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A series of 89, Ni/8i05-Al:0; catalysts was prepared with increasing amounts of preimpreg-
nated sodium up to 2.37 wt%. Magnetic susceptibility and hydrogen adsorption showed the
dispersion of the nickel relatively unaffected by the sodium and insignificant poisoning of the
metal surface. Cumene dealkylation, benzene hydrogenation, ethane hydrogenolysis, and
cyclopropane hydrogenation/hydrogenolysis were studied with a pulse reactor. These experi-
ments indicate that (i) the acidity of the support decreased with Na neutralization, (i) benzene
hydrogenation and ethane hydrogenolysis were not affected, and (iii) cyclopropane conversion
and selectivity to hydrogenation decreased considerably with increasing Na content. Poisoning
titration with HsS showed moderate changes in the site concentration and revealed isomeriza-
tion on the support. The pattern of eyclopropane activity was attributed partly to a dual-
functional effect and partly to the possible formation of an active vverlay.

INTRODUCTION

Metal-support effects have for many
yvears been recognized in catalysis, yet the
experimental evidence always introduces
sccondary complications that hinder a clear
understanding of the phenomenon. For
example, Richardson (1), following the lead
of others (2, 3), reported that the intrinsic
activity of nickel for benzene hydrogenation
and ethane hydrogenolysis decreased over
many orders of magnitude as the acidity
of the support incereased. The hydrogena-
tion—dchydrogenation function in n-hex-
ane isomerization paralleled this behavior.
Scveral possible explanations were postu-
lated (7). Among these were electron
transfer from eclectronegative centers on
the support and metal surface poisoning
either from acid hydroxyl groups or eracked
residucs. However, the supports used
varied from silica to faujasites so that

1 To whom inquiries should be addressed.

other factors such as erystallite morphology
and size distribution could not be ruled out.

In an attempt to resolve some of these
uncertaintics, we have made similar mea-
surcments on a scries of nickel on silica~
alumina samples whose only difference is
the acidity of the support. This was done
by progressively ncutralizing the support
with alakli prior to impregnation. Possible
modification of the metal by the alkali
must, however, be considered.

The use of these catalysts for carbon
monoxide methanation was reported in
another communication (4). It was con-
cluded that alkali poisoning on the metal
was not significant but that its presence
on the support affected both the pre-expo-
nential factor and activation energy of
the rate-determining step in such a way
that the turnover number passed through
a maximum at 0.3 wt9, of Na.

In this paper we present our results on the
measurements of ethane hydrogenolysis
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TABLE 1

Characleristics of Sodium-Neutralized
Ni/Si0,~-Al,0;3 Catalysts

Na BET Ni dni  Sms  Su/Swmb
(wt%) surface arca (wt%) (nm)
(X 1078)
(m?/kg)

0 1.74 7.6 8.8 723 094
0.12 1.82 6.3 7.6 720 097
0.44 1.78 8.0 88 842 1.04
0.73 1.68 8.0 88 743 091
2.37 1.52 8.0 9.0 6.65 0.84

a Sjte concentration from H: adsorption, (sites per kilogram
of catalyst) X 1072,
b Sy caleulated from dni,

and benzene hydrogenation as examples of
single reactions, and of cyclopropanc hy-
drogenation/hydrogenolysis as typical of
parallel reactions. This last reaction has
received considerable attention in the past
(5-9). For instance Sinfelt and co-workers
have shown that the intrinsic activity of
nickel incrcases by two orders of magnitude
when the support is changed from silica-
alumina to less acidic silica (6-8).

LEXPERIMENTAL

Catalyst preparation. Extrudates of Davi-
son Chemical SMR-7-3598 silica—alumina
(259, Al,0;) werc crushed to 100-120
mesh and divided into 0.060-kg portions.
Each sample of silica—alumina was treated
for 2 days with 100 em?® of H,O containing
increasing amounts of NaCl. They were
then dricd in an oven at 413 K for an addi-
tional day and caleined at 723 K in Howing
air for 3 hr. This procedure was found by
Maatman ef al. to be effective in removing
all of the chloride ionus with a deposition
of Na on the catalyst surface (10).

