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The catalytic properties for the hydrogenolysis of ethane, propane, and cyclopropane of a series
of highly dispersed RuNaY catalysts have been investigated. These catalysts have activities and
selectivities for ethane and propane hydrogenolysis similar to other supported ruthenium catalysts.
However, the activity of the RuNaY for cyclopropane hydrogenolysis is much higher than that of
Ru on conventional oxide supports, while the selectivities remain in a range expected for well-
dispersed ruthenium. The increase in activity for the RuNaY catalysts is due mainly to the presence
of highly dispersed Ru particles made possible by the zeolite support. A destabilization of the
cyclopropane ring by the electrostatic field of the zeolite, however, does not seem to contribute
significantly to the observed rate increase. It appears that the ring opening of cyclopropane and the
hydrogenolysis of cyclopropane to ethane and methane have a common intermediate, the forma-
tion of which is rate determining for both reactions. The discovery that on Ru the ring opening of
cyclopropane is structure sensitive is surprising since this reaction is generally considered as a

classic example for structure insensitivity.
INTRODUCTION

Interactions between the metal and its
support have been of interest in the field of
catalysis for many years. The combination
of high metal dispersions and the unique
chemical environment provided by zeolites
makes metal-loaded zeolite systems inter-
esting candidates for investigating metal-
support interactions. Hydrogenolysis reac-
tions of hydrocarbons have found wide
application for probing the catalytic behav-
tor of metals (/, 2). The activities of hydro-
genolysis catalysts appear to be very sensi-
tive to the type of metal used as well as to
the structural properties of the catalyst.

Hydrogenolysis reactions have been
used extensively to study Ru catalysts (3—
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16), and several of these reactions have
been found to be structure sensitive. How-
ever, little work has been reported on the
hydrogenolysis activity of zeolite-sup-
ported Ru (/7). On the other hand, a num-
ber of hydrogenolysis studies have dealt
with other zeolite-supported metals, in par-
ticular Pt (/8-20). Tran Manh Tri et al. (19)
correlated the n-butane hydrogenolysis ac-
tivity with the electrophilic character of
platinum in PtY. Neopentane hydrogenoly-
sis and isomerization was one test reaction
used by Dalla Betta and Boudart (/8) to
investigate the properties of PtY zeolite
catalysts. They concluded that a support in-
teraction leading to an apparent electron
deficiency of platinum in multivalent cation
zeolites was at least partially responsible
for the increased activities. Naccache et al.
(20) reported that the activity of platinum
for ethane hydrogenolysis did not appear to
depend upon whether the metal was sup-
ported on SiO; or Y zeolite. However, in
cyclopropane hydrogenolysis, large activ-
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ity increases were observed on the PtY cat-
alysts.

Hydrogenolysis of cyclopropane, pro-
pane, and ethane represent a suitable com-
bination of catalytic reactions to investigate
the structural and electronic properties of
supported ruthenium. Cyclopropane under-
goes three different primary reactions on
ruthenium. Two of these reactions, namely
ring opening to propane and hydrogenolysis
of cyclopropane to ethane and methane in a
1:1 ratio are, according to previous work
(8, 11) believed to be structure insensitive.
However, the third possible reaction,
which is the fragmentation of the cyclopro-
pane ring into three molecules of methane,
appears to be structure sensitive (8). The
latter reaction has been observed only on
Ru catalysts with relatively large particle
sizes for temperatures higher than 110°C.
Thus, changes in selectivity in the cyclo-
propane reaction may provide valuable in-
sight concerning the properties of ruthe-
nium catalysts. Propane hydrogenolysis
complements the study of cyclopropane hy-
drogenolysis, providing a means for check-
ing a possible onset of secondary reactions
that may contribute to the observed selec-
tivity patterns in cyclopropane hydrogenol-
ysis. The well-known demanding nature of
the ethane hydrogenolysis reaction permits
one to probe the structure of the active
sites.

