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Kinetic data for propane hydrogenolysis were determined for Ni catalysts supported on SiO;,
Nb;Os, Nb,05~-Si0,, and Ti0,. Over a metal particle size range of 2.5-6.0 nm, the activities for
three Ni/SiO; catalysts varied by no more than a factor of 5. The lowest activity was found for a
sample which had been reduced under the most severe conditions and believed to have a large
proportion of (111) planes. The sample with the smallest particle size showed a higher selectivity.
Activities for Ni supported on the other three oxides were lower, indicative of support effects. For
samples reduced at 773 K, the suppression in activity varied in the order Nb,O; > TiO, ~ Nb,0Os~
Si0,. The metal—support interactions were reversible by oxidizing the samples and rereducing at a
lower temperature. An oxygen treatment at 473 K was sufficient to recover the activity of Ni/TiO,
but not for Ni/Nb,Os, which required an oxygen treatment at 673 K. A model which considers the

overall energetics of the regeneration process is presented to explain this difference.

Academic Press, Inc.

1. INTRODUCTION

The concept of structural sensitivity is
relatively clear-cut for reactions occurring
on single crystal surfaces but less so for
supported metal catalysts. A structure-sen-
sitive reaction is usually defined as one
whose rate (measured as turnover fre-
quency) varies with particle size (/). Such
an operational definition has certain pit-
falls. First, it is important to vary the parti-
cle size in an appropriate range over which
a significant change in surface structure is
expected to occur. Second, particle size as
a parameter may be insufficient to charac-
terize surface structure. Our work with Ni/
SiO; catalysts (2, 3), for example, showed
that two catalysts with similar particle sizes
can indeed have different surface structures
influenced by preparation method and pre-
treatment conditions.

The rate of a structure-sensitive reaction
can also be affected by support effects. This
situation is particularly true for the so-
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called SMSI catalysts (4). It has been
firmly established that, for these systems,
one important aspect of the interaction in-
volves the migration of the supporting ox-
ide over the metal particles (5). Such a
‘“‘decoration’’ suppresses the activity for
the hydrogenolysis of paraffins, as has been
reported by many investigators (6).

In an attempt to quantify the relative im-
portance of structural and support effects
on a structure-sensitive reaction, we have
studied the hydrogenolysis of propane over
a series of Ni catalysts supported on SiO;
and three interacting oxides. As shown in
Table 1, this reaction has been widely used
as a chemical probe for Ni catalysts (7-12).
In this paper, we report activity and selec-
tivity data which will shed light on the sur-
face structure of Ni particles and the driv-
ing force for oxide migration in SMSI
systems.

2. EXPERIMENTAL
2.1. Sample Preparation

All the supported Ni catalysts used in
this study are summarized in Table 2; their
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TABLE 1

Summary of Literature Results of Propane Hydrogenolysis over Nickel

Reference Catalyst Preparation Reduction Particle Temperature” Pressure {Torr)? Activity® X 10* |s 1]
method” temperature diameter K] -
[K1/time |h] [nm] Propane Hydrogen r r s
7 Evaporated
nickel film — — — 490540 37 445 — — 27
8 Ni/ALO;: E’ cp 773/16 12 473-623 24-95 143-380 — — 9.2
TF cp 773116 2 - - o
9 Ni/Si0- 1 723/24-40 3 527-576 190 1140 — — 21
10 Ni/Si(): — 873/- 3.5 323 50 150 — — 429
1 Ni/SiO; P 950/15 6 483-573 2-25 100-600 112 246 358
2 Ni/Si();: A P N0/15 6.4 465-580 i-63 63-760 40 66 106
) B P 1200715 21 S07 25 160 31 S.s 8.6

 Preparation method: CP, coprecipitation; I, impregnation; P, precipitation.
& Temperature and pressure are summarized over either a given range or at the value which was reported.

