthenium, is only active in hydrogen-
olysis (hydrocracking) of hydrocarbons,
leads to a remarkable improvement in the
selectivity of platinum for isomerization in
reforming reactions, as observed by Gray et
al. (2) in the isomerization of n-pentane.
Nevertheless, very little has been published
concerning Pt—Ru catalysts for isomeriza-
tion reactions (2) although more extensive
work has been done on this system for hy-
drogenation (3, 4) and dehydrogenation (5)
reactions. The main results show a syner-
getic effect in catalytic reductions of car-

hydrocarbon adsorption strength on the catalyst

bony! compounds at low pressures and for
aromatic systems at higher pressures where
hydrogenolysis is to be avoided (3). On the
other hand, in the hydrogenation of ben-
zene a maximum of the rate has been ob-
served for a percentage of 55 at.% Ru (4).
Bond and Webster (6) observed in nitro-
benzene and nitroaniline hydrogenation in
the liquid phase a maximum of activity at 30
at.% Ru. Engels et al. (5), studying the de-
hydrogenation of cyclohexane on unsup-
ported Pt-Ru catalysts, have found a maxi-
mum in activity for 20 at.% Ru or 40 at.%
Ru depending on the treatment by hydro-
gen of the catalyst at 500 or 650°C, respec-
tively.

One may expect that the very different
catalytic properties of platinum and ruthe-
nium will magnify some collective effects
between these two metals and will influence
or modify the cracking sites of Pt.

The aim of this work is to present results
concerning the catalytic behaviour of the
Pt—Ru/Al,O; system at very low Ru concen-
tration in hydrogenolysis and isomerization
reactions of alkanes. The isomerization of
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FiG. 1. Dark field image superimposing in the print of the focussed and defocussed images. Magnifi-
cation X500 000.

CB.labeled hexanes was studied and the ac-
tivation energies for the different reaction
mechanisms involved were determined.

EXPERIMENTAL

(a) Catalyst preparation. The catalysts
used for this study were prepared by the
classical impregnation method of an inert
alumina from Woelm (specific area 160-170
m?g, mean pore diameter 30—40 A, no
metal detected by ESCA). The impregnat-
ing solutions were RuCl; hydrate (Johnson
Matthey) and H,PtCls (Caplain St. André)

at appropriate concentration. The metal
loading was fixed at 10% in weight, and the
atomic percentages of Ru in the bimetallic
samples varied from 3.8 to 55%. The reduc-
tion of the samples was performed at 400°C
(except for one sample at 200°C) with a hy-
drogen flow rate of 20 ml/min during 24 h.
The catalytic work presented here is fo-
cussed on the catalyst Pt—-Ru/Al,Os with 3.8
at.% ruthenium, but other compositions
have been studied.

(b) Catalyst characterization. Transmis-
sion electron microscopy experiments were
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performed on monometallic Ru/Al,O; and
on Pt-Ru/Al,0;. Two techniques were
used, namely direct examination and the
extractive carbon replica method (7).

Concerning direct examination, the
method of Yacaman et al. (8), which is
based on high-resolution weak beam images
which are defocussed, was used to study
the state of alloying on the bimetallic metal
clusters. The fact that we observed a con-
stant displacement between the focussed
and defocussed images (Fig. 1) shows that
the Pt-Ru particles are forming an alloy. On
the other hand, dark field techniques, t.e.,
images which are formed using beams dif-
fracted in either the particle or the support,
can yield information about the shape and
the crystallography of the particles (9).
Results obtained for the Pt—Ru alumina cat-
alyst with 3.8 at.% Ru have shown an epi-
taxial growth in the (111) direction.

The catalysts were also examined by the
extractive replica technique using a Philips
EM 300C electron microscope. The separa-
tion of the metallic particles by destruction
of the alumina carrier in a dilute solution of
HF was controlled by TEM during 20 h to
prevent any metallic particle loss. For each
sample of Ru/Al,O; and Pt—Ru/Al,O;, more
than 20 pictures were taken and histograms
built up by measuring the size of at least
2500 particles.

