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Surface Acidity and Cumene Conversion

I. A Study of y-Alumina Containing Fluoride, Cobalt, and Molybdenum Additives
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A series of catalysts containing fluoride, cobalt, and molybdenum as additives to y-alumina both
individually and in combination has been prepared and studied. The surface acidity has been
studied by infrared spectroscopy of adsorbed pyridine and correlated with reactivity for cumene
conversion. After preheating to 400°C in vacuo, only Lewis acidic sites are present on the surface
of y-AlLOs, but the addition of fluoride ion initiates some Brgnsted acidity and enhances the
strength of the Lewis acidic sites. The presence of MoO; introduces another group of Brgnsted
acidic sites, but CoO, as a single additive, has little effect on either the Brgnsted or Lewis acidity.
As expected, the presence of fluoride ion enhances the activity of all the catalysts for the cracking
of cumene to benzene. Although MoO; enhances the Brgnsted acidity of y-ALO;, rather surpris-
ingly this increased acidity did not enhance significantly the activity of the catalyst for cumene

cracking to benzene. © 1985 Academic Press, Inc.

INTRODUCTION

It has been recognized for some time that
the impregnation of fluoride ions into metal
oxide catalysts will improve their reactivity
for many reactions (). It is reasonable to
suppose that this enhancement of activity is
associated with increased surface acidity
caused by the replacement of oxide/hy-
droxide by fluoride ions, as shown in
Scheme 1.

A recent publication discussed the effect
of the addition of fluoride ion to Co-Mo/
AlO; catalysts, as applied to the hydro-
cracking of Athabasca bitumen (2). It was
anticipated that the increased surface acid-
ity would allow the cracking component of
the hydrotreatment to proceed at lower
temperatures and thereby reduce the ten-
dency to coking on the catalyst surface.
Coking is of major concern in the develop-
ment of catalysts which might be used in
the hydrocracking of heavy feedstocks.
The results of the above study (2) showed

* Author to whom correspondence should be ad-
dressed.

t On leave from Adam Mickiewicz University, Poz-
nan, Poland.

that liquid products of improved quality
were obtainable by this approach.

The purpose of this series of studies is to
attempt to dissect the component reactions
of the hydrocracking process, and to corre-
late them with specific catalytic sites or ad-
ditives. The incentive, of course, is to be
able to tailor individual catalysts explicitly
to the feedstocks and to the products re-
quired. The study has selected the conver-
sion of cumene to gain information about
cracking reactions on the surface of cata-
lysts in the oxide form. Ensuing publica-
tions will deal with hydrogenation and
hydrodesulfurization reactions, and will
consider reduced and sulfided catalysts, in
addition to the oxide forms. A preliminary
account of some aspects of this work has
appeared (3).

EXPERIMENTAL

The compositions of the catalysts used in
this study are summarized in Table 1. The
““MB"’ series of catalysts were prepared in
the Energy Research Lab of the Depart-
ment of Energy, Mines and Resources, Ot-
tawa, Canada; the surface composition of
these catalysts as determined by XPS has
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been reported (4). The ‘“AS”’ series of cata-
lysts were prepared in our laboratory, using
the same gel impregnation procedures. This
technique involves mulling the appropriate
additives in aqueous solution with a-alu-
mina monochydrate (80% Catapal SB and
20% Catapal N, obtained from Continental
Oil Co., Peterboro, N.J.). The preparation
of one sample, MB 481, by this technique is
described in the following paragraph. For
the other catalysts, the amounts of CoO,
MoOs, and NH,F were adjusted to give the
desired composition (see Table 1). The total
volume of liquid used was always the same;
if one additive, e.g., the NH4F in H,O, was
to be omitted for a certain preparation, then
pure H,O was added instead.