< Activity calculated for T = 500 K, Ppropane = 22.8 Torr, Prydrogen =
and to methane (r2) are included in addition 1o total activity (rr).
4 Pentane solution of Ni(7-C3Hs).

preparation and characterization are de-
scribed in detail elsewhere (/3-16). Briefly,
the silica-supported nickel catalysts with a
range of crystallite sizes from 2.5 to 6 nm
were prepared either by the incipient wet-
ness impregnation of nickel nitrate hexahy-
drate or by a precipitation method using

152 Torr. Whenever available, activities for the hydrogenolysis to ethane (ry)

nickel nitrate hexammine solution (/3). The
catalysts were then dried overnight at 353
K in stagnant air and stored in a desiccator
until use. The niobia-silica surface phase
oxide support, NS(I), was prepared by the
incipient wetness impregnation of silica
(Davison 952) with a solution of niobium

TABLE 2

Characteristics of Supported Nickel Catalysts

Support Notation Preparation Weight? Reduction Percentage Ni particle
method“ % Ni temperature reduction’ size? {nm]
[KY/time [h]
SiOy: A-18 I 18 773/4 100 5.5
Cl-20 P 20 1056/15 100 6.0
C-20 P 20 773/4 70 2.5
NS{): NS(1}-573 i 10 573/1 30 3.0
NS(I)-773 1 10 773/1 100 5.5
NbyOs: Nb-573 I 10 573/1 100 4.0
Nb-773 I 10 773/1 100 4.0
Nb-773- i 10 7713/1-0y¢ 100 4.0
R473-573 473/2-573/1
Nb-773- 1 10 773/1-0¢ 100 35
R673-573 673/2-573/1
TiOy: Ti-573 1 10 573/1 42 12
Ti-773 3 10 773/1 100 12
Ti-773- 1 10 773/1-0y¢ 86 15
R473-573 473/2-573/1
Ti-773- 1 10 773/1-04¢ 34 14
R673-573 673/2-573/1

¢ Preparation method: 1, impregnation; P, precipitation.

b Determined by initial loading and confirmed by atomic absorption spectroscopy.
¢ Percentage of nickel reduced determined by thermogravimetric analysis (/4).
4 Ni particle size determined by X-ray diffraction line broadening for all catalysts. Results for Ni/SiO; are confirmed by hydrogen chemisorption and

magnetic measurements (2, 3).

¢ These samples were reduced in Hy at 773 K for 1 h, oxidized in Oy at the temperature shown for 2 h, and rereduced in H, at 573 K for 1 h.



232

(V)ethoxide (Alpha Products) and hexane
to achieve monolayer coverage. The im-
pregnated sample was dried in a vacuum
overnight to remove the solvent and then
calcined at 773 K for 2 h in oxygen after a 2-
h pretreatment in nitrogen at 673 K. Bulk
niobia and titania supports were prepared
in a manner similar to that described by
Tauster and Fung (17). The procedure con-
sisted of titrating a methanolic solution of
niobium(V)chloride or titanium(IV)chloride
with ammonium hydroxide to a pH of 7.
The resultant precipitate was filtered and
washed repeatedly until no chloride ions
were detectable by precipitation of silver
nitrate in the filtrate. The precipitate was
then dried overnight at 373 K in stagnant air
and calcined as outlined above. The resul-
tant bulk niobia, titania, and NS(I) supports
were TT-niobia, anatase, and amorphous,
respectively, as found by X-ray diffraction
(XRD). Their corresponding BET surface
areas were measured with a commercial
Quantasorb unit to be 70, 100, and 267 m?/
g. Nickel catalysts on the interacting sup-
ports were prepared by incipient wetness
impregnation of nickel nitrate hexahydrate,
dried overnight at 373 K, and stored in a
desiccator until use. Prior to kinetic stud-
ies, the supported nickel catalysts were re-
duced in flowing H, at 50 cc/min for differ-
ent times and temperatures as shown in
Table 2. For convenience the samples and
pretreatments will be referred to following
the notations in Table 2.

2.2. Kinetic Study

Experiments were carried out using the
same apparatus and procedures described
earlier for ethane hydrogenolysis (I8).
Briefly, a stainless-steel microreactor was
operated in a differential mode at one atmo-
sphere pressure with on-line gas chroma-
tography for product analysis. The total
flowrate was held constant at 18 liter/min
with helium (Airco 99.999%) used as a dil-
uent. Propane (Airco 99.98%) and hydro-
gen (Airco 99.999%) partial pressures were
varied from 15.2 to 76 and from 76 to 228
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Torr, respectively. Propane, helium, and
hydrogen were further purified over 4A
(Linde) molecular sieve and hydrogen and
helium were also purified over oxygen ab-
sorption units (Engelhard and Matheson,
respectively).

