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The effect of reduction on the cumene conversion activity of a series of fluoride-impregnated,
alumina-supported cobalt-molybdenum catalysts has been investigated. Such catalysts exhibit two
different types of Brgnsted acid sites, one associated with the molybdenum and the other the with
fluorided alumina surface. Reduction with H, eliminates the former type of site, but does not affect
the latter. Reduction does not affect the activity of the alumina catalyst which is impregnated only
with fluoride, but conversions for the other catalysts are reduced by 2-10%. In hydrocracking
experiments, the dramatic influence of fluoride impregnation on cumene conversion and the syner-

gistic nature of the fluoride and cobalt/molybdenum are demonstrated.

INTRODUCTION

Catalytic hydrocracking of bitumen and
heavy oils is very demanding of the catalyst
employed. First, it must be able to crack
the high-molecular-weight species into
smaller fragments, and then catalyze the
hydrogenation of these fragments to pre-
vent polymerization. Heteroatom removal
must also be achieved in this second step,
but it will also be influenced by the cracking
step, since more of the heteroatoms (S, N,
etc.) are likely to be exposed in the smaller
fragments. One of the problems encoun-
tered is deactivation caused by coke forma-
tion. The catalysts used in the present work
are conventional cobalt-molybdenum-con-
taining catalysts, to which fluoride has been
added in an attempt to increase the acidity
of the alumina support. It was anticipated
that this increased acidity would enhance
cracking and isomerization reactions with-
out interfering with the hydrogenation char-
acteristics associated with the cobalt—mo-
lybdenum additives. Initial experiments
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with bitumen have shown that this hypothe-
sis has been borne out: these fluoride-im-
pregnated catalysts are more active than
the conventional catalysts, and they pro-
duce a product with more desirable charac-
teristics (/).

The purpose of this series of papers is to
use model compounds to investigate the
characteristics of these catalysts for the dif-
ferent types of reactions involved: crack-
ing, isomerization, hydrogenation, and hy-
drodesulfurization. The first paper in this
series presented the results obtained in a
study of the acidity of the oxide forms of
these catalysts, and their activity toward
cumene cracking (2). Reduction might be
expected to alter the catalyst acidity and
thus reactivity. A recent study of the acidic
properties of reduced molybdena—alumina
catalysts (3) prompted us to report our
results. In the present study, the activities
of the reduced forms for both cracking
and hydrocracking of cumene have been
studied.

EXPERIMENTAL

The catalysts were prepared by a gel im-
pregnation technique to give 3 wt% CoO
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and/or 15 wt% MoOj; with various fluoride
concentrations (2, 4). The ““MB”’ series of
catalysts were prepared in the Energy Re-
search Laboratory of the Department of
Energy, Mines, and Resources, Ottawa,
Canada; the surface composition of these
catalysts have been determined by XPS (/)
although analytical data is not available for
the reduced catalysts. The ““AS’’ series of
catalysts were prepared in our laboratory
using the same procedures, as described in
detail in Refs. (2, 4).

The catalyst testing was carried out in a
continuous-flow bench-top microreactor
(5) operating at 673 K and atmospheric
ptessure. The catalysts were prereduced at
773 K under a flow of 30 cm’ min~! H, dur-
ing 1.5 h. Cumene vapor was admitted to
the reactor from a presaturator held at 293
K in a stream of the appropriate gas at 30
cm? min~!.

Infrared spectra were measured on a Ni-
colet 8000 interferometer. The samples,
weighing approximately 20 mg, were
pressed into self-supporting wafers 13 mm
in diameter (2). After evacuation (4 h at 2.0
%X 1073 Torr) and cleaning in 0.5 atm of O,
(12 h) at 773 K, the samples were reduced
for 1 h at 773 K under 0.5 atm of H,. The
hydrogen and residual water vapor were re-
moved at 773 K and 2.0 x 107 Torr during
an additional hour.

The reproducibility of the conversion
data was better than +5% of the quoted
value. The maximum deviation in the infra-
red absorption maxima was =2 cm~!, but
most band positions could be reproduced to
+0.1 cm™.