Portions (0.030 kg) of cach sample were
further treated with 50 cm® of H,O con-
taining 0.015 kg of Ni(NO;),-6H0. These
were contacted for 1 week, dried at 373 K
for 1 day, crushed to 48-G0 mesh, and
stored for use. Prior to cach subsequent ex-
periment, cach catalyst was reduced at
623 K for 16 hr in flowing hydrogen as a
standard procedure.
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Catalyst characterization. Characteriza-
tions of these catalysts were described in
another comnunication (4). Magnetic sus-
ceptibility was used to measure the amount
of reduced nickel and the average crystal-
lite size, nitrogen adsorption was used to
measure the BET surface area, and hy-
drogen adsorption was used to measure the
dispersion of the nickel. Results are sum-
marized in Table 1.

From these data we concluded that the
catalysts contain approximately the same
amount of reduced nickel with cquivalent
crystallite sizes and exhibit similar con-
centrations of surface nickel atoms. The
close agreement between the number of
sites (nickel atoms) caleulated from the
hydrogen adsorption, Sy, and the crystal-
lite sizes, Su, indicates very little surface
poisoning of the metal by sodium atoms.
Some may be present in the 2.36% Na
sample, which has the lowest value.

Kinetic measurements. Figure 1 shows the
microreactor used in the reactivity measure-
ments. The catalyst charge of 2 X 107 kg
was cqually mixed with inert e-AlLO; in a
6-mm stainless-steel tube. The nickel was
reduced at 623 K for 16 hr in hydrogen.
Pulses of reactants were injected into the
reactor by cither the pulsing valve (for
cthane and cyclopropane) or the injection
port, (for cumenc and benzene). The product
wag analyzed with an appropriate column

‘ PULSING VALVE

LIQuID
INJECTION

TC. DETECTOR,

Fie. 1. Pulse microreactor for activity measurements.



334

HUANG AND RICHARDSON

TABLE 2

Experimental Conditions in the Pulse Microreactor

Reaction Pulse size Carrier gas Temperature (K) Flow rate Column
(cm?/s)
Cumene 3 mm? Helium 673 1.0 1m X 6 mm
dealkylation (100 kPa) DC 200
3713 K
Benzene 3 mm? Hydrogen 573 1.0 I1m X 6 mm
hydrogenation (100 kPa) ODPN
Chromosorb
373 K
Ethane 209, C,H¢/H, Hydrogen 623 0.5 1m X 6 mm
hydrogenolysis  4.31 cm? (100 kPa) Silica gel
273 K
Cyclopropane 25% C;He¢/H,; Hydrogen 273-523 0.08-2.00 30 cm X 6 mm
hydrogenation/ 4.31 ¢cm? (100 kPa) Silica gel
hydrogenolysis 2713 K

as shown in Table 2. Other conditions are
also given.

Cumene dealkylation, benzene hydro-
genation, and ethane hydrogenolysis mea-
surements were made to characterize the
acidity and metal activities of the various
catalysts. Kinetic studies were not carried
out so that conversions at fixed conditions
are reported. Successive pulses were fol-
lowed to check for deactivation.

More detailed kinetic measurements were
made on cyclopropane hydrogenation/hy-
drogenolysis by varying the flow rates and
temperatures. Concentration of the feed
was maintained at a constant value.
Checks for deactivation were made during
these experiments by returning to standard
conditions.

Hydrogen sulfide poisoning. Titration by
dosing with catalyst poisons is a con-
venient method for determining site hetero-
genecity and concentration (I). We used
pulses of 29, H,S in H, alternated between
pulses of e¢yclopropane. Since care must be
taken that the poison is uniformly dis-
tributed throughout the catalyst bed, the
poisoning was carried out at room tempera-
ture. Under these conditions adsorption
is slow and zoning in the bed minimized.

The chromotographic column was bypassed
so that the amount of H,S adsorbed could
be found from analysis of the eflluent peak.
The temperature was raised to reaction
temperature following each poisoning pulse.
Desorption is very slow under these condi-
tions (11), and very little loss of accumu-
lated poison occurred.

RESULTS AND DISCUSSION

Cumene dealkylation to benzene and
propylene is a measure of the support
acidity. Results, shown in Table 3, show
that the sodium does indeed poison the
Brgnsted sites of the silica-alumina in
agreement with Maatman (10). Further
quantification of the acidity loss was not
made.