The hydrogenolysis of propane proceeds
by two pathways:

C3H8 + H2 b C2H6 + CH4 (1)
C;Hg + 2H, — 3CH4 (2)

We refer to these pathways as reaction 1
and reaction 2 in this paper. Since ethane is
less reactive than propane, its further hy-
drogenolysis to methane is negligible at low
conversions. For each pathway, an experi-
mental rate law can be established in the
form

r= kiexp | - 22| PP,
where r; is the turnover frequency, E,; is
the apparent activation energy, and m; and
n; are the reaction orders with respect to
hydrogen and propane, respectively, for re-
action i.

Turnover frequencies were calculated
from the weight loading, percentage reduc-
tion, and particle size of each sample
shown in Table 2. A ‘“‘bracketing’’ proce-
dure similar to that used by Yates er al. (19)
was used in measuring the exponents »n and
m. The loss of activity was slight over a
typical series of runs. Blank runs also
showed that there was no background ac-
tivity under our experimental conditions.

3. RESULTS
3.1. Silica-Supported Ni

Table 3 summarizes the kinetic parame-
ters for the three Ni/SiO, catalysts. All
three samples showed nearly identical ap-
parent activation energies and reaction or-
ders with respect to hydrogen and propane.
The CI-20 sample, however, is less active
than the other two by about a factor of 4.
Figure 1 shows that this difference is well
beyond the scatter of experimental data.
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TABLE 4

Propane Hydrogenolysis for Ni Supported on
Interacting Oxides?

Catalyst Activity x 104 E. Ea Py Pcing
571 Ikeal/ PO T, Calyst  Activity X1V By Eg Pr, Pcang
mole] 1 2 ! sl fkcal/
n & mole] m my neom
n r
A-18 143 119 39 64 ~1.6 -3.0 10 1.0
C-20 18.7 9.7 36 57 —-1.8 -33 09 09
C1-20 34 28 % 6l -6 -28 09 09 A8 8 132 ¥ 64 L6 -30 10 L0
NS()-573 76 122 36 63 -14 -2.7 08 09
o NS(1)-773 13 26 34 58 -13 -24 1.0 09
@ Kinetic parameters for the rate law r; = k; exp(—Ex/RT)PHyP i1y Nb-573 6 28 0 47 11 —20 0.9 0.9
Subscripts 1 and 2 denote reaction 1 and 2, respectively. Experimental Nb-773 0.25 0.14 14 34 ~0.1 -0.7 0.9 0.6
conditions were: T = 478 K, Py, = 152 Torr, and Pc3ug = 22.8 Torr. Nb-773- 0.45 022 19 39 —03 —08 09 06
R473-573
Nb-773- 1.9 2.5 34 50 -5 =26 0.8 0.8
R673-573
Ti-573 12 25 39 57 ~1.1 =20 09 09
Note also the nearly identical activities of  Ti-773 37 83 M 50 -L1 -20 08 10
Ti-773- 20 40 38 54 -13 =22 09 08
the two other samples. RATAST3
Figure 2 shows a plot of the log of selec- Ti77- 9 36 3 5L <10 -19 09 08
R673-573

tivity, defined as (,/r;), as a function of re-
ciprocal temperature. The A-18 and CI-20
samples have almost identical selectivities
despite differences in activities. The selec-
tivity for the C-20 sample was higher.

3.2. Nickel Supported on Interacting
Oxides

Results of propane hydrogenolysis over
Ni supported on Nb,Os;, Nb,0s-Si0,, and

4 Kinetic parameters for the rate law r; - k; exp(—Eo/RT)PE,P Uy
Subscripts | and 2 denote reaction | and 2, respectively. Experimental
conditions were: T = 500 K, Py, = 152 Torr, and Py = 22.8 Torr.