The present study applies this set of hy-
drogenolysis reactions (cyclopropane, pro-
pane, and ethane) to a series of highly dis-
persed RuNaY catalysts with different Ru
loadings in order to explore the effect of the
zeolite support on C-C bond breaking in
linear and cyclic alkanes. This is important
in light of recent work on zeolite-supported
Pt postulating a facilitation of cyclopro-
pane-ring opening via an electrostatic field
effect of the zeolite (20). In the case of plat-
inum, only ring opening to propane occurs.
Thus, any influence of the zeolite on prod-
uct selectivity could not be explored in the
previous study on platinum. For ruthe-
nium, this limitation does not apply and a
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TABLE 1

Catalyst Characterization Data

Catalyst Dispersion S.A° Treatment procedure?
(%) (m%g)
3% RuNaY 65.5 9.56 a-b-c-d-e-f-g
1.5% RuNaY 55.3 4.03 a-b-c-d-g
0.76% RuNaY 77.4 2.86 a-b-c-d-e-f-g
0.19% RuNaY 95.8 0.89 a-b-c-d-e-f-g
1% Ru/NaY 77 4.12 h-b-g
3.86% Ru/SiO, 26 4.88 i-c-d-g

¢ Ruthenjum metal surface area per gram of catalyst, determined by
H; chemisorption at 25°C. A stoichiometry of H/Ru) = 1 was assumed
for the irreversible uptake of hydrogen (26).

b (a) Prepared by ion-exchange with Ru(NH3)Cl3; (b) decomposed
under vacuum at 1°C/min up 400°C; (c) H, reduction at 450°C (Py, = 0.2
atm); (d) H, adsorption at 25°C; (e) desorption at 400°C for 2 h; (f) CO
adsorption at 25°C; (g) exposed to air at room temperature; (h) prepared
by Ru3(CO),; vapor-phase deposition; (i) prepared by RuCl; - H,O wet
impregnation.

more complete picture of the role of the
zeolite support in affecting both the activity
and the selectivity of ruthenium can be ob-
tained.

EXPERIMENTAL

The RuNaY zeolite catalysts used in this
study were prepared by two methods. The
first method consisted of ion exchanging Ru
into NaY using an aqueous solution of
Ru(NH;)¢Cl;. The exchanged [Ru(NH;)s]**
complex was decomposed under a dynamic
high vacuum of 107% Torr on heating the
catalyst up to 400°C at a rate of 1°C/min.
The metal was then reduced at 450°C in hy-
drogen and subjected to the various chemi-
sorption characterizations as outlined in
Table 1. Ru/NaY containing 1 wt% Ru was
also prepared by vapor impregnation of
NaY with Ru;(CO),,. Details of this prepa-
ration procedure are given by Goodwin and
Naccache (21). For comparison, a conven-
tional 3.86 wt% Ru/SiO, catalyst was used.
The preparation method and characteriza-
tion of the Ru/SiO, catalyst have been de-
scribed previously (7, 9).

A flow reactor containing up to 100 mg of
the catalyst having a grain size of about 0.1
mm was operated at atmospheric pressure
(1 atm = 101.3 kPa) to obtain Kinetic data
on the catalysts. Prepurified hydrogen was
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passed through a palladium/asbestos reac-
tor maintained at 400°C. Ultrahigh-purity
helium was passed over copper turnings
maintained at 300°C. Each gas was then fur-
ther purified using a molecular sieve trap
maintained at liquid-nitrogen temperature.
High-purity ethane, propane, and cyclopro-
pane were used without further treatment.

The analysis of the products and the re-
actants was carried out by gas chromatog-
raphy. The GC column was a 3-m copper
tube filled with silica gel (100-120 mesh)
and operated at 80°C.

Prior to pretreating the catalysts, the re-
actor was flushed with He at room tempera-
ture for 10 min. The catalysts were then
slowly heated over a 2-h period from room
temperature to 320°C in flowing H; and then
held at this temperature in flowing H, for
19 h. Following reduction the reactor was
cooled down to reaction temperature in
flowing H,.

In order to determine what activity the
zeolite itself had for the reactions both NaY
and HY zeolites were studied under reac-
tion conditions. HY zeolites were studied
in order to account for the possible activity
of the acid sites in (ion-exchanged) RuNaY
generated during the reduction of the Ru.
The procedure outlined above was also
used for NaY zeolite samples with the ex-
ception that He was substituted for the H,.
This was also done for NH,Y to dehydrate
it and to remove ammonia, in order to form
the HY zeolite.