Ethane hydrogenolysis has been used as
a model reaction for saturated carbon-—
carbon bond hydrogenolysis. Both kinetics
and mechanisms have been studied (3,
12-15). The reaction proceeds through the
formation of CH, fragments and only in-
volves the metal, although these species
may polymerize on the acid sites of the
support. The effect of support acidity on
the intrinsic activity may originate from
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TABLE 3
Cumene Conversion at 673 K and 100 kPa

Na Conversion
(wt%) (mol %)
0 31
0.12 29
0.44 25
0.73 7
2.37 0

the poisoning effeet of carbonaccous resi-
dues. Measurements reported previously
(7, 3) were made with continuous flow mi-
croreactors, where this effect is significant.
Pulse measurcments provide the possibility
of extrapolating back to the “clean”
catalyst.

Our results are given in Table 4. Con-
versions at standard conditions were used
to calculate the average rate within the
pulse, without recourse to the kinetics
within the pulse. The average turnover
numbers of Table 4 were calculated by
using the values of Sy from Table 1.

The results indicate that Na ncutraliza-
tion up to 0.44 wt9, does not change the
activity and that the initial rate is main-
tained for up to 12 pulses. We infer that
the amount of metal poisoning through
carbonaceous residues produced by the
acid sites is insignificant for ethane hydro-
genolysis. For the last two samples, with
higher sodium content and lower acidities,
the rate decreases but remains constant for
succeeding pulses. Sinfelt and co-workers
have studied this reaction extensively.
Their data extrapolated to the conditions
of Table 4 give values of 52 min™! for
Nl/SlOQ’A]zO:; (14) and 17 X 103 min_l
for Ni/SiO; (15). In view of the large degree
of cxtrapolation involved, their value of
52 min~! for Ni/SiOs—Al,O; compares
reasonably with our value of 11 min~? for
the 09 Na sample. However, the increase
by a factor of 30 for the less acidic silica
support is not consistent with the small
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decrease for the higher sodium samples.
Factors other than acidity must be re-
sponsible. In Sinfelt’s experiments these
may be structural or morphological effects.
For our samples, with opposite trends, the
cause is most probably related to the pres-
ence of sodium at the higher levels.

A possible explanation may be found in
the data of Table 1, which gives a Su/Sum
ratio of 0.84 for the 2.37-wt9, Na sample.
If the decrease is due to the adsorption of
sodium randomly over the nickel surface,
the amount of two-point adsorption of
ethane will also decrease. Rideal (16) has
shown how statistically the number of
“paired” nickel atoms decreases by a
factor of 62, where 6 is the fraction of sur-
face unpoisoned. This leads to a prediction
of 9 and 7 min~! for the 0.73- and for the
2.37-wt9, Na samples, respectively, which
is in the dircetion observed.

Similar trends are found in the data for
benzene hydrogenation in Table 5, except
that deactivation within the first 12 pulses
occurs for the more acidic catalysts. De-
activation decreases with increasing sodium
content. This is not surprising since aro-
matics are much more active coke pre-

TABLE 4
Tithan Hydrogenolysis at 623 K and 100 kPa

Pulse Turnover number (min™1)
number
Weight percent of sodium
0 0.12 044 0.73 2.37
1 11 12 12 8 4
2 11 12 13 8 4
3 1 12 12 8 4
4 11 12 13 9 4
5 11 12 13 9 4
6 11 12 13 8 4
7 12 12 13 10 3
8 12 12 12 9 H
9 11 12 13 8 5
10 12 12 12 10 5
11 11 12 12 10 8
12 11 12 13 10 5
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cursors than paraffins. The decreasing de-
activation implies that the decrease in
acidity is much faster than indicated by
the cumene conversion alone.

Taylor and Staffin reported rates for
various silica- and silica—alumina-supported
nickel catalysts (2). For 59, Ni, their data
extrapolated to the condition in Table 5
give turnover numbers of 32 and 9 for
810 and Si02-Aly03, respectively. In view
of the extrapolation, these are in reasonable
agreement with the values in Table 5, al-
though the large difference between differ-
ent supports is not evident. Aben et al.
(1?7) also reported no differences duc to
support.