Preparation of MB 481. To 20.00 g AlO -
OH (0.3334 mol) was added a clear color-
less solution of 3.499 g (NH)sMo0;0,4 -
4H,0 (0.0193 mol Mo) in 5.00 cm? H,O con-

taining 1.50 cm® NH,OH. The mixture was
mulled for 5 min before a solution of 2.215 g
Co(NOs), - 6H,0 (0.00761 mol Co) in 2.00
cm?® H,O containing 0.30 cm? concd HNO;
was added. Mulling 3-5 min resulted in a
dry homogenous catalyst. NH,F, 1.090 g
(0.0294 mol F), dissolved in 1.50 cm? H,O
was then added. The mixture was mulled an
additional 5 min and then dried in air at 393
K for 6 h. The sample was then calcined by
drawing dry air through it while heating at
4°C min~! to 773 K and then maintaining
that temperature for 4 h. Samples were
cooled in air and then activated in He prior
to use. In most cases, all additives were
added before drying/calcining. However,
two catalysts, MB 487 and MB 489, were
prepared by a two-step method, to test the
effect of impregnation sequence. In MB
487, cobalt nitrate and ammonium paramo-
lybdate were added first, and then the cata-

TABLE 1

Composition, Surface Acidity, and Cumene Conversion of Alumina-Supported Catalysts

Catalyst Additives Acidity, Cumene Yield (%)
IR intensity® conversion
F« Co0O? MoOs* (cm™") (%) Benzene a-Methyl-  Ethyl- Styrene
styrene benzene
1540 (B) 1450 (L)

y-ALOs 0 0 0 0 7.7 1.9 0.0 1.9 0.0 0.0
F-/ALL,O; 2 0 0 0.05 127 29.0 25.9 2.7 0.5 0.0
As 19 0 0 15 5.6 15 15.9 0.1 14.6 1.2 0.0
As 20 0 3 0 0 8 4.4 0.0 33 1.1 0.0
MB 480 0 3 15 29 15.9 17.8 0.2 17.1 0.5 0.0
MB 501 1 3 15 2.9 12.9 18.6 1.6 16.3 0.6 0.2
MB 481 2 3 5 3.7 14.2 21.8 3.7 16.9 1.0 0.2
MB 500 4 3 M) 3.7 13.0 25.4 8.6 15.7 1.0 0.1
MB 487¢ 2 3 15 6.9 15.3 25.2 6.2 18.2 0.7 0.1
MB 4894 2 3 15 5.4 10.4 29.2 6.2 20.9 0.8 0.3

“ Number of F atoms per 20 Al atoms.
® Weight %.

¢ These IR intensities of adsorbed pyridine are corrected for the mass of the samples, i.¢., the units are absorbance per gram of
catalyst. The values are averages taken from several different spectra, and while the absolute values may not be completely
accurate, the relative values are correct. B, Brgnsted; L, Lewis.

4 Samples MB 487 and MB 489 were prepared by a two-step synthesis. See text for details.
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lyst was dried and calcined as above. Next,
ammonium fluoride was added, and the
drying and calcining repeated. In catalyst
MB 489, the fluoride was impregnated first,
followed by the cobalt and molybdenum ad-
ditives.

The catalyst testing was carried out in a
stainless-steel continuous-flow, fixed-bed
bench-top reactor. The reactor (15 mm i.d.)
was packed with 0.1500 g of catalyst (80—
100 mesh) between layers of quartz wool.
The cumene was contained in a presatura-
tor, held at a suitable constant temperature,
through which the helium carrier gas was
passed at a measured flow rate. The cata-
lyst was activated by heating for 13 h with a
helium flow rate of 30 cm®/min prior to car-
rying out the reaction. Samples of the out-
put stream were collected every 16 min in a
sample loop collector, which was in turn
directly connected to the GC (Varian 3700,
T.C. detector, equipped with CDS-111 data
processor). The GC signals (suitably cor-
rected for detector sensitivity) were used to
calculate the total number of moles of each
aromatic product in the output stream. The
total conversion is defined as the sum of all
aromatics except cumene divided by the
sum of all aromatics including cumene. The
mole fraction of a particular aromatic prod-
uct is multiplied by the total conversion to
obtain the yield. This method of calculation
is based on the reasonable assumption (con-
firmed by our data) that the aromatic ring is
not cracked under the conditions of these
experiments. The aliphatic products are not
included in the calculation, thus avoiding
the potential confusion in calculating con-
versions when 1 mol of reactant (cumene)
produces 2 (or more) mol of product. The
results reported in Table I are those ob-
tained after 4 h on steam, when the per-
centage conversions had become virtually
constant.