The typical experimental run consisted of
passing the appropriate reactant mixture
(typically containing 3% hydrocarbon, 20%
H,, and 77% He) over the catalyst and sam-
pling the products after 120 s on stream.
Immediately after sampling, the flow of hy-
drocarbon and He was stopped and H, was
passed over the catalyst at 200°C for % h.
The run was then repeated to check for de-
activation. If signs of deactivation were ob-
served, the catalysts were treated in flow-
ing hydrogen overnight at 320°C. This
procedure was sufficient to restore the ini-
tial activity. A number of runs were contin-
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ued for longer periods of reaction time (up
to 30 min) to study the deactivation charac-
teristics of the catalysts. All the data used
to calculate turnover frequencies and ki-
netic parameters were obtained at conver-
sions of less than 10%. Rate orders were
determined by varying the partial pressure
of one of the reactants at constant tempera-
ture.

Thermogravimetric measurements on
RuNaY, NaY, and HY zeolites were per-
formed in a flow TGA system using a Cahn
microbalance. The temperature range stud-
ied in the adsorption of cyclopropane was
25-110°C.

RESULTS

The following reactions were included in
this study:

C,H¢ + H; — 2CH,4 (D
cyclo-CsHg + Hy — C3Hy 2)
cyclo-C3;H¢ + 2H, — CHy + C;He  (3)
cyclo-C;Hg + 3H; — 3CH,y 4)
Cs;Hg + H;— CHe + CHs  (5)

C;Hg + 2H, — 3CH, (6)

Reaction rates were determined using the
expression

N=2a, %)
N is the turnover frequency in molecules of
hydrocarbon reactant converted per sur-
face Ru site in one of the reactions i (i =
(1) through (6)). Fg represents the flow rate
of the hydrocarbon reactant in molecules
per second, A is the number of ruthenium
atoms on the surface of the catalyst as
determined by H, chemisorption, and «;
stands for the fraction of hydrocarbon reac-
tant converted in reaction i.

Ethane Hydrogenolysis

Kinetic parameters for ethane hydrogen-
olysis were obtained for the RuNaY zeo-
lites and the 3.86% Ru/SiO,. The Kkinetic
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TABLE 2

Kinetic Parameters for Ethane Hydrogenolysis on Ruthenium Catalysts

Catalyst E, Temp. range  Niygpec X 10%2 n m In A
(kcal/mol)* °C) (H, rate order) (C,Hg rate order)
3% RuNaY 39+3 162-179 293 -2.0 0.8 38 +3
1.5% RuNaY 39+3 173-191 0.66 =20 1.1 37+£3
0.76% RuNaY 32=x3 160-178 35 =22 0.8 303
0.19% RuNaY 303 170-192 2.6 -1.6 0.9 29 £ 3
1% Ru/NaY 343 173-194 3.9 -1.6 0.8 353
3.86% Ru/SiO, 323 156-183 1.9 -2.21 0.66 28 +3

41 kcal = 4.186 kI.

b Molecules/Ru surface atom - s; the feed composition was 6% C,Hy, 15.6% H,, 78.4% He.

parameters are given in Table 2. The rate
could be fitted to the power law equation

=) (pes) (ps) . @

The kinetic parameters are in good agree-
ment with those reported in the literature
(-7, 14).

r=A-exp(—

Turnover Freq. (sec™])
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Fi1G. 1. Arrhenius plot for reactions (2) and (3) on
0.19% RuNaY.

Cyclopropane Hydrogenolysis

In the cyclopropane hydrogenolysis, the
RuNaY catalysts displayed much higher ac-
tivities than Ru/Si0,. Quantitative kinetic
data under differential conversion condi-
tions could only be obtained for the 0.19%
RuNaY sample, the catalyst having the
lowest metal loading (Fig. 1). All the other
zeolite-supported Ru samples were so ac-
tive that differential reaction conditions
could not be achieved, even by lowering the
reactor temperature to 0°C, increasing the
flow rate to the maximum possible for the
reactor system, and decreasing the amount
of catalyst in the reactor to 10 mg. The high
conversion over these catalysts was partly
due to a significant exotherm observed
once the conversion exceeded 50%. Figure
2 shows a comparison of the activities of
0.19% RuNaY with other ruthenium cata-
lysts reported in the literature (8, 10). Ap-
parent activation energies of 43 (+3) and 48
(=3) kJ/mol were found for reactions (2)
and (3), respectively (Fig. 1).