Surface particle size distributions are
shown in Figs. 2 and 3. The mean metallic
particle sizes were 30 and 36 A for 10% Ru/
ALQO; and 0.2% Ru/AlO; reduced at 400°C,
respectively (Fig. 2).

A bimodal distribution was observed for
the Pt—Ru/Al,O; catalyst with the lowest
content in ruthenium. We can see two max-
ima (Fig. 3), one at 15 A and the other at 75
A. Electron microdiffraction analysis on
these two distinct metallic distributions has
shown that the larger particles were plati-
num, in contrast to the smaller ones which
are Pt—-Ru alloy. By this technique various
Pt-Ru/Al,O; catalysts of different Pt/Ru
atomic ratios were analysed (/7). A con-
stant alloy composition of Pt 44 at.%—Ru 56
at.% (+ 5%) was found for the small parti-

cles. This means that in our case only the
Qarticles of a size lower than or equal to 15
A, i.e., 8.7% of the total particles, are rep-
resentative of this type of alloy.

Concerning the reduction state of the
metals, Blanchard et al. (10) have observed
a complete reduction of ruthenium in the
bimetallic catalysts (Pt—Ru) at 500°C. In our
case ESCA measurements have been done
for all the Pt—-Ru/Al,O; catalysts (/7). No
binding energy shift was observed, al-
though a small broadening of the Ru 3ds;
peaks was present. On the other hand, no
metal segregation was observed for the bi-
metallic samples. This result can be easily
understood by the fact that only 8.7% of
particles were alloyed.

(c) Catalytic reactions. The hydrogenol-
ysis of methylcyclopentane and isomeriza-
tion of C'3-labeled hexanes were studied in
a differential reactor system under 1 atm of
hydrogen and small amounts of the respec-
tive hydrocarbon passing through the cata-
lyst at constant pressure.

Part of the reaction mixture was analysed
by gas chromatography and part was used
for the location of the label in each mole-
cule by mass spectrometry. The unlabeled
hydrocarbons used as reactants were
Fluka-puriss grade and the synthesis of
the [2-C'*]-2-methylpentane and [4-C!3]-2-
methyl pentane has been described else-
where (12).

RESULTS

A series of experiments were performed
over various Pt-Ru/Al,O; catalysts where
the atomic bulk percentages of Ru varied
from 3.8 to 55% (11). We present in this
paper the results given by the catalyst with
the lowest content in Ru (3.8 at.%), which
exhibits a noticeable isomerization behav-
iour. Some results obtained on 10 and 0.2%
in weight Ru catalysts are also presented.

I. HYDROGENOLYSIS OF
METHYLCYCLOPENTANE

(a) Ru/AL,O5 Catalysts. The catalytic be-
haviour of Ru/Al,O; catalysts for this reac-
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FiG. 2. Particle size distribution of ruthenium particles (a) 10% Ru/Al,Os, % n,/Zn; vs. di. (b) 10%
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tion is summarized in Table 1. The distribu-
tions of the products obtained from
methylcyclopentane hydrogenolysis are
shown as percentages of reactant having

TABLE 1
Hydrogenolysis of Methylcyclopentane over 0.2 g of Ru/Al,O; Catalyst

disappeared. It can be observed that Ruis a
very selective catalyst in the methylcyclo-
pentane hydrogenolysis reaction. Only sec-
ondary C-C bonds of the ring are ruptured

at.% Ru Reduction Reaction d, o 2 Cracking Ce Products 3IMP
temp temp A& @» nH
0 °C) 2MP IMP n-H
10 400 140 30 10 40 38 19 3 6.3
10 200 140 — 3.3 56 25 16 3 53
0.2 400 140 36 0.9 35 42 16 7 2.2

Note. Product distributions in mole percentage. %ar = Overall conversion in percent; d; = mean metallic
particle size; 2MP = 2-methylpentane; 3MP = 3-methylpentane; n-H = n-hexane.
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preferentially as shown by the high values
of the ratio r = 3MP/n-H. On the other
hand, no extensive cracking was observed
at this very low temperature. Finally, an
increase in the catalytic activity is observed
when the catalyst is reduced at 400°C in-
stead of 200°C.

