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n-Hexane and methylcyclopentane conversions appeared to be very useful tools for probing
surfaces of bimetallic Pd-Co composites supported on silica. Very large changes in activity and
selectivity coastitute a good basis for diagnosing the extent of interaction between two metal
components. The overall activity of cobalt is much higher than that of palladium; in particular,
Co predominantly promotes hydrogenolysis of hydrocarbons, whereas other, nondestructive reac-
tions are preferred over Pd and the Pd-richest alloy. A variety of information offers several
“fingerprint-like” parameters which enable one to characterize additional properties of these compo-
sition regions (i.e., the range of 25-75 at% Co) as compared to neopentane conversion [Part I (W.
Juszczyk, Z. Karpinski, D. omot, J. Pielaszek, Z. Padl, and A. Yu. Stakheev, J. Catal. 142, 617
(1993)]) This work confirms our earlier conclusions that the employed preparation method (incipient
wetness coimpregnation technique) produces well-mixed Pd—Co alloy catalysts. Individual Pd-like
properties promoting Cs-cyclic skeletal reactions (ring closure, isomerization) are observed up to

25% Co content only. < 1993 Academic Press. Inc.

INTRODUCTION

In Part I of this series (/), we reported
results on the characterization of silica-sup-
ported Pd—Co alloys by using various physi-
cal (XRD, XPS) and chemical (TPR, chemi-
sorption, neopentane conversion) methods.
It was shown that coimpregnation of silica
by the incipient wetness technique with
higher amounts of metal salts (to give 10
wt% metal loading) followed by reduction
at 380°C resulted in well-homogenized bime-
tallic catalysts. In addition, some surface
enrichment in palladium was seen (/). Neo-
pentane conversion used as a catalytic
probe exhibited a maximum of isomeriza-
tion selectivity for Pd-rich alloys. Such a
catalytic behavior, very far from that
characteristic of a physical mixture of

' To whom correspondence should be addressed.

Pd/Si0, + Co/Si0,, strongly suggests the
existence of interactions between two
metals.

Alloy catalysts have been the subject of
a large number of studies [see, e.g., Ref.
(2)]. The basic question arising with multi-
component system(s) is whether any cata-
lytic property absent with pure components
is created, and if so, whether the effect is
purely geometric or (also) electronic. An
electronic interaction has not been ex-
cluded, either, when inactive metals are
added to an active one (3). The electronic
effect has been emphasized as being of pri-
mary importance in determining catalytic
reactivity (4). As opposed to Pd—Au, both
components of the Pd~Co binary system are
catalytically active in alkane reactions. The
Pd-Co system has not been the subject of
detailed studies; we demonstrated in Part
I (/) that an intimate interaction produced
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active sites possessing properties different
from both pure Pd and Co. The aim of the
present paper is to characterize these mixed
catalysts with different model reactants.

Usually in the search for suitable catalytic
probes one tries to employ reactions which
are regarded as structure-sensitive, such as
conversion of saturated hydrocarbons in the
presence of hydrogen. The reactant struc-
ture exerts a great influence on the reactions
expected (4). “Iso-units” and “C,-units”
have been proposed as main “archetypes”
for various structures (5). The “Cs-unit”
(containing five C atoms in a chain) has been
proposed as a third archetype for alkane
reactions (6). This unit can split off in hydro-
genolytic reactions as a separate entity and
may undergo Cs-cyclization and Cs-cyclic
isomerization. There are essentially two
opinions as regards the geometry of the C;-
cyclic surface intermediate: the Gault
school proposes that it is standing almost
prependicularly to the catalyst surface (7),
while others (8—/0) propose that it is lying
flat as a nondehydrogenated intermediate
(8), in a form something like cyclopentadi-
ene (9) or as a unit losing a few hydrogen
atoms by [,3-interaction with the metal sur-
face (10).