TiO, are summarized in Table 4 and Figs. 3
and 4. In the figures only the endpoints of
the fitted lines are shown for clarity. The
actual scatter of data was similar to that
shown in Fig. 1. For the purpose of com-
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Fi1G. 1. Arrhenius plots of the two reaction pathways of propane hydrogenolysis over Ni/SiO,

catalysts.
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FiG. 2. Selectivity of the three Ni/SiO, catalysts for
propane hydrogenolysis plotted as a function of In(r,/
r,) versus reciprocal temperature.

parison the results for A-18 are included to
be representative of a noninteracting sys-
tem. After reduction at 573 K, the lowest
temperature used in this study, the activity
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of Ni/Nb,Os was less than that of Ni/SiO,,
and the extent of suppression became more
severe at the higher reduction temperature
of 773 K. The loss in activity (close to a
factor of 10%) is well beyond the range
which is spanned by the three Ni/SiO, cata-
lysts (see Table 3). A support effect is thus
firmly established, as previously done for
ethane hydrogenolysis (18). Using the ac-
tivity as a gauge, we further observe that
Nb,05-Si0, and TiO, were less interactive
than Nb,Os under similar conditions, an ob-
servation which is also in accord with ear-
lier reports (16, 18).

3.3. Regeneration

One interesting and important feature of
a SMSI catalyst is that its chemisorptive
and catalytic properties can be reverted by
an oxidation treatment followed by a low
temperature reduction. In order to deter-
mine whether the regenerative behavior dif-
fers between oxides, we attempted to re-
store the hydrogenolysis activity for Ni
supported on bulk Nb,Os and TiO,. Our
procedure was to first reduce the catalyst at
773 K for 1 h, then oxidize in pure O, at a
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F1G. 3. Activity of propane hydrogenolysis for Ni supported on Nb,Os. Results for sample A-18 are

included for comparison.
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F1G. 4. Activities of propane hydrogenolysis for Ni supported on TiO,. Results for sample A-18 and

Nb-773 are included for comparison.

specific temperature for 2 h, and rereduce
at 573 K for 1 h. The activity was measured
after the second reduction treatment.

Table 4 and Fig. 3 show that for Ni/
Nb,Os, when the oxidation step was at 473
K, the activity increased somewhat but was
lower than the sample originally reduced at
573 K. However, an oxidative treatment at
673 K completely restored the kinetic pa-
rameters not only in activity, but also in
activation energy and reaction order.

Another evidence of the regenerability of
Ni/Nb,Os comes from the selectivity data.
Figure 5 shows that the Nb-773 sample had
the highest selectivity. The Nb-773-R473-
573 sample, despite a small increase in ac-
tivity, showed no change in selectivity.
Only after an oxidative treatment at 673 K
did the selectivity resemble that of the Nb-
573 sample.

Table 4 and Fig. 4 show that Ni/TiO;, cat-
alysts can also be regenerated by the oxida-
tion-reduction recycle. One important dif-
ference, though, is that total regeneration
(in terms of restoration in activity) was
achieved in this system after oxygen treat-

ments at both 473 and 673 K. In other
words, a milder condition was sufficient to
“‘destroy’” SMSI.

4, DISCUSSION
4.1. Structural Effects

The nearly identical activation energies
and reaction orders (Table 3) found for pro-
pane hydrogenolysis over the three Ni/SiO,
catalysts suggest that SiO, is indeed a non-
interacting support. There are, however,
differences in activity and selectivity. Com-
pare first the data for A-18 and CI-20, the
average particle sizes of which were found
previously to be similar by hydrogen chemi-
sorption and X-ray diffraction line broaden-
ing (2). Still, the A-18 sample was more ac-
tive by a factor of 4. This observation
cannot be explained by preparation method
alone (impregnation versus precipitation)
since the C-20 sample was as active as
A-18.