We conclude that, for our samples, the
sodium neutralization results in no change
in initial benzene hydrogenation although
further poisoning by carbonacecous residucs
does result in small differences. The de-
crease for the 2.36-wt9, Na sample may
again be attributed to statistical factors in
which, for six-point adsorption of the
benzene molecule, the indicated surface
poisoning leads to a predicted rate of
10.6 compared to 12.1 min—.

TABLE 5
Benzene Hydrogenation at 473 K

Pulse Turnover number (min™?)
number
Weight percent of Na
0 012 044 0.73 2.37

1 30 38 42 39 12

2 27 27 36 36 12

3 25 24 31 38 12

4 25 25 29 35 12

5 23 25 26 35 12

6 22 24 25 33 12

7 22 22 25 35 12

8 20 21 28 32 11

9 19 19 28 32 11
10 20 20 28 31 11
11 19 19 28 31 12
12 18 17 29 31 11
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Fia. 2. Product distribution in subsequent pulses.

From these findings, we conclude that
acidity has no direct influence on the ac-
tivity of nickel for benzene hydrogenation
and ethane hydrogenolysis and that pre-
vious results (1, 3) for these reactions must
be due to other factors.

Cyclopropane hydrogenation/hydrogen-
olysis is a model reaction for the simul-
tancous study of the reactions

CsHs + H, — C;Hs, (1)
and
CsHs + 2H2 - CH4 + CQHG (2)

Comparisons with propane hydrogenol-
ysis show that reactions (1) and (2) are
simultaneous and not consccutive, Reac-
tion (1), termed hydrogenation, is similar
to olefin hydrogenation. On the other hand,
reaction (2), hydrogenolysis, suggests the
behavior of paraffins.

These reactions have been studied
by many investigators (18-27). Preferred
mechanisms suggest a weakly w-adsorbed
cyclic species which dissociates with a
common 1,3 deadsorbed mode followed
by rapid conversion via the two paths.
Schlatter and Boudart (28) and Compagnon
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et al. (29) found cvidence for a dual-func-
tional path for hydrogenation on Pt/SiO.-
AlLO;. They postulated that cyclopropanc
isomerizes to propylenc on the acid sites of
the carrier and then passes through the
vapor phase to metal hydrogenation sites.

In our experiments, the pulse method was
used in order to avoid sclf-poisoning cffects.
However, with cyclopropane there was an
induction period before activity reached a
steady state. Figure 2 shows typieal results
for two samples.

In the case of the sodium-free catalyst,
activity was low in the first pulse and the
major product was methane. Presumably
this resulted from complete hydrogenolysis
on very active sites. Carbonaceous residues
from this reaction poisoned these active
sites so that in the sccond pulse, formation
of methane decreased but the activity
for hydrogenolysis and hydrogenation in-
creased. Finally, after the third pulse the
conversion products satisfied the stoichiom-
etry for the two reactions and reached a
steady state.

Other samples in the series showed
similar effects. In all cases the initial
amount of methane was approximately the
same, and activity increased to a steady
state after the third pulse.

No loss of hydrocarbon could be de-
tected in the product pulse, so that
retention of carbon must be less than ex-
perimental error, which was 5%. Neverthe-
less, in three pulses this is sufficient to cover
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all surface nickel atoms. This uncertainty
complicates the interpretation since hy-
drogen adsorption was measured on the
clean sample, and the concentration of
exposed nickel sites is unknown. Further-
more, this conditioning may involve the
formation of an “overlay’” as suggested by
Blakely and Somerjai (30). Steady-state
compositions remained constant for many
pulses and were independent of time be-
tween pulses, thus indicating a permanent
cffeet.

The influence of the sodium ncutraliza-
tion on these steady-state values will now
be considered in greater detail. Figure 3
shows typical data plotted to demonstrate
pseudo-first-order behavior.

TFigure 4 shows the product distribution
to be in accordance with the parallel path
mechanism.

I'rom these data we caleulated the turn-
over numbers Np and N g for hydrogenation
and hydrogenolysis, respectively, using the
values of Sy from Table 1. This procedure
negleets the poisoning of the surface during
the first two or three pulses. Figure 5 shows
these values at 443 K.