RESULTS AND DISCUSSION

Our previous study (2, 5) of the acidity
and cumene cracking activity of the oxide
forms of these catalysts showed that im-
pregnation of an alumina support with fluo-
ride ion initiates some Brgnsted acidity,
which greatly enhances the activity for
the cracking of cumene to benzene.
These Brgnsted sites are identified by a
pyridinium ion infrared band at 1548 cm™!.
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Impregnation with MoOs introduced a dif-
ferent group of Brgnsted acid sites, which
produced a remarkably strong infrared
pyridinium ion band at 1543 cm~!. This
Mo0s/AlLO; catalyst did show increased
activity for cumene dehydrogenation to a-
methylstyrene, compared to the parent alu-
mina, but rather surprisingly the apparent
Brgnsted acidity did not enhance the crack-
ing activity, although such reactions are
generally thought to be acid-catalyzed.
Reduction of the catalyst surface with H,
prior to pyridine adsorption caused some
changes in the infrared spectrum of ad-
sorbed pyridine, particularly for the molyb-
denum-containing samples. As shown in
Fig. 1 for MB 481, the strong molybdenum-
associated pyridinium ion band at 1543
cm™! is absent in the prereduced sample.
Other workers have also reported that the
reduction of molybdena on alumina leads to
the loss of molybdena-associated Brgnsted
acidity (3, 6). It is interesting to note, how-
ever, that the much weaker alumina-associ-
ated Brgnsted acidity induced by the fluo-
ride impregnation is not removed by
reduction, as can be seen by the persistence

MB 481(0X)
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F/A1203(0X)
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F16. 1. Infrared spectra of pyridine adsorbed on ox-
ide and reduced forms of fluorided catalysts.
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of the 1548-cm~! pyridinium ion band in
both the MB 481 sample and in the
fluorided alumina itself (Fig. 1).

As can be seen in Table 1, the activities
of the reduced catalysts are very similar to
those obtained for the oxide forms. For

those catalysts which contain MoO;, the
principal reaction observed is dehydro-
genation to a-methylstyrene, regardless of
which other additives (fluoride or CoO) are
present on the surface. Only for the
fluorided alumina catalyst was cracking to

TABLE 1

Activities of the Catalysts in Cracking and Hydrocracking of Cumene

Catalyst Composition Conversion Benzene Et. Benz. Other Me. Styrene Zsce?
Ft CoO¢ MoOs¢
Cumene cracking: Oxide forms4
F/ALO; 2 0 0 29.0 259 0.5 0.0 2.7 0.5
MB 489¢ 2 3 15 28.2 6.3 0.8 0.3 20.9 1.1
MB 500 4 3 15 25.5 8.6 1.0 0.1 15.7 1.1
MB 487¢ 2 3 15 25.3 6.2 0.7 0.1 18.2 0.8
MB 481 2 3 15 21.8 3.8 1.0 0.2 17.0 1.2
MB 501 1 3 15 18.6 1.6 0.6 0.2 16.3 0.8
MB 480 0 3 15 17.8 0.2 0.5 0.0 17.1 0.5
AS 19 0 o 15 15.9 0.1 1.2 0.0 14.6 1.2
AS 20 0 3 0 4.4 0.0 1.1 0.0 3.3 1.1
ALO, 0 o 0 1.9 0.0 0.0 0.0 1.9 0.0
Cumene cracking: Reduced catalysts/
F/AlLO, 2 0 0 304 27.2 1.9 0.0 1.3 1.9
MB 487 2 3 15 20.7 3.4 1.4 0.2 15.7 1.6
MB 481 2 3 15 20.0 1.1 1.5 0.2 17.3 1.7
MB 500 4 3 15 19.3 5.1 1.3 0.1 12.8 1.4
MB 489¢ 2 3 15 18.6 2.7 1.3 0.1 14.5 1.4
MB 501 1 3 15 15.4 1.6 1.2 0.0 12.5 1.2
AS 19 0 0 15 124 0.0 0.9 0.0 11.5 0.9
MB 480 0 3 15 12.0 0.1 0.8 0.0 1.1 0.8
Al,O4 0 0 0 4.6 1.7 0.6 0.0 2.3 0.6
AS 20 0 3 0 2.1 0.0 0.9 0.0 1.2 0.9
Cumene hydrocracking: Reduced catalysts/
MB 500 4 3 15 53.3 29.1 13.7 4.5 1.3¢ 229
MB 489¢ 2 3 15 329 23.0 6.3 1.8 1.8 8.1
MB 481 2 3 15 30.4 18.3 5.4 5.5 1.2 10.9
MB 487¢ 2 3 15 26.5 17.2 6.8 1.2 1.4 8.0
F/AL,O; 2 0 0 20.3 18.5 1.8 0.0 0.0 1.8
MB 501 1 3 15 7.9 2.5 2.5 1.1 1.7 3.6
MB 480 0o 3 15 2.2 0.3 1.2 0.0 0.8 1.2
AS 19 0 0 15 2.0 0.2 1.0 0.0 0.9 1.0
ALO, 0 0 0 1.9 0.7 0.6 0.0 0.6 0.6
AS 20 0 3 0 1.2 0.3 0.8 0.0 0.1 0.8

@ ¥scc = Sum of side-chain cracking products.