We believe the lower activity of CI-20
was due to a larger portion of (111) surface
planes on the nickel particles due to the
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FiG. 5. Selectivity of Ni/Nb,Os catalysts showing
the effect of oxidation temperature on the regenerabil-

ity.

more severe reduction treatment. Other au-
thors (72, 20) have suggested that reduc-
tion at higher temperatures or longer times
leads to the growth of Ni (111) planes.
Goodman (21) reported that Ni (111) was
less active than Ni (100) for ethane hydro-
genolysis, and it is likely that the same is
true for propane. Finally, our previous IR
study of H,/CO coadsorption over the same
catalysts (3) showed that the A-18 sample
does have a high ratio of (100) to (111)
planes. It was found in the same study that
the A-18 and C-20 samples have similar IR
fingerprints, which would support their
similar activities for propane hydrogenoly-
sis. The important conclusion of these
results is that distribution of surface planes,
rather than average particle size, is the fun-
damental parameter with which activities
among catalysts of different preparations
and pretreatments should be compared.
Despite their difference in activity, the
A-18 and CI-20 samples have the same se-
lectivity (Fig. 2). There are two possible ex-
planations: either the (111) plane is equally
less active for the two reaction pathways or
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the contribution from (100) planes domi-
nates. Our data cannot differentiate these
two possibilities. Another interesting obser-
vation is the higher selectivity of C-20.
Again, our previous IR work (3) provides
an explanation. Because of its small parti-
cle size, the C-20 sample does not have a
large amount of extended smooth planes. It
will thus be more difficult to find a large
enough ensemble of nickel atoms to cata-
lyze the second reaction (/2).

Finally, it is worthwhile to compare our
activity data to the literature results. In Ta-
ble 1, literature data are calculated for our
experimental conditions of 7 = 500 K, Py,
= 152 Torr, and Pcu, = 22.8 Torr. Even
with the uncertainty usually associated
with such an extrapolation, it is reassuring
that an activity of 2-3 x 102 s~! for our A-
18 and C-20 samples compares well with
the literature range of 1-4 x 1072 s~! for
catalysts reduced under relatively mild con-
ditions (10-12). Furthermore, lower activi-
ties have been reported in the literature for
samples which are reduced at more severe
conditions (9, 12). As discussed earlier,
(111) planes are expected to be dominant in
these samples, as on evaporated nickel film
(7). The very low activity reported by
Shephard (8) for Ni/ALOs is most likely
due to a support effect similar to the one
found by Taylor er al. (19) for ethane hy-
drogenolysis and possibly to the high tem-
perature catalyst pretreatment in N, (1033—
1433 K for 16 h).

4.2. Support Effects

Nickel catalysts on the Nb,Os, Nb,Os—
Si0,, and TiO, supports were all prepared
by incipient wetness impregnation and had
physical characteristics which are similar to
A-18. The significantly lower activities they
exhibited for propane hydrogenolysis were
thus due to support effects, as previously
observed for ethane hydrogenolysis (16,
18, 22). Part of the interaction is structural
in nature, as it is now generally accepted
that in these SMSI systems the surface of
catalyst particle is decorated by a migrating
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FiG. 6. Comparison of reaction rates over silica- and
niobia-supported Ni catalysts for (a) ethane hydrogen-
olysis, (b) reaction 1, and (c) reaction 2 of propane
hydrogenolysis.

oxide (5). The blocking of sites thus lowers
the activity of structure-sensitive reactions
such as the hydrogenolysis of paraffins (/).
In a series of papers (11, {2, 23), Martin
and co-workers showed that the ensemble
size necessary for reaction increases from
ethane hydrogenolysis to the reaction 1 and
then to the reaction 2 of propane hydrogen-
olysis. One would thus anticipate the sever-
ity of a support effect due to site blocking to
increase in the same direction. Such a trend
is qualitatively established in Fig. 6, which
shows the normalized rates of the three re-
actions on a Ni/Nb,Os sample reduced at
two temperatures. The more severely sup-
pressed reaction 2 over reaction 1 for the
Nb-773 sample also translates into a higher
selectivity which is shown in Fig. 5.

Although the driving force for oxide mi-
gration in a SMSI catalyst is not completely
understood at present, direct metal-cation
bonding has been identified for some sys-
tems (24-26). If this is true, then the regen-
eration process must involve the breaking
of such a bond. One can envision the regen-
eration step as

M-Y-0O, + O, - M-0O + O-Y-0,,
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where M denotes the metal and Y the cat-
ion. The overall energetics of this step is
given by

E= (energy required in breaking)
- the M-Y bond
+ (energy required in breaking)
the O-0O bond
( energy released from the )
formation of the M-O bond

( energy released from the )
formation of the O-Y bond/"

For comparison among different metal/sup-
port systems, only three of the four terms
need to be considered since the energy in
breaking the O-O bond remains constant.
There are, however, other difficultics. The
exact valence of the cation is not known
and even if it is, there is no simple way to
calculate the metal-cation bond energy. As
an approximation, we treat the cation as a
zero-valence species and estimate the rele-
vant bond energies by using the method of
Pauling (27). Briefly, the ionic and covalent
contributions to the bond strength were cal-
culated from data of electronegativities and
heats of sublimation or literature bonding
energies, respectively. Results thus ob-
tained for several systems of interest are
shown in Table 5.