Both Np and Ng decrease rapidly with
increasing sodium coneentration, but Np is
more sensitive so  that the selectivity
Np/Ng decreases. The data of Sinfelt and
co-workers may be used for comparison
purposes (6-8). For Ni/Si0:—AlOs, their
results give values for Np and Ny of 32
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FiG. 4. Product distribution of the parallel forma-
tion of propane and ethane (plus methane).
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and 5 min~! under the conditions of Figure
5. These compare favorably with our values
of 63 and 7 min~, respectively. For Ni/SiOs,,
however, Sinfelt’s data calculate as 5.9
X10% and 6.1 X 10% for Np and N g. For the
less acidic support, the selectivity decreases
but total activity increases by a factor of
about 30.

A completely opposite trend in activity
is observed in Fig. 5, although sclectivity
follows the same decrease. Clearly the
concept of acidity-induced electron transfer
or surface contamination cannot be in-
voked. The decrease is too pronounced to
be due to sodium surface blocking shown in
Table 1. Indeed, the greatest decrease
occurs in the region from 0 to 0.5 wt9, of
Na where benzene hydrogenation and
ethane hydrogenolysis are constant,

The activation energies of both reactions
are the same with differences only in the
pre-exponential factors. The activation
energics for the series are also relatively
constant with values from 80 to 96 kJ /mol.

Hydrogen sulfide titration measurements
led to further information on the site con-
centrations. Typical results arc shown in
Fig. 6.
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Fia. 5. Turnover numbers for hydrogenation and
hydrogenolysis,
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Sulfur poisoning produced a lincar de-
crease in conversion with the hydrogenol-
ysis activity disappearing first. This was
confirmed by raising the temperature,
which increased the hydrogenation rate
but showed no further hydrogenolys:s,
Great care was taken to avoid zoning which
would give a linear poisoning curve. It is
reasonable to assume that poisoning is uni-
form. In fact, if it were not, then both
activities would disappear at the same
poison level.

The titration of the hydrogenolysis sites
implies that either sites of higher energy
[edge, step, or kinks (30)] are involved in
this reaction or that groups of sites (e.g.,
on assembly of three adjacent nickel
atoms) arc responsible. This last effect is
more probable since a common inter-
mediate has been postulated and the di-
adsorbed species could require three-point
adsorption before C—C bond rupture occurs.

Results of titration experiments on all
samples are given in Table 6.

These data show that the ratio of hydro-
genolysis to hydrogenation sites is rela-
tively constant in the range of 0.67 to 0.78
and that the ratio of hydrogenation to
hydrogen adsorption sites increases with
sodium content. Rostrup-Nielsen has shown
that for a wide variety of nickel catalysts
the ratio of adsorbed sulfur to adsorbed
hydrogen atoms is about 0.8 (17) and not
altered by the presence of sodium (31).
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TABLE 6
H,S Titration of Sodium-Neutralized Samples

Na, Concentration® of H.S Nsg/Nsp Nse/Su
(wt%) to poison
Nsp hydro-  Nsy hydro-
genation genolysis

0 3.63 2.56 0.71 0.50
0.12 4.70 3.29 0.70 0.65
0.44 3.38 3.63 0.67 0.64
0.73 6.33 4.31 0.68 0.83
2.37 5.51 4.31 0.78 0.82

a Molecules of H:S/per kilogram of catalyst X 1072,

The last two samples in Table 6 fall within
cxperimental error of this value so that
all surface nickel atoms may be considered
to be exposed and unpoisoned by the car-
bonacecous residues in initial pulses. Simi-
larly, the first sample has only about 609
of the surface exposed. These conclusions
are in agreement with the qualitative trends
showing decreased conditioning as the
sodium content increases.

The turnover numbers in Fig. 5 were
calculated assuming surface atomie con-
centrations from hydrogen adsorption mea-
surements. Results from Table 6 may now
be used to give corrected values for the
turnover number. These are given in
Table 7.

The hydrogenation activity deereases
even more rapidly but the sodium-free
value is still less than Sinfelt’s silica-
supported sample by a factor of about 60.

TABLE 7

Corrected Turnover Numbers for Sodium-
Containing Samples at 443 K

Catalyst Turnover
number

(min™1)

Np Ng

0 137 22

0.12 70 26
0.44 53 15
0.73 30 9
2.37 2 1
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Again, as with ethane hydrogenolysis and
benzene hydrogenation, enhancement on
the less acidic support must involve
effeets other than acidity or acid-induced
poisoning.