(b) Pt-Ru/ALO; Catalyst. Successive
temperature treatments under hydrogen
were performed on the Pt-Ru/Al;O; cata-
lyst in the range 220 to 320°C and the cata-
lytic behaviour was followed as a function
of the temperature treatment. In all cases
the hydrogenolysis reaction was carried out
at 220°C on 0.2 and 0.02 g of catalyst as
reported in Table 2. The first very interest-
ing fact is the decrease of the cracking reac-
tions compared to the pure ruthenium cata-
lyst although the temperature of treatment

increased. The continuous decrease of the
selectivity ratio 3MP/n-H when the catalyst
is treated from 240 to 320°C could be ex-
plained by the fact that the rates of cracking
of the n-hexane and the methylpentanes are
different. This assumption is confirmed by
the fact that (i) the ratio 3MP/n-H does not
vary between 220 and 320°C when the
cracking reaction does not occur (second
part in Table 2) and (ii) the ratio 2MP/3MP
is remarkably constant whether the crack-
ing reactions take place or not.

The ratio 3MP/n-H = 1.2 = 0.1 obtained
at low conversion corresponds to the value
observed on a pure dispersed Pt catalyst
(13). The catalyst is stable in the tempera-
ture range of treatment (220 to 320°C). On
the other hand a low percentage of cyclo-
hexane is obtained at low conversions.
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FiG. 3. Particle size distribution of Pt-Ru/A},O; catalyst with 3.8 at.% Ru. (a) % n/Zn; vs. d,.. (b) %
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11. HYDROCRACKING AND ISOMERIZATION
OF 2-METHYLPENTANE

The three main reactions were (i) hydro-
cracking yielding pentanes, butanes, pro-
pane, ethane, and methane, (ii) isomeriza-
tion, and (iii) dehydrocyclization to
methylcyclopentane. In each experiment,
the mole fractions of butanes and ethane,
and those of methane and pentanes were
exactly equal, except on pure Ru catalysts.
In Tables 3, 4, and 5 the distributions of the
products obtained from 2MP on pure Ru
catalysts (Table 3) and on the Pt—-Ru/Al,QO;
catalyst (Tables 4 and 5) are shown as per-
centages of reactants having disappeared.

Hydrocracking

{a) Ru/ALL,O; catalysts. The selectivity S,
defined as the percentage of reacted mole-
cules converted into C¢ products, shows
that no significant isomerization reactions
are involved on pure Ru catalyst whatever
the reduction temperature and the metal
loading (Table 3). We can observe very high
values for the ratios isobutane/n-butane and
isopentane/n-pentane which are specific to
the behaviour of ruthenium.

(b} Pt—-RuiALOs catalyst. Experiments
were made at high and low conversion be-
tween 220 and 300°C. Results obtained at
low conversion (below 109) are shown in
Table 4. Several points can be emphasized:
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TABLE 2

Hydrogenolysis of Methylcyclopentane at 220°C over 0.2 and 0.02 g of a Pt-Ru/Al,O; Catalyst as a
Function of the Temperature of Treatment of the Catalyst

Weight Treatment art Product distribution (mole %) IMP 2MP
(g) temp (%) n-H 3MP
O z 2MP 3MP n-H c-H
Cracking
0.2 220 29 9 66.4 19.1 5.5 3.5 3.5
240 27 7 68 19 7 3.6 3.5
260 26 S 69.6 18.1 7.8 2.3 3.8
270 22 4 68.7 18.4 8.7 2 3.7
280 18 4 68.4 18 9.9 1.8 3.8
300 15 4 65.9 18.7 11.6 1.6 35
320 23 7 63 18 12 1.4 3.5
0.02 220 0.87 0 58.4 20.3 14.9 6.5 1.3 2.9
240 0.76 0 58.7 17.3 18.3 9.5 0.9 34
260 1.02 0 60.0 18.6 15.2 6.1 1.2 3.2
300 0.9 0 59.3 17.6 15.7 7.0 1.1 34
320 1.2 0 61.1 19.2 14.9 5.0 1.3 3.2

a Qverall conversion. c-H = cyclohexane.