In cyclopropane hydrogenolysis, the per-
centage selectivity (S;) for propane forma-
tion via reaction (2) was determined using
the expression

N,

=M+M+qu

Sz ®

In Figure 3, the selectivity S; for propane
formation of two RuNaY catalysts is com-
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Turnover freq. (sec'l)
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F1G. 2. Comparison of the activity of 0.19% RuNaY
for reaction (2) with 3.86% Ru/SiO, and other previ-
ously reported Ru catalysts.

pared with that of the 3.86% Ru/SiO, cata-
lyst, and two other catalysts (a Ru sponge
with low dispersion, and a 0.6% Ru/SiO,
catalyst with more than 65% dispersion)

Selectivity S, (%)
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taken from Ref. (8). The zeolite catalysts
and the highly dispersed 0.6% Ru/SiO,
maintained high propane selectivities and
methane/ethane ratios close to unity up to
180°C. The two catalysts with low metal
dispersions, namely the Ru sponge and
the 3.86% Ru/Si0,, had propane selectivity
curves which showed a sharp decline as the
temperature increased above 110°C. Their
methane/ethane ratios exceeded unity in
the higher temperatures regime above
110°C (8).

The activity of RuNaY for cyclopropane
hydrogenolysis showed an induction pe-
riod. When the reactant mixture (3% cyclo-
propane, 20% H,, 77% He) was passed
over any of the RuNaY catalysts and the
product stream was sampled after 120 s on
stream, the unreacted cyclopropane and all
of the hydrogenolysis products leaving the
differential reactor were less than the total
amount of cyclopropane that was fed into
the reactor. After a few minutes on stream,
however, the carbon content of reactor in-
let and outlet became balanced. At this
point, no indications for mass transport lim-
itations were evident for the reaction of cy-
clopropane in the differential reactor. No
such induction period was observed in the
ethane or propane hydrogenolysis experi-

| |

100
Q L 3
80 - <%
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o 3.86% Ru/510;
40 R
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& 0.19% RuNaY
20 — © 0.76% RuNaY
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0 |
20 70

120

170 220

Temperature (°C)

F1G. 3. Selectivity §; as a function of temperature. For comparison, data taken from Ref. (8) are
included for a Ru sponge with low dispersion and a 0.6% Ru/SiO, catalyst with high dispersion.
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F16. 4. Adsorption isobars of cyclopropane on NaY and 0.19% RuNaY during TGA at a total

pressure of 1 atm. (a) Pure cyclopropane on NayY,

(b) 10% cyclopropane in helium on NaY, (c) 3%

cyclopropane in helium on NaY, (d) 3% cyclopropane in Hy/He mixture adsorbed on 0.19% RuNaY.

ments. Therefore, the catalyst seemed to be
able to sieve a certain amount of cyclopro-
pane out of the feed stream. A similar siev-
ing effect was also observed on blank NaY
and NY samples that had been subjected to
the standard pretreatment in H; at 320°C.
The adsorption of cyclopropane in the
zeolite can be seen in Fig. 4 which presents
TGA results for NaY and RuNaY exposed
to various concentrations of cyclopropane.
Curves 4c and 4d indicate that there are

Selectivity S2 (%)

similar amounts of adsorption in both the
NaY and the 0.19% RuNaY sample. All of
these adsorbed species were only weakly
bound and could be easily removed by
evacuation. Although bulk diffusion ap-
peared to control the rate of cyclopropane
hydrogenolysis in the TGA reactor, the
value and temperature dependence of se-
lectivity, S, for propane formation agreed
with the results obtained in the differential
reactor (Fig. 5).

100
wl—-

“ a, @ D

el o o o o
o o
80 o
70
O TGA data
60 [~ 4 Dpifferential Reactor data
5 L—1 P 1 i 1 i1 1 1 i L
30 40 50 60 70 80 90 100 110 120 130 140 150 160

Temperature (°C)

FIG. §. Selectivity S, for propane formation as a function of temperature, comparing TGA data with

results obtained in the differential flow reactor.
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F1G. 6. Time dependence of the total cyclopropane
conversion (relative to the total conversion after 120 s)
for catalyst 0.19% RuNaY at two different tempera-
tures.

The deactivation characteristics of 0.19%
RuNaY catalysts in the cyclopropane hy-
drogenolysis reaction is presented in Fig. 6.
The activity dropped and leveled off as a
function of time on stream. However, the
deactivation had no significant influence on
product selectivity.