Reactions of alkanes with a longer car-
bon-chain provide more detail than shorter
ones since more reaction paths are possible.
For this reason we decided to employ reac-
tions other than neopentane conversion for
probing the surfaces of Pd-Co/SiO, cata-
lysts. Our hope was that the information
obtained from studies with n-hexane and
methylcyclopentane (MCP) as model re-
actants, hopefully richer in details, would
reveal additional characteristics of Pd-Co
alloys. We observed rather moderate
changes in the catalytic behavior (activity
and selectivity) of Pd—Co/SiO, samples in
the composition range between 25 and 75
at% Co for the reaction of neopentane in
the presence of H,. To the best of our knowl-
edge, n-hexane and MCP reactions on
Pd-Co alloys have not been studied earlier.
The present work, therefore, is not only de-
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voted to search for convenient probe reac-
tions but also to collect new data on the
catalytic chemistry of hydrocarbon reac-
tions over the Pd—Co alloy system. Litera-
ture data are available on the product distri-
bution obtained from hexanes over Pd black
(11), Pd/ALLO; (12), and also Pd-Au/AlO,
(13) catalysts. Isomerization and hydro-
genolysis characteristics of several metals,
including Pd and Co, have been summarized
(10).

EXPERIMENTAL METHODS
Catalysts

The preparation and pretreatment were
described in Part I of this series (/). Briefly,
silica gel (Serva, puriss, 80-100 mesh, acid
washed) was coimpregnated with an aque-
ous solution of the metal chlorides via the
incipient wetness technique to prepare
monometallic Pd and Co and three bimetal-
lic Pd-Co catalysts (atomic ratio of Pd-to-
Co: 75:25, 50:50 and 25:75). The overall
metal loading was 10 wt%.

Apparatus and Procedure

We used a pulse-microcatalytic reactor
described elsewhere (/4). The catalysts
(0.025 g) were placed in a glass tube (I1.D.,
4 mm) attached directly to a Packard 427
gas chromatograph (3.2-m column packed
with 18% squalane on Chromosorb P, 45-60
mesh).

The sample was pretreated in air at 300°C
for 30 min before each experiment. After
cooling to room temperature in helium the
catalyst was reduced in a H, flow (30 ml/
min) by heating at 8°C/min to 380°C, main-
taining that temperature for 2 h, or, alterna-
tively, 15 h. After reduction the catalyst was
purged with helium (30 ml/min) at 500°C for
1 h. After cooling in helium to the lowest
temperature of reaction (usually 260°C),
three consecutive 1 ul pulses of n-hexane
were injected onto the catalyst bed in the
hydrogen stream (30 ml/min) and analyzed
with the gas chromatograph. The tempera-
ture was gradually raised within one run
from the lowest to the highest value (320°C)
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Fi1G. 1. Extent of conversion of n-hexane as a func-
tion of pulse number at various temperatures for differ-
ent Pd-Co/Si0, catalysts: first pulse (solid bar), second
pulse (open bar), and third pulse (lined bar).

with no intervening regeneration. Experi-
ments with methylcyclopentane were car-
ried out in the same way.

Turnover frequencies were calculated
from extents of conversion in the manner
described in Ref. (/4), i.e., assuming a
nearly square shape of pulses of n-hexane
(methylcyclopentane) and the contact
time = 1 s, a 1-ul pulse contained
5.3 x 10" molecules of methylcyclopentane
or 6.0 x 10" molecules of n-hexane. Metal
dispersions were taken from Part I of this
series (/).

RESULTS
Catalytic Activity

Figures 1 and 2 show conversion changes
with pulse number in the reactions of »n-
hexane and methylcyclopentane, respec-
tively. As can be seen, the levels of activity
are fairly stable. In order to avoid excessive
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data accumulation, we decided to use for
presentation only kinetic results obtained
for second pulses, without further reference
to this fact.

Turnover frequencies, product distribu-
tions, and apparent energies of activation
are presented in Table 1 (for n-hexane con-
version) and Table 2 (for the MCP reaction).
In addition, catalytic activities for n-hexane
reaction at three temperatures are displayed
as a function of Pd-Co alloy composition
in Fig. 3. It is seen that the reaction rate
changes with the alloy composition within
a quite substantial range, with a minimum
for Pd-richer alloys.