o the selectivity S, defined as before, in-
creases with increasing reaction tempera-
ture,

® the cracking pattern seems to be a very
sensitive approach to the structural mor-
phology of the metal crystallites in the cata-
lyst. In fact the deethylation is the main
reaction until 300°C, which is not the case
on pure platinum catalysts (/2). It can be
seen that the amount of (C, + C4) molecules
is higher than the (C, + Cs) amount up to
260°C, but at higher temperatures the sta-
tistical value (i.e., 3(C, + C4) = (C, + Cq))
is never reached. No repetitive processes
are present as confirmed by the high value
of the ratio isobutane/n-butane.

® the ratio isopentane/n-pentane is al-
ways higher than the theoretical value of
0.5. It seems that the high deethylation pro-
cess and the selective rupture of the C4~Cs
bond in the molecule are specific to the Pt—
Ru/Al,O5 catalyst.

The resuits at high conversion are sum-
marized in Table 5. When the total conver-
sion reaches 30%, consecutive cracking re-
actions take place, as shown by the
continuous decrease of the ratio isobutane/

n-butane. The most striking result is per-
haps the absence of extensive hydrocrack-
ing reactions (C, = Cs, C, = Cy) even at
high conversions. The predominance of the
deethylation process and the very high iso-
pentane/n-pentane ratio are also observed
when the reaction is performed at higher
conversions.

Isomerization and Dehydrocyclization
(Tables 4 and 5)

The percentage of methylcyclopentane in
the reaction products is very high and its
amount is a function of the conversion. The
ratio 3MP/n-H in 2-methylpentane isomeri-
zation decreases continuously when the re-
action temperature increases. This varia-
tion can be observed for reactions
occurring at low or high conversijons.

III. ISOMERIZATION OF LLABELED
HEXANES

The isomerization of [2-CP3]-2MP and
[4-CB3]-2MP has been studied between 220
and 300°C on the Pt-Ru/Al,O; catalyst. In
Tables 6 and 7 we report the distribution of
the expected isotopic varieties and the per-
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ScHEME 1. BS, bond shift; CM, cyclic mechanism.

centages of cyclic mechanism calculated
according to Reactions 1 and 2 in Scheme 1.

The repetitive process which is present at
high conversion does not influence the
isomerization distribution as seen in Table 6
where only 3.5 and 4.5% of [ methyl-C'?)-3-
pentane is obtained when the conversion is
46 and 55%, respectively.

(a) Isomerization of 2MP to 3MP (Table
6). The percentage of cyclic mechanism
varies in an erratic way and its amplitude of
variation in a range of 80°C (220 to 300°C) is
only of 30 to 46%. Nevertheless, it is impor-
tant to mention that at 220°C we obtain 40%

///\\\.//’\\\/// A
BS
Bond Shift
AN B

All the values are in the same range and
equal to 10 = 2.5 except for the experiment
at 220°C where the value is twice as high.
This result is in disagreement with those
obtained on Pt/alumina catalysts where the
contribution of this mechanism is equal to 1
(13).

The second part of Table 7 shows the
percentage of bond shift B mechanism. We
can notice that in all cases it is always lower

of cyclic mechanism which is not the case
on pure platinum catalysts where isomeri-
zation does not proceed at this very low
temperature.

(b) Isomerization of 2MP to n-H (Table
7). We can see that the percentage of cyclic
mechanism obtained for this reaction varies
in the same way as in the preceding case.
Except for the reaction at 240°C which
gives a low value for the cyclic mechanism,
the other results are between 77 and 86%.
The second part of Table 6 gives the per-
centage of bond shift A in chain lengthening
(Scheme 2).

cm (é) /\/\/

Ads
Mechanism

than the bond shift A (Table 6) which is
never observed on supported Pt catalysts.
This phenomenon has only been observed
with catalytic experiments on stepped sur-
faces of platinum (/4) where this particular
situation seems to be due to the presence of
(111)-oriented planes. In our case, an epi-
taxial growth in the (111) direction was ob-
served by TEM for the Pt and Pt—Ru metal-
lic particles on this Pt~Ru/AlLO; catalyst.
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IV. ACTIVATION ENERGIES