Table 6 summarizes the energetics for
various metal/support combinations. For

TABLE 5

Estimation of Bond Energies from Using
Pauling’s Method*

Bond energy (kcal/mole)

O Ti \Y% Nb

O 33.2% 105.7 100.6 102.1

Ni 81.6 11.0 10.7 12.8

Rh 59.9 19.7 18.3 20.4

Ir 61.8 20.4 19.1 211

Pt 59.2 20.1 18.8 20.8
@ See Ref. (27).

b Single-bond energy.
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TABLE 6

Estimated Energetics for the Regeneration for
Various SMSI Systems?

Metal Support

T102 V203 NbZOS
Ni —176.3 -171.5 -170.9
Rh -145.9 ~142.2 —141.6
Ir —147.1 -143.3 —-142.8
Pt —144.8 —141.0 —140.5

@ Calculated for the process M — Y- 0O, + O, - M
— O+ O — Y — O, with the omission of the energy for
breaking the O-O bond. Values are reported in kilo-
calories per mole.

the two catalysts used in this study, the cal-
culation shows that it would be more ener-
getically favorable to regenerate Ni/TiO;.
Qualitatively, this can be understood in
terms of the weaker Ti-Ni bond and
stronger Ti—O bond compared to Nb. Ex-
perimentally we showed that oxidation at
473 K was sufficient to regenerate Ni/TiO,
but not Ni/Nb,Os. When comparison is
made for different metals on the same sup-
port, Table 6 suggests that Ni is the easiest
to regenerate mainly because of the high
Ni-O and weaker Ni-Y bond strengths. It
has been reported (28) that Rh, Ir, and Pt do
not fully regenerate even after an oxygen
treatment at 503 K. Finally, the observation
that Rh/TiO, regenerates more easily than
Rh/V,0; (29) is also in qualitative agree-
ment with the relative energetics shown in
Table 6.

Since our calculations do not include fac-
tors such as the different oxidizing proper-
ties of noble metals (30) and possible parti-
cle effects in oxidations (3/), they are not
expected to reveal subtle differences and
peculiarities in some regeneration studies
(32, 33). However, that such a crude model
is consistent with the qualitative trend ex-
hibited by the limited regeneration data
available has important implications. First,
it supports the notion of direct metal—cat-
ion bonding. The driving force for SMSI
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can be viewed as the reverse for regenera-
tion. In our study, a stronger Ni-Nb bond
makes Ni/Nb,Os a more interacting system
and one which is harder to regenerate. Sec-
ond, regeneration studies have often been
done simply as a check of SMSI behavior.
Our results suggest that with the right
chemical probe, extensive regeneration ex-
periments may shed more light on these
systems.

5. SUMMARY

The structure sensitivity of propane hy-
drogenolysis has been demonstrated from
kinetic measurements over a series of sup-
ported Ni catalysts. For SiO,-supported Ni,
the activity is influenced by the type of
planes exposed, with the (111) plane being
less active than the (100). The relative
amount of each plane is controlled by the
pretreatment conditions and not necessar-
ily related to the average particle size.
However, with increasingly smaller parti-
cles, the concept of an extended smooth
plane eventually breaks down. This will
have a stronger effect on a reaction which
requires a larger ensemble, resulting in a
change in selectivity.

Support effects can result in more signifi-
cant changes in activity and selectivity. For
the supports used in this study, at least part
of the effect is also structural in nature and
involves site blocking over the catalyst par-
ticles. The interaction is reversible, how-
ever, and the ease of regeneration depends
on a particular metal/support combination.
A simple model which considers the rela-
tive energetics of different SMSI systems
has been shown to be in qualitative agree-
ment with experimental trends.
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