Propane Hydrogenolysis

Propane hydrogenolysis experiments
were performed on the 0.76% RuNaY and
the 3.86% Ru/SiO, catalysts. A comparison
of these two catalyst’s activities is shown in
Fig. 7. The difference between the activi-
ties of the two catalysts is modest. The ap-
parent activation energy was 130 = 10 kJ/
mol for the 0.76% RuNaY, which is in good
agreement with previously published acti-
vation energy values for conventionally
supported ruthenium (7). The rate order for
hydrogen was also determined for 0.76%
RuNaY. It was found to be —2.0, similar to
that previously reported for Ru/SiO, (7).

In the case of propane hydrogenolysis,
the percentage selectivity (S§s) relating to
ethane formation via reaction (5) was calcu-
lated by means of

Ns

BTN AN

100. (10)
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The selectivity behavior of the 0.76%
RuNaY catalyst was different from that of
the 3.86% Ru/SiO,. As can be seen in Fig.
8, the selectivity S5 on Ru/SiO, declined
at higher temperatures, while the 0.76%
RuNaY exhibited 100% S5 selectivity
over the entire temperature range studied.

DISCUSSION

Within the temperature range investi-
gated in this work, blank NaY and HY
supports proved to be inactive for ethane
and propane hydrogenolysis. Also, no ring
opening or isomerization of cyclopropane
was observed up to a temperature of 160°C
when a mixture of 3% cyclopropane and
97% helium was passed over HY at the
same space velocities that were used for the
cyclopropane hydrogenolysis experiments.
HY was chosen for the blank test since its
concentration of acid sites is greater than in
RuNaY where some of the acid sites have
been exchanged for Na. This indicated that
the ruthenium surface provided the active
sites for breaking the C—C bonds. To probe
for a potential influence of the zeolite sup-
port on the properties of the active ruthe-
nium sites, a comparison of the selectivity
patterns of RuNaY catalysts with conven-
tionally supported Ru catalysts was made.

Turnover FRea. (secmi)

ofr o 076% RuNaY
0 3.86%RuSiO,
AY
0ot k
0001 ! .

22 23 2.4 25 2.6
1000/T

F1G. 7. Arrhenius plots for the propane hydrogenol-
ysis reaction on 3.86% Ru/SiO, and on 0.76% RuNaY.
The turnover frequency is given for total conversion of
propane via reactions (5) and (6).
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Fic. 8. Selectivity Ss for propane hydrogenolysis as a function of temperature for catalysts 0.76%

RuNaY and 3.86% Ru/SiO,.

In propane hydrogenolysis, RuNaY
showed 100% selectivity for ethane forma-
tion via reaction (5), while the selectivity of
the 3.86% Ru/SiO, catalyst decreased at
higher temperatures (Fig. 8) due to the on-
set of reaction (6). However, this difference
in selectivity does not necessarily indicate
an influence of the zeolite. It can ade-
quately be explained on the basis of a parti-
cle size effect which was found in the pre-
vious study of propane hydrogenolysis on a
series of conventionally supported ruthe-
nium catalysts (7). Reaction (6), the exclu-
sively methane producing reaction, be-
comes dominant on catalysts with low
dispersions causing the selectivity Ss to de-
crease.

In the case of cyclopropane hydrogenoly-
sis, no significant difference in selectivity
S, was found for RuNaY compared to other
Ru catalysts in the low-temperature regime
up to about 110°C (Fig. 3). However, recall
that the activity of the zeolite catalysts was
more than one order of magnitude higher
than the previously studied Ru catalysts. It
has been suggested (20) that the zeolite
may facilitate the ring opening of the cyclo-
propane molecule, perhaps as a result of
the electrostatic field acting as though it in-

serts a negative charge into a low lying un-
occupied o orbital. Such an effect would
destabilize the strained cyclopropane ring.
However, due to the previously discussed
selectivity limitations on Pt catalysts Nac-
cache et al. (20) could not judge whether or
not the effect of the zeolite favors just ring
opening to propane or also C—C bond scis-
sion leading to ethane and methane. In the
case of zeolite supported Ru it is obvious
that the selectivity S, remains unchanged
despite the orders-of-magnitude increase in
cyclopropane turnover numbers. It is ap-
parent that both reactions (2) and (3) are
accelerated by the same factor. Thus, reac-
tions (2) and (3) on Ru would seem to pro-
ceed through a common intermediate, as
previously suspected (8).