Figures 4 and 5 show Arrhenius plots for
n-hexane and MCP reactions, respectively.
The E, values are rather close to each other,
except for n-hexane over Co/SiO, and
somewhat different from those reported in

5 4
% ,|Pd100 P475Ca26
g 3
83
(]
P 2
.z 1
o
240 260 280 300 260 280 300 320
Renaction Temperatue, *°C Reaction Temperatre, *C
2 4
& [PDB0CO50 A Pd26Co75
i 1 2
g 1
[¢]

240 260 280 300 220 240 260 280

Reactlon Temperature, *C Reaction Temparature, *C

Conversi
06388833

FiG. 2. Extents of conversion of methylcyclopentane
as a function of pulse number at various temperatures
for different Pd-Co/SiO, catalysts: first pulse (solid
bar), second pulse (open bar), and third pulse (lined
bar).
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TABLE I

n-Hexane Conversion over 10 wt% Pd—-Co/Si0, Catalysts: Turnover Frequencies, Selectivities, and Apparent
Energies of Activation

Catalyst* t TOF Selectivity (%) E,
(H/M?) (°C) (1/s) (kcal/mol)
<Cq iC, MCP Others

Pd100 262 1.35 x 107} 64.6 14.0 21.4 — 7.6 +3.6
(0.50) 281 6.07 x 107} 56.2 20.8 23.0 —

299 1.93 x 1072 51.8 28.4 19.8 —

321 4.40 x 10°2 48.5 32.0 18.9 0.6
Pd75Co025 280 5.1 x 1074 62.7 18.5 18.9 — 454 = 2.3
0.44) 300 2.21 x 1073 459 18.9 35.2 —_

321 1.11 x 1073 44.1 24.0 32.0 —

341 2.86 x 107? 45.9 25.6 26.6 1.9
Pd50Co050 282 3.04 x 107F 98.8 1.2 — — 439 = 2.4
0.27) 299 9.62 x 107} 97.6 1.7 0.7 —_—

319 4.51 x 1072 96.1 2.0 1.9 —

341 1.29 x 107! 94.5 28 2.5 0.2
Pd25Co75 260 5.21 x 1077 99.3 0.7 — — 33.9 = 1.1
©.11) 279 1.50 x 107! 99.0 0.9 — 0.1

299 5,04 x 107! 98.6 1.1 0.1 0.2

321 1.33 98.6 1.1 0.1 0.2
Col00 262 6.71 x 107! 99.98 0.02 — — 11.0 = 2.1
0.10) 279 1.17 99.98 0.02 — —

300 1.62 99.98 0.01 — 0.01

320 1.88 99.98 0.002 — 0.01

“ For catalyst designation, see text.
*# Metal dispersion (Dy)—Ref. (7).

¢ Expressed as mol % in products: <C, = hydrogenolysis to shorter alkanes; iC, = isomers of n-hexane;
MCP = methylcyclopentane; others = benzene and higher boiling hydrocarbons.

the literature: Co black gave an E, value
of ca. 22 kcal mol ™! for hydrogenolysis n-
butane (/0), while the values for n-butane
and n-heptane over Pd were reported to be
around 38 kcal mol ~'. Isomerization of bu-
tanes exhibited somewhat lower values (10).

Selectivity

Selectivities for hydrogenolysis, isomer-
ization, and Cs-cyclization in the reaction
of n-hexane over Pd-Co/SiO, catalysts are
shown in Fig. 6. As expected from literature
data (/0, 15), cobalt exhibits almost pure
hydrogenolysis characteristics. The hydro-
genolysis selectivity remains almost un-
changed up to 50% Pd content, but with
more Pd present, it decreases abruptly. The
ratio of hydrogenolysis-to-C, product for-

mation changes even more strongly with the
Pd bulk content (Fig. 7). This means that
the minor loss in overall activity from Pd to
Pd75Co025 is not accompanied with marked
selectivity changes, but the subsequent gain
in activity with increasing the Co content
further is due entirely to the enormous en-
hancement of fragmentation. Figure 7 also
contains data points calculated from the lit-
erature for Pd/Al,O, (12); these are fairly
close to the present values.