The effect of contact time, activation
temperature, and reaction temperature
have been studied, and the details of this
investigation are reported elsewhere (3).
To summarize, the optimum conditions for
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the conversion of cumene involved using an
activation temperature of 500°C, a reaction
temperature of 400°C, and a contact time of
450 g-h per mole of cumene. Under the con-
ditions of these experiments, cumene was
either dealkylated to benzene, dehydroge-
nated to a-methylstyrene, or the alkyl chain
was cracked to produce ethylbenzene as
shown in Scheme 2. Benzene and a-methyl-
styrene were the major aromatic products,
with ethylbenzene representing only (-
1.2% of the total; very minor amounts of
styrene were also obtained.

Infrared spectra were measured on a Ni-
colet 8000 interferometer, at a resolution of
2 cm~!. Approximately 30 mg of the sample
was pressed (at low pressure) into a 13-mm-
diameter self-supporting wafer. A cell in
which four such wafers can be mounted
was used for comparative studies, so that
the pretreatment conditions prior to obtain-
ing the IR spectra of the different samples
were identical. The pretreatment involved
activation by evacuation at 400°C followed
by cleaning in O, (at 400°C) before adsorb-
ing pyridine vapor for 30 min at 100°C.
Spectra were recorded after pyridine de-
sorption for 1 h at 100°C and again after
H,O vapor was added (1 min at 100°C) and
desorbed (30 min, 100°C) to enhance the
intensity of the Brgnsted-pyridine bands.

RESULTS AND DISCUSSION

The support material for all of the cata-
lysts studied was y-Al,O; and hence our
first investigation involved samples of the
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support alone, prepared from a-alumina hy-
drate as for all the other catalysts studied.
This was followed by a study of the binary
combinations of y-Al,O; with each of the
three possible additives, namely fluoride,
cobalt, or molybdenum. The results of this
study are summarized in Table 1. On the
basis of the infrared absorption band at
~1540 cm~! it can be deduced that there are
no Brgnsted sites on either the y-AlLO; or
the binary combination involving CoO (AS
20). The addition of fluoride produces a
small concentration of Brgnsted sites,
while MoO; (AS 19) has a much more dra-
matic effect (Fig. 1). A more careful analy-
sis of the Brgnsted sites is presented upon
expansion of the spectra as shown in Fig. 2.
It should be noted that the spectra in Fig. 2
are not on the same absorbance scale; that
of the fluorided sample is expanded to show
the Brgnsted band more clearly. It is possi-
ble to distinguish between the Brgnsted
sites on the fluorided alumina and those on
AS 19. The pyridinium (pyH*) band for
the molybdenum-impregnated catalyst is
much more intense and appears at lower
wavenumber (1541 cm™!) than the compara-
ble band for fluorided alumina (1548 cm™!).
The Brgnsted sites on the fluorided alumina

1-2

T L-Py

QJ

W@

OO

2

@ P

&° B-Py

B g

23 AS 19

F/Al203

gﬂ Al203
o AS 20
© 1700 1600 1500 1400

WAVENUMBER / cm-!

Fic. 1. Infrared spectra between 1700 and 1400 cm ™!
of pyridine adsorbed on y-alumina-supported cata-
lysts. From top to bottom, the catalysts are: AS 19,
15% MoO; on alumina; F/Al,Os, fluoride on alumina (2
F atom: 20 Al atoms); Al,Os, pure y-alumina; AS 20,
3% CoO on alumina.
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FiG. 2. Infrared spectra of pyridine adsorbed on
fluorided alumina (F/Al,0;) and molybdena/alumina
(AS 19) in the region of the Brgnsted-pyridine bands.
These two spectra are not on the same absorbance
scale (see text).

must arise from hydroxyl groups on the alu-
mina itself, as discussed in the Introduc-
tion. The Brgnsted acidity on the MoOs/
AlLO5 catalyst (AS 19) could be associated
with hydroxyl groups either on the molyb-
denum species, as proposed by Fransen et
al. (35), or on the alumina surface adjacent
to the molybdenum. It is known that alu-
mina hydroxyl groups are eliminated as
they are replaced by molybdate species
during the formation of catalysts of this
type (6), but it is possible that the acidity of
the remaining alumina hydroxyls is in-
creased by the influence of the molybde-
num species. If, alternatively, these hy-
droxyls reside on the molybdena itself, they
may be located on chain-terminating mo-
lybdenum atoms, as has been suggested by
Weigold (7). It is not possible, from these
experiments, to distinguish between these
two alternatives. The bands at ~1450 cm™!,
associated with pyridine adsorbed on
Lewis sites, indicate that both F~ and
MoO; increase the Lewis acidity of ALLOs,
while CoO leaves this property unaffected.