Apparent activation energies were deter-

Jd ILE S Sl I mined for the isomerization of [2-C!3)-2-
Q methylpentane and [4-C'3]-2-methylpen-
(5|L§ RS E tane in the temperature range of 220 to
b £ 300°C. The amounts of cyclic mechanism
N %‘ were taken as the sum of molecules formed
Qz) F1g 3 by the cyclic mechanism and the methylcy-
iy clopentane desorbed. This can be done be-
. - 2 cause the rgte-determining st‘ep ir} this type
c lse ] of reaction is the C—-C formation (i.e., dehy-
3] drocyclization) and not the C-C bond rup-
o © = = ture (i.e., hydrogenolysis). Very low values
2l lsx % of apparent activation energies were ob-
%z tained for both types of cyclic mechanism:
SIS R 36.5 = 1.5 kcal/mole for the nonselective
R R mechanism and 25.5 £ 1.5 kcal/mole for the
E | © T selective one.
2 -
-§ Jd o 0 é
R R I S
&) _2- DISCUSSION
5 Two different reactions have been stud-
gl2ge |k ied on Pt-Rw/ALO; at low Ru bulk concen-
I tration, namely methylcyclopentane hydro-
Sl S genolysis, which is a well-knowq structure
« “ sensitive reaction, and skeletal isomeriza-
é tion of C4 alkanes.
SN :; gy The catalytic behaviour of this system
g 2 will be discussed here, comparing the
" 0w |z & results to those obtained on pure platinum/
eex 7 I‘I: alumina catalysts. Preliminary experiments
R °s on Pt (10%)/Al,0, were carried out between
& oz 1E 220 and 240°C in 2-methylpentane isomeri-
Zg zation reactions, and no isomer products
<o g2 | B fg were detected in this temperature range.
- 3.2 This result clearly shows that platinum is
- £ catalytically inactive for isomerization re-
% Eolgss =g actions at these low temperatures. On the
f“é gL | ==« T:; ) other hand, from methylcyclopentane hy-
g = drogenolysis data obtained at low conver-
- g% sions after thermal treatment of the bime-
2 a s 0 tallic catalyst, we have shown that the ratio
SEP 888 g 3-methyl /n-hexane i i
SETC | NFTF methylpentane/n-hexane is constant. This
& .l g means that the catalyst is not modified in
¥ s the range 220 to 300°C.
2w e8| %8 These preliminary experiments have

pointed out two phenomena:
(a) metal segregation can be excluded for
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TABLE 4

Isomerization of 2-Methylpentane on 0.02 g of Pt-Ru/AL,O; Catalyst as a Function of Temperature.
(Low Conversion)

Temp  ar? St Products (mole %) iCynC; iCs/nCs  3MP/n-H
0 %) (%)
2C3 Cz + C4 C1 + C5 IMP n-H MCP
220 0.2 17.5  17.2 423 23 — — 17.5 36 3.1
240 0.48 35 11.1 31.7 20.7 3.8 2.8 283 42 2.6 1.4
260 2.8 49.5 5.9 25 20.5 175 120 20 25 2.6 1.45
270 2.6 66 2.6 15.6 15.4 24.5 18.2 23.6 22 1.4 1.3
280 4,1 67 3.5 14.3 15.2 213 254 202 13 1.4 0.8
290 8.5 69 33 13.0 14.7 235 303 14.9 6 1.4 0.77
300 8.7 74 3.1 9.8 13.3 242 333 15.8 4.8 1.12 0.72

7 Total conversion.
b Selectivity.

this catalyst in the range of temperature
considered.