Selectivity aspects for hydrogenolysis are
presented in Fig. 8. This figure presents de-
tails of the “depth™ of hydrogenolysis over
Pd-Co/Si0O, catalysts, using the values of
the “fragmentation factor,” { (/5), and the
“fission parameter,” M (/6). By definition,
{ characterizes the depth of hydrogenolysis
as the number of fragment molecules per
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TABLE 2

Methylcyclopentane Conversion over 10 wt% Pd-Co/SiO, Catalysts: Turnover Frequencies, Selectivities,
and Apparent Energies of Activation

Catalyst* t TOF Selectivity (%) E,
(H/M?) O (1/s) {kcal/mol)
<Cq R.O.P. Bz Others

Pd100 261 3.82 x 1071 1.4 98.6 —_ — 333+ (.2
(0.50) 281 1.34 x 107° 1.5 97.7 0.8 —

300 3.06 x 1077 2.7 95.8 1.5 —
Pd75Co25 280 3.39 x 107} 3.6 92.2 4.2 — 347 20
0.44) 299 9.33 x 107} 3.0 90.7 6.3 —

320 2.29 x 1072 5.3 89.1 5.3 0.3
Pd50Co50 280 3.65 x 107} 73.0 22.0 5.0 —_ 32.9 + 4.1
0.27) 300 1.44 x 107° 75.1 18.4 5.0 1.5
Pd25Co75 240 8.82 x 107} 74.5 25.5 — — 272+ 1.7
0.1DH 260 2.51 x 1072 76.4 23.0 —_— 0.7

280 7.46 x 10°° 79.1 19.6 0.5 0.8
Col00 249 1.63 x 107! 98.0 1.9 — 0.1 331 * 6.4
0.10) 260 4.40 x 107} 98.8 1.1 — 0.1

281 1.09 99.7 0.3 — —
“ As in Table 1.

 Metal dispersion (Dy)—Ref. (1).

“ Expressed as mol% in products. <C, = hydrogenolysis to shorter alkanes; R.O.P. = ring opening products:

Bz = benzene.

molecule of feed split up:

3C,
é:________.

3(i/n)C;

M, in turn, relates the higher fragments to
the amount of methane,
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Fi1G. 3. Turnover frequency vs the Co bulk content
in n-hexane conversion at 280°C (triangles), 300°C (cir-
cles), and 320°C (crosses).

y PENCEEI

f - CI b
and, by doing so, permits one to distinguish
between “terminal” (M, = 1), multiple (M; >
1) and random or internal (M; < 1) splitting.
Figure 8a shows the variation of { as a

10
Co100
-

1 \.
d25Co75
K Pa50Co50
10

o

v

S L <

= 10°° 1 Pd100
1631 Pa75C025 >
-4
W0 ]

16 17 1. 19

1000/T

Fi1G. 4. Arrhenius plots for n-hexane conversion over
Pd-Co/SiO, catalysts.



588

10

1 \c‘ioo

-1
Pd25Co75

10 7
- Pd100
103 W Pd75C025

PU50CO5(
104 , -
16 17 18 19 20 21

1/s

TOF,

1000/T
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function of the alloy composition, whereas
Fig. 8b displays analogous changes for M;.

Selectivities for hydrogenolysis (produc-
ing <C, fragments), ring opening, and aro-
matization in the reaction of methylcyclo-
pentane over Pd-Co/SiO, catalysts are
shown in Fig. 9. Again, cobalt shows re-
markably high selectivity for fragmentation.

Figure 10 presents changes in the ratio
of 2-methylpentane-to-3-methylpentane
(2MP/3MP) formation in the reactions of n-
hexane (a) and MCP (b). This ratio was used
to point out the relationship of Cs-cycliza-
tion and (predominantly Cs-cyclic) isomer-
ization over various Pt catalysts (/7). Again,
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data points obtained over Pd/Al,O; (/2) are
in a remarkable agreement with the present
results.

DISCUSSION
Catalytic Activity

Figure 3 shows pronounced changes in
overall activity of Pd—Co catalysts in n-hex-
ane conversion. The catalytic activity of Co/
Si0, is higher by two orders of magnitude
at 260°C than that of Pd/SiO,. Because
Pd75C025 is even less active than Pd100,
these major changes in activity with the
alloy composition constitute a promising ba-
sis for future probing of bimetallic Pd—Co
surfaces. Again, as in the case of neopen-
tane conversion (/), the fact of obtaining a
very pronounced minimum (or maximum)
in the relation of a catalytic parameter with
alloy composition is very fortunate because
it immediately shows that the interactions
between two alloy components bring about
changes in catalytic properties basically dif-
ferent from those observed in the case of a
physical mixture (/).