In this regard we note the work of Schra-
der and Cheng (8) who used laser Raman
spectroscopy to study pyridine adsorption
on various oxidic cobalt molybdate hydro-
desulfurization catalysts. These authors
also concluded that Brgnsted acidity results
from the addition of MoO; to y-Al,O3, and
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they further noted that addition of cobalt to
the MoO,/y-Al,O5 catalysts resulted in the
destruction of Brgnsted acid sites. Segawa
and Hall have drawn similar conclusions
based on infrared studies of pyridine ad-
sorbed on an alumina surface (9).

The pattern of conversion of cumene is
also shown in Table 1 for these catalysts.
For y-Al,O; only a very small fraction of
the input cumene reacts, and only to pro-
duce a-methylstyrene, the dehydrogena-
tion product (Scheme 2). The addition of
fluoride has a dramatic effect on the total
conversion, almost exclusively through the
enhancement of cracking to benzene. Un-
expectedly, despite the very strong
Brgnsted acidity (as evidenced from the
pyridine IR studies) of the MoQO;/Al,05 cat-
alyst, the total conversion is much less than
for the fluorided alumina, which has much
weaker Brgnsted-pyridine IR bands (see
Fig. 1). It might have been anticipated that
the stronger Brgnsted acidity would assist
in carbonium ion production, thereby en-
hancing the catalyst’s activity toward all
cracking reactions. Apparently this is not
the case; the MoOs-associated Brgnsted
acid sites are clearly not active towards
cracking to benzene although they do in-
crease the amount of dehydrogenation to -
methylstyrene (see Table 1).

The next group of catalysts considered is
that involving fluorided Co—Mo/Al,O; spe-
cies, in which the fluoride concentration is
varied from 0 fluorine atoms/20 Al to 4 fluo-
rine/20 Al. These results are also presented
in Table 1. The Brgnsted bands which ap-
pear strongly in the spectra of pyridine ad-
sorbed on these catalysts are those at 1541
cm!, associated above with the MoO;
component. The weaker, alumina-associ-
ated Brgnsted bands at 1548 ¢cm™! presum-
ably are present in the fluorinated MoO,/
ALO; samples, but are masked by the
stronger 1541-cm~! band. There is some in-
crease in the intensity of this 1541-cm™!
band as the concentration of F~ is in-
creased. No systematic trend in the Lewis
acidity can be observed, but a correlation
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between fluoride content and total cumene
conversion exists. Once again this is due
almost exclusively to an increase in the
cracking to benzene, under the condi-
tions of our experiments. The implication
of the data above is that the cracking of
cumene to benzene occurs primarily on
sites on the alumina itself.

Finally, in this study we have examined
the effect of impregnation sequence and
procedure on the fluorided Co-Mo/Al,O;
catalysts. Keeping the concentrations of
F-, CoO, and MoO; at the levels pertaining
to MB 481, the catalysts were made in
which (a) Co and Mo were added to a
fluorided y-Al,O; support (MB 489) (b) F~
was added to a preprepared Co-Mo/Al,O;
catalyst (MB 487). The details of these
preparations were described earlier (2), and
their surface composition has been re-
ported (4). As can be seen in Table 1, the
Brgnsted-pyridine adsorption near 1540
cm™! is stronger for both ‘‘two-step’’ cata-
lysts than for MB 481. It appears that addi-
tion of fluoride in the second step (MB 487)
enhances the Lewis acidity of the Co—Mo/
AlLO; surface, but that addition of the co-
balt and molybdenum species in the second
step to a prefluorided surface (MB 489)
causes the Lewis acidity to decrease some-
what from that observed for the one-step
synthesis (MB 481). It can only be specu-
lated that on MB 489 the formation of the
cobalt and/or molybdenum surface species
somehow interferes with the stronger
Lewis sites generated by the fluoride, but
there is no evidence to confirm this. Since
fluoride and molybdenum (in the quantities
used here) both independently enhance the
Lewis acidity by similar amounts (see Table
1) it is in any event, hard to predict what
influence the sequence of impregnation
would have on the Lewis acidity.