The high selectivity S, for propane for-
mation observed in the low-temperature re-
gime was also maintained in the high-tem-
perature range (110-180°C) (Fig. 3). Sucha
selectivity behavior is typical for ruthenium
catalysts having high dispersions. It was
previously noted that the selectivity S, at
temperatures greater than 110°C is depen-
dent upon the ruthenium particle size (8).
The onset of reaction (4) at temperatures
greater than 110°C is responsible for the de-
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cline in selectivity $, observed for Ru/SiO,
and ruthenium sponge having low disper-
sions (Fig. 3). Reaction (4) was absent on
the RuNaY catalysts within the tempera-
ture range studied. This was to be expected
in view of the high ruthenium dispersion in
the zeolite catalysts. For comparison, data
for a highly dispersed 0.6% Ru/SiO, cata-
lyst, taken from Ref. (8), are included in
Fig. 3. This Ru/SiO, catalyst had ruthenium
particle sizes smaller than 30 A and did not
give rise to reaction (4) even at the higher
temperatures.

The catalytic activity of the RuNaY cata-
lysts for ethane hydrogenolysis was very
similar to the activity of Ru/SiO, (Table 2).
These results are consistent with literature
results for PtY catalyst where no significant
difference between Pt/Si0O, and PtY was
detected for ethane hydrogenolysis (20).
Similarly, the RuNaY samples showed
no significant difference in propane
hydrogenolysis activity compared to Ru/
SiO; (Fig. 7).

While the RuNaY catalysts did not show
any significant difference in activity for the
hydrogenolysis of ethane or propane, a dra-
matic increase in activity was observed for
both the ring opening of cyclopropane via
reaction (2) as well as for the hydrogenoly-
sis of cyclopropane via reaction (3). Obvi-
ously, the presence of the zeolite support
did not change the intrinsic activity of the
ruthenium surface sites for C~C bond hy-
drogenolysis in linear alkanes since the eth-
ane and propane hydrogenolysis activities
were unchanged compared to Ru/SiO, cata-
lysts. The adsorption of hydrocarbons on
zeolites is well documented (23-25), and no
significant ethane or propane adsorption
occurred on the zeolite support under our
reaction conditions. The cyclopropane hy-
drogenolysis, however, was carried out in a
temperature regime where cyclopropane
did adsorb on the zeolite. Figure 4 shows
the strong dependence of cyclopropane ad-
sorption on the temperature and the partial
pressure of cyclopropane. However, Figs.
4c and d indicate that there is no significant
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effect of Ru on the amount of cyclopropane
adsorbed by the zeolite. A comparison of
Figs. 4a to d shows that, under our reaction
conditions, the maximum adsorption ca-
pacity of the zeolite for cyclopropane is not
attained. If there were an effect of cyclo-
propane adsorption by the zeolite on the
reaction rate of cyclopropane, the effect
should be most pronounced at the lowest
temperatures. However, the Arrhenius
plots (Fig. 1) show excellent linear correla-
tions over the temperature regime where,
according to Fig. 4d, the amount of ad-
sorbed cyclopropane drops by a factor of 4.
In addition, these Arrhenius plots yield ap-
parent activation energies of 43 and 48 kl/
mol, values that are typical for Ru catalysts
(8, 10). Thus, neither the adsorption of
cyclopropane in the molecular sieve nor
transport and diffusional limitations seem
to exert a controlling influence on the cy-
clopropane hydrogenolysis rate. In view of
these arguments, the electrostatic field ef-
fect suggested by Naccache et al. (20)
might offer a viable alternative to explain
the large increase in cyclopropane hydro-
genolysis activity on the zeolite-supported
Ru catalysts. However, recent cyclopro-
pane hydrogenation data collected in our
laboratories on Ru catalysts of widely vary-
ing dispersions surprisingly indicate that
the activity depends strongly on Ru particle
size. Figure 9 shows a clear trend of in-
creasing turnover frequencies with increas-
ing Ru dispersion. The RuNaY catalyst fits
nicely into the qualitative trend of increas-
ing turnover frequencies with increasing Ru
dispersion. The Ru dispersion in the Ru
NaY catalysts is only a rough measure of
particle size. In fact, in RuNaY catalysts
some large metal particles tend to exist on
the external surface of the zeolite crystal-
lites, while a large portion of the metal ex-
ists as very small particles with diameters
of less than 1.3 nm inside the zeolite super-
cages (26). The high turnover frequencies
on the zeolite supported catalysts as com-
pared to conventionally supported Ru cata-
lysts (which, incidentally, had much lower
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F1G6. 9. Cyclopropane-ring-opening activity (reac-
tion (2)) as a function of Ru dispersion on various sup-
ported Ru catalysts. Experimental conditions are: p,
= 0.03 atm, py, = 0.2 atm, T = 313 K. For each
catalyst two points are plotted, one representing the
turnover frequency per ruthenium surface atom (TOF
per Ruy), the other representing the turnover fre-
quency per ruthenium atom in the catalyst (TOF per
Ru).