Athigher temperature, 320°C, the relation
between activity and alloy composition is
not so suggestive as at 280°C. This is caused
by the much lower apparent energy of acti-
vation (E,) for the n-hexane reaction over
Col100 than in the case of other catalysts
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F1G. 6. Selectivities for various reactions in n-hexane conversion over Pd-Co/SiO, catalysts: (a)
hydrogenolysis, (b) isomerization, and (c) cyclization, at 280°C (solid line), 300°C (broken line), and

320°C (dotted line).
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FiG. 7. The hydrogenolysis-to-C¢-saturated hydro-
carbon formation in #n-hexane conversion as a function
of the Co bulk content: at 280°C (crosses), 300°C (trian-
gles). and 320°C (circles). The points (just above | with
pure Pd) denoted with an X (270°C) and a filled circle
(350°Cy have been taken from the literature (/2).

(Table 1 and Fig. 4). This fact is indicative
of self-poisoning of cobalt by carbonaceous
residues (/8). Another explanation could be
that, in the case of the n-hexane reaction
over Co100, we worked at a very high level
of conversion (up to ca. 80% at 320°C).
However, in the case of MCP conversion,
the apparent E, is comparable to the corre-
sponding values for Pd and Pd-Co alloy cat-
alysts, the E, for pure metals being, indeed,
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FiG. 8. n-Hexane hydrogenolysis over Pd-Co/SiO,
catalysts: (a) fragmentation factor, ¢, at 280°C
(crosses), 300°C (triangles), and 320°C (circles); and
(b) fission parameter, M; at 280°C (solid line), 300°C
(broken line), and 320°C (dotted line).
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higher with MCP (Table 2 and Fig. 5). It
should be said that the MCP reaction was
investigated at lower temperature than n-
hexane conversion, at somewhat lower con-
version, and, consequently, with lesser self-
poisoning (Fig. 2 vs Fig. 1 and Table 2 vs
Table 1).

Selectivity

It is seen (Fig. 6) that the selectivity for
hydrogenolysis of #n-hexane is almost 100%
for Col00, in agreement with earlier data
(10, 18, 19). The level of hydrogenolysis se-
lectivity remains high for the two Co-rich
alloys and drops by factor of 2 from
Pd50Co050 to Pd75Co025. Some separated Co
species may be responsible for increased
fragmentation over Pd25Co75. The high
level of hydrogenolysis selectivity for
PdS0Co050/Si0, is rather surprising if one
recalls the results obtained in neopentane
conversion on the same series of catalysts
(). For neopentane, although Col00 gave
almost 100% hydrogenolysis, its alloying
with Pd resulted in an exceptional increase
of isomerization selectivity (>60%), at the
expense of hydrogenolysis ability. This dif-
ference between reactivity of neopentane
and n-hexane over Pd-Co alloy surfaces
must result from different modes of activa-
tion of the two molecules. Neopentane is
the “‘archetype molecule™ for 1,3-interaction
(5); its hydrogenolysis was attributed to tri-
adsorbed intermediates on sites consisting
of three atoms (20). This type of hydrogen-
olysis has been claimed to have a higher
activation barrier than that where 1,2.3 in-
teraction is possible, such as in the case of
n-hexane (10). The 1,2,3 type of interaction
is possible on two-atom sites, too (/0). It is
clear from the basic principles of alloy cata-
lysts (2) that the population of contiguous
sites containing three Co atoms decreases
more steeply when Co is alloyed with Pd
than does the population of two-atom Co
sites. One can surmise that the effect in the
case of neopentane is mostly geometric.