Cumene conversion occurs more effi-
ciently over both MB 487 and MB 489 than
over MB 481. This is consistent with the
expectation that drying and calcining after
the first step of the impregnation would
cause the additive put on during the second
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step to be concentrated near the catalyst
surface. Hence, this second additive wouid
have more influence on the catalytic activ-
ity than when the catalyst is prepared by a
one-step synthesis, i.e., MB 481.

CONCLUSION

It is generally accepted that pure alumina
does not contain protonic acid sites (Brgn-
sted sites). The incorporation of moderate
amounts of fluoride enhances both the
Brgnsted acidity of alumina (10-/3) and its
activity for reactions such as cumene deal-
kylation (12, 14), which is thought to occur
via a carbonium ion mechanism (15).

The pyridine adsorption studies pre-
sented here confirm the presence of Brgn-
sted sites on alumina containing approxi-
mately 3.8 wt% F (1 fluorine : 10 Al atoms).
Pyridine adsorbed on these Brgnsted sites
gives rise to an infrared adsorption at 1548
cm™l. The impregnation of ALO; with 15
wt% MoO; (ca. 1 Mo:17 Al atoms) also
produces Brgnsted sites on the surface
which can be distinguished by IR studies
from those on fluorided Al,Os. Pyridine ad-
sorbed on these sites produces an infrared
band at 1541 cm~!, and under identical con-
ditions the intensity of this absorption is
much greater than that for pyridine ad-
sorbed on the fluorided alumina surface.
The presence of strong Brgnsted sites asso-
ciated with MoO; has previously been iden-
tified on unfluorided surfaces (8, 9, 16).

In agreement with the results of Scokart
and Rouxhet (/1), fluoride impregnation
was found to increase the Lewis acidity of
alumina. In addition, MoQOs-treated ALO;
also showed enhanced Lewis acidity. The
incorporation of CoO by itself on Al,O; did
not affect either Brgnsted or Lewis acidity,
but actually interfered with the molybdena-
associated protonic sites when CoO and
MoO; were impregnated simultaneously
onto the Al,O; surface, as has been noted
previously (8, 16).

Reactions which occur via a carbonium-
ion mechanism would be catalyzed by
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Brgnsted acid sites. It might be expected,
therefore, that the MoOyALQO; surface,
which shows such strong Brgnsted acidity
(as measured by the pyridine-IR method)
would exhibit the greatest activity for the
cracking of cumene to benzene. This, how-
ever, is not the case. The MoO,/Al,O; cata-
lyst does show a substantially increased
dehydrogenation ability compared to the
alumina, but cracking is virtually nonexis-
tent (see Table 1). On the other hand, the
Brgnsted sites introduced onto the AlLO;
surface by the addition of fluoride have a
dramatic effect on the cracking of cumene
to benzene. The reason that the molybde-
num-associated Brgnsted sites do not en-
hance the cumene cracking reaction can
only be a matter for conjecture. One possi-
ble explanation is that the relative strengths
of these two sets of acid sites is responsible
for the difference in activity. Alternatively,
the microenvironment of the Brgnsted sites
may be important in determining the effi-
ciency of reactions subsequent to the initial
adsorption of cumene and its protonation.
For example, Lewis acid sites or basic sites
in close proximity to the protonic site might
be required to enable the reaction to pro-
ceed, resulting in the production of ben-
zene. A third possibility is that these mo-
lybdenum-associated Brgnsted sites are
eliminated quickly during the cumene con-
version studies, and that they then play no
further role in the reaction. Segawa and
Hall have reported that Brgnsted acidity
disappears from molybdena—alumina cata-
lysts on reduction (9), and the hydrocarbon
environment present during cracking may
cause reduction of the catalyst surface and
concomitant loss of this type of Brgnsted
site. All catalysts darken during the cata-
lytic studies, but the molybdenum-contain-
ing samples become darker than the Al;Os
or fluorided alumina, perhaps because of
reduction of the molybdena species. Indi-
rect evidence for this hypothesis was ob-
tained by noting that the MoO3/AL,O; cata-
lyst (AS 19) became black when pure
hydrogen replaced the cumenc/carrier gas
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mixture in a catalytic-type experiment. A
study of the acidity and reactivity of the
reduced forms of these catalysts is cur-
rently underway in this laboratory to re-
solve this question.
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