(b) the ratio 3MP/n-H being constant and
approximately equal to unity shows a high
dispersion of metal particles. This fact has
been confirmed by TEM where the total
mean metal particle size is d; = 53 A (d, =
18 A for the small particles only). The isom-
erization of labeled hexanes ([2-C")-2-
methylpentane and [4-C'?]-2-methylpen-
tane) has shown that the percentage of
cyclic mechanism in the reaction 2MP to
3MP is almost constant. The same behav-
iour is observed in the 2MP to n-H reaction.
Nevertheless, it is important to mention
that already at 220°C we obtain 40% of cy-
clic mechanism in the 2MP to 3MP reac-
tion. To obtain the same distribution on
pure platinum catalysts at 254°C, they must
have a metal dispersion of 55% and a metal
loading of 4.1% as previously seen in this
laboratory (13). We arrive at the same con-
clusion concerning the 2MP to n-H reac-
tion.

We underlined also that in chain length-
ening reactions of 2MP to n-H, the methyl
migration (bond shift A) is predominant
compared to the propyl migration (bond
shift B).

Isomerization reactions proceeding from
220°C are representative of the Pt—Ru alloy
particles. On the other hand, when reac-

tions take place in the range 260 to 300°C,
Pt-Ru alloy particles and Pt particles are
involved.

One fundamental result obtained on the
Pt-Ru/ALO; catalyst studied in the present
work, is the very low value found from Ar-
rhenius plots for the apparent activation en-
ergies whatever the catalytic reactions are.
For the cyclic mechanism we obtained:

® nonselective mechanism 36.5 * 1.5
kcal/mole

® selective mechanism
kcal/mole.

At present no Kkinetic data for C4 alkane
isomerization mechanisms on Pt/Al,O; cat-
alysts are available in the literature. Never-
theless on 10% Pt/Al,0; catalyst, the isom-
erization of C!3-labeled pentanes has been
studied (15) and the activation energy for
cyclic mechanisms is around 70 kcal/mole.
Assuming that the total activities of the cat-
alytic reaction of Cs and C¢ hydrocarbons
are equal (i.e., o F/W are the same; a =
total conversion, F = hydrocarbon flow, W
= weight of the catalyst), we can estimate
the decrease of the activation energies for
the Cghydrocarbon reactions as never
greater than 5 kcal/mole. This means, for
example, that the activation energy for the
C¢ alkanes in the cyclic mechanism is
nearly equal to 65 kcal/mole. We never di-
vide by a factor of 2 the values of E, from C;

255 = 1.5



TABLE 5

Isomerization of 2-Methylpentane on 0.2 g of a Pt-Ru/Al,O; Catalyst as a Function of Temperature (High Conversion)

iCs/nCs 3MP/n-H

iCy/nC,

Products {mole %)

ar® Sb
(%) (%)

Temp
(°C)

C, + G 3MP n-H MCP

4

C, +C

2C,

2.5

(]

335

7.8
4.1

4.1

10.5

243
22

46.6

6.6

22.4
31

220
240
260
270
280
290

300
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2.6
1.4

2.5

13.5

8.1
18.1

18.6

ol

[ag]

1.3
1.1

1.2

3.3
1.8
it
2.4
0.8

2.6
2.7

25.8
32

19
20

18.4
15
21

10.8

46.7
60
46

27.6
30
46
20
55

24.8

52
9.4

19.8 1.8
59

23.9

23.6

0.97
1.07

oy

28.4

27.7

8.3

15.2

4.3

62

2.05

19.9

21.4

27.3

20.6

8.3

44

“ Total conversion.
b Selectivity.

to Gy hydrocarbons in isomerization reac-
tions.

The lowering of the E, has also been seen
by Engels et al. (5) on Pt-Ru/ALLO; cata-
lysts for the ethane hydrogenolysis reac-
tion, which is a very activated one. In
agreement with our results they observed a
decrease in the activation energy for this
reaction when it occurs on Pt-Ru catalysts
compared to pure Pt catalysts.