Figure 7 shows that the ratio of hy-
drogenolysis-to-Cg(sat) formation strongly
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line) and 280°C (solid linge).

changes with the alloy composition, but now
the relation is more uniform than in the case
of the hydrogenolysis selectivity vs Pd—Co
alloy composition relation (Fig. 6a). The
surface active intermediates with n-hexane
may possess a r-complex structure and this
was claimed to be rather favoured with Pd
catalysts as opposed to other metals (/2).
Figure 8a shows the relation between the
fragmentation factor, {, and Pd-Co alloy
composition. Very extensive hydrogeno-
lysis leads to almost complete breakdown
of n-hexane to methane over Col100, as op-
posed to stepwise (single) bond-breaking
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Fi1G. 10. 2MP/3MP ratio vs Co bulk content: (a) from
n-hexane at 300°C (circles) and 320°C (squares); and
(b) from methylcyclopentane at 260°C (crosses) and
280°C (triangles). The points denoted by a filled square
(246°C) and an X (270°C) represent literature values
(12).

over Pd100. This is attributed to inherent
differences in the hydrogenolysis properties
of palladium and cobalt (/0, 15). Palladium
belongs to single hydrogenolysing metals
(which split hydrocarbon molecules into
two fragments). This fragmentation pattern
was found to be independent of the conver-
sion of 3-methylpentane (2/) up to about
30%. The { value for Co was, in turn, around
3 even at the lowest conversions and this
value increased rapidly to ca. 5.5 over 10%
conversion (21). This behaviour was attrib-
uted to a multiple rupture of the parent mole-
cule during its one sojourn on the surface
rather than readsorption and repeated bond
breaking. Thus, higher absolute conver-
sions of n-hexane as compared with MCP
may not affect pronouncedly the value of
splitting multiplicity.

Pd75C025/810, behaves, in this respect,
as Pd, whereas the two remaining alloy cata-
lysts demonstrate an intermediate behavior.
Taking into account that cobalt is two orders
of magnitude more active than palladium,
one could argue that the m-complex forming
ability is still preserved at a composition of
75% Pd. The variations in { with even higher
Co content point to an appreciable interac-
tion between Co and Pd but the intermedi-
ates no longer have w-complex character.
Otherwise, a dominating role of Co (higher
values of {) would be seen over a wide range
of composition for bimetallic samples.
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Figure 8b presents changes of M;, another
parameter reflecting the hydrogenolysis
characteristics. As a rule, the conclusions
drawn from this parameter agree well with
those suggested by {. For pure cobalt, val-
ues of M; < 1 indicate multiple fission, in
good agreement with earlier data (15, 18).
However, for pure Pd, M; > 1, indicates
consecutive hydrogenolysis of a more ran-
dom (or internal) fission. So far, palladium
was regarded as a selective demethylation
catalyst (19, 22-26). This contradiction can
be resolved by considering that the results
presented here have been obtained at rela-
tively low temperatures (280-320°C) for the
n-hexane reaction. Under these conditions,
a single rupture of the alkane molecule pre-
dominates (10, 15, 21). Even if this rupture
occurs preferentially in the terminal position
(23, 25), the amount of the other fragments
is comparable to that of methane and the
value of M, reflects a situation where re-
peated demethylation is still negligible. This
is valid also for Pd25Co75. The situation
changes abruptly at compositions Pd50C050
and Pd25Co075 where an M, around 1 indi-
cates mainly terminal rupture, with the num-
ber of fragments per fragmented n-hexane
molecule being higher than 1 (cf. Fig. 8b).

In the single hydrogenolysis range (Pd and
Pd75C025), M, drops from 10.5 down to 4.5
from 280 to 320°C upon increasing the reac-
tion temperature (Fig. 8b). An even lower
M; value, namely 2.95, has been observed
in a single experiment at 340°C (not men-
tioned in the Results). Such changes in M;
with temperature indicate different activa-
tion energies for hydrogenolysis of various
C-C bonds in the molecule of n-hexane (the
state of terminal splitting at higher tempera-
ture being approached gradually). An oppo-
site trend (higher E, for internal splitting)
has been reported for Pt catalysts (26)
where, however, the position of preferred
rupture is also different. We believe that
both { as well as M; play arole of convenient
“fingerprint-like” parameters for probing
Pd-Co alloy surfaces.