5 Number of F atoms per 20 Al atoms.
° Weight %.

4 He carrier gas.
¢ MB 487 = CoMo then F; MB 489 = F then CoMo.
f H, carrier gas.
¢ Products also contained 4.7% toluene.
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benzene the predominant reaction. Reduc-
tion does not affect the total conversion
over the fluorided alumina catalyst, but
conversions for the other catalysts are gen-
erally reduced by 2-10% (with the excep-
tion of the y-Al,O; and CoO/Al,O; samples,
which showed very poor conversions under
all conditions).

The cumene conversions observed dur-
ing the hydrocracking experiments are very
different from those observed for the crack-
ing experiments over either the oxide or re-
duced forms of these catalysts. The influ-
ence of fluoride impregnation of the
Co-Mo-containing catalysts is dramatic, as
can be seen from Fig. 2, where the cumene
conversion is plotted as a function of the
fluoride content for the catalysts which
were impregnated with fluoride and cobalt
and molybdenum oxides by the one-step
method. The basic CoMo/y-Al,O; catalyst
shows only 2.2% conversion in the hydro-
cracking experiment, while catalyst MB
500, which contains the same amounts of
Co0O and MoO;, but 4F~:20 Al (ca. 6.5% F
by mass) has a cumene conversion of
53.3%. Side-chain cracking, which was in-
significant in the cracking experiments over
all catalysts, becomes important for hydro-
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FiG. 2. The effect of fluoride concentration on cu-
mene conversion during hydrocracking.

BOORMAN ET AL.

cracking over catalysts which contain both
fluoride and Co-Mo additives, as can be
seen from Table 1.

To investigate the effect of metals addi-
tion and of carrier gas on coke formation
over the fluorided catalysts, the amount of
carbon deposited on the surfaces of MB 481
and F/ALO; under different conditions
was studied. These two catalysts were cho-
sen because they contain the same amount
of fluoride (1 F:10 Al), but F~/ALO; con-
tains no CoO or MoQ;, while in MB 481
these represent 3 and 15%, respectively, by
mass. Samples of used catalyst were evacu-
ated while slowly heating to 400°C to re-
move any residual cumene or simple reac-
tion products; any carbonaceous material
remaining was considered to represent
“‘coke.” Elemental analysis showed that
the carrier gas was the principal factor in
determining the amount of such coke. With
He as a carrier gas, ca. 3% C was found on
MB 481, while with H, carrier gas only ca.
0.5% C was deposited. The presence of
metals on MB 481 had little effect on the
amount of C deposited: with H; carrier gas,
the amount of C deposited on MB 481 was,
within experimental uncertainty, the same
as that deposited on F~/ALO;.

As stated above, and as shown in Table
1, the products of catalytic cracking, in the
absence of hydrogen, are very similar over
both oxide and reduced forms of these cata-
lysts. In summary, y-Al,O; and AS 20 (Co
additive only) produce very little reaction,
the fluoride additive by itself catalyzes de-
alkylation to benzene, and the Mo only,
Co-~Mo only and Co—Mo plus fluoride addi-
tives all produce primarily o-methylsty-
rene, the dehydrogenation product.

The explanation for these results is fairly
straightforward. Fluoride ions greatly in-
crease the acidity of the alumina surface,
presumably because they polarize the lat-
tice more strongly than the hydroxide (and
oxide?) groups they replace. In the pres-
ence of this acidic alumina surface, cumene
dealkylation to benzene and propene can
occur readily via a mechanism which in-
volves protonation of the aromatic ring,
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principally at the carbon to which the side-
chain is attached, followed by cleavage of
the ring—side-chain bond (7a). On F~/ALO;
itself, which has no other additives, this is
the major reaction. A Co-Mo phase is
known to impart hydrogenation/dehydro-
genation character, and in the absence of
H,, cumene dehydrogenation to a-methyl-
styrene is the major reaction which occurs
over AS 19 (Mo additive only) and MB 480
(Co-Mo additive only). On the catalysts
which contain both F~ and Co-Mo addi-
tives, dehydrogenation predominates over
dealkylation. Presumably the suppression
of dealkylation for such catalysts occurs
partially because of a surface coverage ef-
fect. With 15% MoO; and 3% CoO, much of
the acidic fluorided alumina surface will be
covered by a Co—Mo phase. Another factor
which may contribute to the suppression of
dealkylation is the deposition of coke. Any
dealkylation that does occur initially would
generate propene, which is thought to form
coke by acid-catalyzed polymerization
(7a). This coke presumably would be con-
centrated on the acidic sites where the pro-
pene is generated, i.e., on that part of the
fluorided surface which is not covered by
cobalt and molybdenum phases. Thus the
3% C found on catalyst MB 481 after 4 h on
stream (see above) might well be concen-
trated on the sites required for further
cracking.