metal dispersions) do not necessarily re-
quire one to invoke the electrostatic field
effect of the zeolite, but could be explained
by structure sensitivity of the cyclopropane
reactions on Ru. Recent results on single-
crystal Ni surfaces point also in the direc-
tion of structure sensitivity for cyclopro-
pane hydrogenation (27). Both Ru and Ni,
the two metals showing evidence for struc-
ture sensitivity of cyclopropane hydrogena-
tion, can catalyze reactions (2), (3), and (4)
between cyclopropane and hydrogen (8,
28). On Pt where the cyclopropane hydro-
genation is clearly structure insensitive ac-
cording to Boudart’s classification (30),
only reaction (2) takes place both on sup-
ported metal clusters (31, 32) as well as on
large single crystals (33). These differences
between Pt on one hand and Ni and Ru on
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the other are probably related to the struc-
ture of the active sites and the ensemble
requirements for the reaction intermedi-
ates.

While it cannot be excluded that the elec-
trostatic field effect aids to some extent in
the ring opening of cyclopropane, it ap-
pears that it is mainly the high dispersion of
Ru in the zeolite catalysts that is responsi-
ble for the extremely high turnover fre-
quencies. The selectivity S, on the zeolite-
supported Ru catalysts shown in Fig. 3 has
values typical for highly dispersed Ru indi-
cating that both reactions (2) and (3) are
boosted by the same order-of-magnitude.
This lends further support to the hypothesis
that on Ru the hydrogenation of cyclopro-
pane via reaction (2) and the hydrogenoly-
sis of cyclopropane via reaction (3) involve
a common reaction intermediate, in con-
trast to the findings on Ni where the two
reactions seem to proceed via different
routes or intermediates (29).

The high temperature required for pro-
pane hydrogenolysis allows us to rule reac-
tion (5) out as a secondary reaction in the
cyclopropane experiments, at least under
differential reaction conditions. Ethane hy-
drogenolysis (reaction (1)) would require an
even higher temperature. Therefore, it is
reasonable to assume that secondary reac-
tions play a negligible role in the experi-
mental results presented. This assumption
is supported by a computer model of the
kinetics of the reaction network for a worst
case scenario (34).

CONCLUSIONS

RuNaY catalysts were investigated with
respect to their activity and selectivity in
the hydrogenolysis of ethane, propane, and
cyclopropane. While the activity for ethane
and propane hydrogenolysis appeared to be
unaffected by the presence of the zeolite
support, dramatic increases in activity were
encountered in the hydrogenolysis of cyclo-
propane. It was found that substantial
amounts of cyclopropane could be ad-
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sorbed on the zeolite under reaction condi-
tions. However, this adsorption phenome-
non could not fully account for the
order-of-magnitude increase in cyclopro-
pane turnover numbers when compared to
other Ru catalysts. The zeolite support
seems to exert its effect mainly by stabiliz-
ing high Ru dispersions which in turn lead
to high turnover frequencies of cyclopro-
pane due to the apparent structure sensitiv-
ity of reactions (2) and (3). The selectivity
patterns in the cyclopropane hydrogenoly-
sis on Ru zeolites are unchanged compared
to other Ru catalysts. This indicates that a
common intermediate may exist for the hy-
drogenation and hydrogenolysis of cyclo-
propane on Ru. Finally, the structure sensi-
tivity of reaction (4) follows an opposite
trend as compared to reactions (2) and (3).
The total cleavage of the cyclopropane ring
into three molecules of methane via reac-
tion (4) is favored on catalysts having large
Ru particle sizes. These opposing trends
lead to drastic changes in selectivity and
activity patterns as a function of the micro-
structure and surface characteristics of the
Ru catalysts with interesting implications
for further investigations. In particular, a
detailed study of the structure sensitivity of
cyclopropane hydrogenation on supported
Ru catalysts is currently under way.
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