Two series of catalytic experiments per-
formed on Pt/Al,O; catalyst have shown
that when the apparent activation energies
decrease, the coverage by hydrocarbon
radicals increases. First, in a comparative
study of the kinetic data obtained with Cs,
Cs, and C; hydrocarbons, Gault et al. (16)
could explain the variation in the order ver-
sus hydrogen from negative values for Cs
isomerization to positive values in C; isom-
erization by the multisite adsorption model
proposed recently by Frennet et al. (17).
We can conclude as they did that the
changes from negative to positive order in
the hydrocarbon series from Cs to C; can be
interpreted if one assumes an increase in
the strength of hydrocarbon adsorption.
We can underline that in parallel from Cs to
C; hydrocarbons the apparent activation
energies for isomerization reactions de-
crease continuously. In addition, from Cs to
Cs to C; hydrocarbon reactions, the per-
centage of bond shift B decreases from 75%
with Cs to 60% with C4 and 45% with C,.
Secondly, catalytic experiments done at
low hydrogen pressures have shown that
the apparent activation energies for C¢ hy-
drocarbon reactions are very low, about 15
kcal/mole (18, 19), and we know that the
hydrocarbon coverage 6c in that case must
be very high.

These two results suggest that on our Pt—
Ru/Al;O; catalyst at low Ru concentration
were the apparent activation energy is very
low, and bond shift A > bond shift B, the
hydrocarbon coverage or the adsorption
strength of the hydrocarbon must be impor-
tant. On the other hand, it is necessary to
point out that though the hydrocarbon cov-
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TABLE 6

Isomerization of [2-C"]-2-Methylpentane at High Conversions on Pt—-Ru/Al,O; Catalyst. Distribution of the
Various Isotopic Species as a Function of Temperature

Temp oy ./Y\ % Cyclic Bond shift

Q) (%) : mechanism A

220 2 0 40 60 40 80.6 19.4 19.4
240 1 1.7 46 52 46 92.3 7.7 7.7
260 27 1.5 32.5 66 325 90.5 9.5 9.5
270 30 0.5 31 68.5 31 91 9 9

280 46 3.5 30.5 65.5 30.5 87.5 12.5 12.5
290 20 0.3 43.0 56.3 44 92.5 7.6 7.6
300 55 4.5 4.5 53 4.5 — _— —

TABLE 7

Isomerization of [4-C"}-2-Methylpentane on Pt-Ru/Al,O; Catalyst. Distribution of the Various Isotopic
Species as a Function of Temperature

Temp o P % Cyclic Bond shift
Q) (%) mechanism B
A A~

220 4.8 61.5 38.5 77 3.5
240 10.8 76.8 28.9 58 —
260 39 56.7 43.3 86.6 4.5
270 27 57.5 42.5 85 6

280 39 58.7 41.2 82.5 5.5
290 20 57.8 4.2 84 7.9
300 56 59.8 40.2 80.4 —

erage ¢ must be important in this catalyst,
it does not mean that it can be easily deacti-
vated, as confirmed by deactivation test re-
actions (11).

A confirmation of this proposal is that
there was relatively little cracking on the
Pt—Ru catalyst, which would support the
conclusion that deactivation due to carbid-
ing is not to be expected on this catalyst,
since extensive breakdown of the hexanes
apparently does not occur.!

CONCLUSIONS

On pure ruthenium catalysts no isomer
products were detected in the isomerization

! We thank one of the referees for having suggested
this argument.

of 2-methylpentane. Extensive cracking re-
actions were present at temperatures above
200°C. The methylcyclopentane hydrogen-
olysis was selective.

On the Pt-Ru/Al,O; system at low ruthe-
nium atomic concentration (Pt/Ru 25)
skeletal isomerization reactions proceed
from 220°C, where platinum is inactive for
this type of reaction, without extensive hy-
drocracking of the reaction products. A bi-
modal dispersion of the particles was ob-
tained but a homogeneous dispersion of the
small particles has been stated. An epitaxial
growth in the (111) direction was also ob-
served for the total metallic particles.

The combination of kinetic and tracer
studies gave some ideas about the different
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reactions occurring on a Pt-Ru surface.
Very low values of apparent activation en-
ergies for the skeletal reactions were found.
This fact has been interpreted by an in-
crease of the hydrocarbon coverage or the
adsorption strength of the hydrocarbon on
the surface of the catalyst. We confirm, in
addition, that the nonselective cyclic mech-
anism is more activated than the selective
one, as is the case on Pt-alumina catalysts.

Further work is in progress on skeletal
isomerization reactions over Pt-Ru cata-
lysts of different ruthenium concentration
and will be published soon.
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