The most notable difference between the
hydrocracking experiment and those in
which no H, was added is that in hydro-
cracking over the catalysts which contain
both Co-Mo and F~ additives, side-chain
cracking and dealkylation to benzene both
are increased greatly. These results suggest
that in addition to the mechanism proposed
above for acid-catalyzed cracking, a second
two-step mechanism similar to that used to
explain the hydrocracking of decane (7b)
must also be important. The first step of
this mechanism involves dehydrogenation
of the side-chain over the Co—Mo phase; in
the presence of H, this would be the rate-
determining step. In the second step, the
alkene side-chain so formed is rapidly pro-
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tonated to give a carbonium ion, which can
undergo rearrangements and/or cleavage
reactions. It is probable that some of the
benzene formed on these catalysts also
results from this mechanism. On fluorided
alumina itself (no other additives) no hydro-
genation/dehydrogenation component s
present, so the first step of the above mech-
anism cannot occur. Little side-chain
cracking is observed, and the benzene
formed presumably results from the direct
protonation of cumene over the acidic sur-
face, just as in the cracking experiments in
the absence of H.,.

For the less acidic catalysts (i.e., those
containing no F~), the second step of the
above mechanism is not possible. Only de-
hydrogenation could occur, and in the pres-
ence of H, and the absence of acidic pro-
tons to react with any alkene formed,
re-hydrogenation can occur quickly. As can
be seen from Table 1, such catalysts pro-
duce very little conversion of cumene at all,
the maximum being 2.2% for MB 480. In
the presence of H,, coke formation appar-
ently is of very minor significance; only ca.
0.5% C was found on both MB 481 and F~/
AlLO; after 4 h on stream.

This alternative mechanism might be ex-
pected to be important also for the cracking
experiments (i.e., He carrier gas) over the
catalysts which contain Co, Mo, and F~ ad-
ditives. Apparently, this is not the case;
side-chain cracking is very small, and the
yield of benzene is low (see Table 1). The
first step of this process, dehydrogenation,
clearly occurs, since a-methylstyrene is the
major product in these cases. Apparently
the second step, i.e., the protonation of the
alkene side-chain, is not effective. A possi-
ble explanation for this behavior is that the
remaining fluorided alumina surface (not
covered by CoMo) is substantially blocked
by ““‘coke’’ (see above discussion of the 3%
C found on MB 481 after 4 h on stream)
thereby preventing protonation. Some sup-
port for this argument is found from the
results obtained with these catalysts in bitu-
men hydrocracking studies (/). With bitu-
men feedstock, coke forms even under hy-
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drotreating conditions. It was suggested ()
that an unreactive coke associated specifi-
cally with the alumina phase, occurred un-
der these conditions. However, further
work (particularly ESCA studies of used
catalysts) would be required to confirm that
similar coking behavior occurs under the
conditions of our experiments.

CONCLUSION

It has been known for some time that flu-
oride will enhance the activity of alumina
for acid-catalyzed reactions (8). As far as
can be ascertained, however, the results re-
ported in this series of papers represent the
first detailed study of the effect of fluoride
on the acidity and activity of alumina-sup-
ported cobalt-molybdenum catalysts.

It was previously observed that, in the
absence of H,, for the oxide forms of these
catalysts, fluoride and molybdenum intro-
duce two different kinds of Brgnsted sites
(2). Reduction with H; eliminates the mo-
lybdenum-associated Brgnsted sites, but
does not affect the Brgnsted sites which the
fluorine generated on the alumina surface.
It is apparent that these alumina-associated
Brgnsted sites are responsible for virtually
all the cracking activity of these catalysts.

For these reduced catalysts, in the ab-
sence of H,, the activity for cumene dehy-
drogenation to a-methylstyrene depends
almost totally on the presence of mo-
lybdenum. The dehydrogenation is not
improved by cobalt impregnation, and it is
also virtually independent of the fluoride
content. While the presence of fluoride has
little effect on the dehydrogenation ability
of the molybdenum, the converse does not
apply: the presence of cobalt and molybde-
num dramatically reduces the cracking ca-
pability imparted by the fluoride ions (com-
pare MB 481, F~/Al,0;), presumably at
least in part because of a surface coverage
effect.

BOORMAN ET AL.

It is only in the hydrocracking experi-
ments that the synergistic nature of the flu-
oride and the cobalt/molybdenum becomes
evident. The remarkable increase in cu-
mene conversion with fluoride content for
the Co-Mo/Al,Os catalysts shows that the
original hypothesis—that fluoride impreg-
nation would enhance the cracking function
of this type of catalyst without eliminating
its hydrogenation capability—has been
borne out.

It is proposed that the synergism be-
tween the two types of additives exists be-
cause their combined presence on the AlL,O;
surface permits an additional, two-step
mechanism for cumene conversion to oc-
cur. In the first (slow) step, dehydrogena-
tion of the alkane side-chain takes place
over the Co—Mo phase. In the second step,
protonation of the alkene so formed occurs,
to form a carbonium ion which can rear-
range and/or cleave to form the products
observed.
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