Figure 9 shows selectivity aspecis for the
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MCP reaction over Pd-Co/Si0O, catalysts.
The relation between fragmentation selec-
tivity and alloy composition (Fig. 9a) is simi-
lar to that obtained in the case of the n-
hexane reaction (Fig. 6a). One important
difference is that hardly any <C, fragments
are formed from MCP over Pd100/SiO, as
opposed to n-hexane. Also similar in charac-
ter are the reactions for n-hexane isomeriza-
tion (Fig. 6b) and ring opening of MCP (Fig.
9b). One may conclude that n-hexane isom-
erization proceeds via a cyclic mechanism.
The relation between the ratio of 2MP/3MP
and Co content substantiates this conclu-
sion (Fig. 10). Although n-hexane conver-
sion yields somewhat higher 2MP/3MP
values than the reaction of MCP, one should
remember the temperature dependence of
the position of the C; ring opening (/4, 17);
here the two reactions were run at different
temperatures. However, the presence of a
maximum at 75 at% Co in both cases is note-
worthy. In the case of n-hexane conversion,
a corresponding point for pure Co is missing
(Fig. 10a), since the formation of C, isomers
was too low to calculate a realistic value of
this ratio. One has to remember that Co has
no special ‘‘ring opening activity” to pro-
duce mainly C, alkanes without pronounced
fragmentation (/5).

Our previous work on characterization of
silica-supported Pd-Co alloys revealed a
synergistic effect in neopentane conversion;
three PdCo alloys (with 25, 50, and 75% Co)
were more selective towards isomerization
than pure Pd (/). That finding is indicative
of appreciable interactions between the two
metal components. However, after a closer
inspection, one has to admit that those three
Pd alloys did not differ considerably in isom-
erization selectivity. One must also remem-
ber that Pd has been claimed to be inactive
in isomerization of neopentane (26). There-
fore, a more in-depth probing with n-hexane
and methylcyclopentane were thought to be
necessary. There are several fingerprint-like
parameters which permit the probing of var-
ious PdCo surfaces: hydrogenolysis selec-
tivity (Figs. 6a and 9a); isomerization selec-
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tivity (Fig. 6b); fragmentation factor, ¢
(Figure 8a), fission parameter, M; (Figure
8b) and the 2MP/3MP ratio (Fig. 10). All
these show an interaction between the two
metal components beyond pure physical
mixing.

The different reaction mechanisms in-
volved with different probe molecules are
reflected in the results observed. As pointed
out above, neopentane probably probes ge-
ometric effects of alloying. Isomerization of
a quaternary C atom is obviously the most
favourable reaction for mixed metal sites
(7). With a well-mixed catalyst (10% metal
loading) the enhanced isomerization ability
of the alloy is observed with all composi-
tions. If hydrogenolysis proceeds on triads
of Co sites, their population drops drasti-
cally on alloying Co with Pd.

Another type of composition dependence
is seen with the present results using C, mol-
ecules where Cs-cyclic reactions are possi-
ble or even prevail (26). The C,-cyclic path-
way is restricted (/5) to a few metals (Pt,
Pd, Ir, Rh); Pd75C025 is the only alloy com-
position where Pd-like selectivities, and
probably Pd-type reactant—surface interac-
tions, prevail (Figs. 6 and 7), although the
decrease of overall activity (Fig. 3) indicates
that the abundance of necessary sites is
lower. Dramatic jumps seen from 50% Co
content indicate that the higher hydrogeno-
lysis activity of cobalt (and cobalt-type ai-
kane-metal interactions) take over from this
composition onwards, although the multi-
plicity of hydrogenolysis reaches the value
characteristic of Co only gradually. While
neopentane probes, probably, three-atom
sites, the reactions requiring Cs-cyclic inter-
mediates [claimed to proceed over two ac-
tive atoms (10, /4)] are more sensitive to
the composition. One reason may be that
these reactions reveal electronic effects as
suggested by such features as maxima in Cs-
cyclic and aromatic selectivities. The cata-
lytic behavior of mixed Pd-Pd-Co or
Pd—Co-Co ensembles different from triads
of pure metals are interpreted here as elec-
tronic effects, as they represent, indeed,

JUSZCZYK ET AL.

atoms in different electronic surroundings
(3, 4). Another possible reason, however,
may be the different response of these mixed
ensembles to carbonization, metal-carbon
ensembles exhibiting, probably, individual
catalytic features (2, 18, 27, 28).%
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