When all hydrogenation/hydrogenolysis
activity disappeared due to sulfur poison-
ing, isomerization of cyclopropane to pro-
pylene was detected. The conversion for
the sodium-free sample was 209, but in-
creasingly higher temperatures were neces-
sary in order to reach this level with the
remainder of the series. This implies that
the isomerization activity decreased as the
sodium level increased.

Acid-induced reactions on sulfided nickel
arc known to oceur (22, 32). However, the
2.49%, sample contains the maximum amount
of sulfur yet requires the highest tempera-
ture (350 K) to produce propylene. This
suggests that the isomerization of the
cyclopropane occurs on the acid sites of the
support and not on the metal-sulfur sur-
face. In support of this conclusion, Hall and
co-workers (34, 35) have shown that cyclo-
propanc isomerizes over silica—alumina
with measurable conversions as low as
373 K depending upon the hydrogen con-
tent of the catalyst.

Wallace and Hayes (36) found that
propylene is rapidly hydrogenated to only
propane over nickel so that with propylene
produced on the acid sites of the support,
a dual functional path to cycloprepane
hydrogenation may exist. This path is pre-
sumably parallel to hydrogenation on the

TABLL 8

Effect of Additional Acidity on Cyclopropane
Conversion at 443 K

Conversion (mol%)

Ty TE xp/TE
0.73 wt% of Na (0.2 g) 0.3t 0.08 4
0.73 wt % of Na (0.2 g) 0.63 0.03 21

+

silica—alumina (0.2 g)
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nickel surface itself and accounts for the
higher selectivity to propane found for
more acidie catalysts in Sinfelt’s and our
experiments.

This was confirmed by adding a charge
of the original (sodium-free) silica—alumina
to the front of a bed of nickel-containing
fresh 0.73-wt9, Na catalyst. A comparison
of the results before and after the addition
is shown in Table 8.

With the increase of the acidic function,
total conversion increased from 0.39 to
0.66, propane formation doubled, and
cthane dropped slightly. The selectivity to
hydrogenation increased from 4 to 21.

The physical separation between the
acidic and the hydrogenation parts of the
bed further confirm that the dual-function-
ality is trivial with propylene transport
through the gas phase. Activation energy
for isomerization has heen reported as 71
kJ/mol (35) which is close enough to those
for nickel-induced hydrogenation and hy-
drogenolysis to account for the constant
values found in our experiments.

The alternate dual-functional path to
hydrogenation must account for a con-
siderable amount of the activity if the
selectivity of the necutralized catalyst is
typical of the metal alone. Here the selee-
tivity is close to that observed by Sinfclt
et al. in the silica support, i.2., about 1 ().
However, even if we assume that the inter-
mediate propylene does not lead to hydro-
genolysis [as concluded by Wallace and
Hays (36)] and subtract the dual-func-
tional contribution from the hydrogenation
activity, both activities decrease with
sodium content. We have shown that the
sodium has no effect on related functions
such as benzene hydrogenation and ethane
hydrogenolysis. Since decreasing support
acidity results in greater not less activity
for nickel or silica we conclude that acidic
effeets do not occur. Other factors must
be considered in attempting to explain
the differences between the behavior of
cyclopropane and the other molecules. One
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possibility may be the presence of an over-
lay formed from the initial pulses resulting
in a catalytically active surface. The lower
sodium samples contain more of this residue
and would be expected to give higher
activities. Blakely and Somorjai postulated
such an effect for eyclohexene dehydrogena-
tion (30). This speculation, however, re-
quires further study before acceptance as
an explanation for the observed trends.

CONCLUSIONS

We began this investigation in an at-
tempt to discover the possible role of
support acidity in the decrcase of ethane
hydrogenolysis, benzene hydrogenation, and
cyclopropane hydrogenation/hydrogenoly-
sis as the support changes from silica to
silica—alumina. From our results we con-
clude that there is no significant effect. Our
conclusions arc based upon (i) the simi-
larity between our initial activities and
those reported in the literature and (ii) the
unchanging or dcereasing activity as sup-
port acidity decreases.

Cyclopropane sclectivitics are compli-
cated by a dual-functional path and by the
possibility of the development of an active
overlay during initial exposure.

Activity enhancement for silica (and
alumina) supports must be caused by other
factors. Future rescarch should consider
crystallite morphology and metal-support
compound formation.
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