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An investigation of the nature of the oxidation sites on silica-alumina and their
role in various reactions has been carried out. Positive ion radical formation with
adsorbed anthracene and perylene was examined along with the effects of silica-
alumina on propylene polymerization, alkylation of aromatic hydrocarbons, and
the decomposition of a carbonyl compound, pivalaldehyde. The effects of sodium
ion exchange and ammonia adsorption on the activity of silica-alumina for these
reactions were also examined. The results indicate that Bronsted acid sites are
responsible for propylene polymerization and alkylation of aromatic hydrocarbons,
while oxidation sites are responsible for aromatic ion radical formation. A spectrum
of both Bronsted and oxidation sites is proposed to account for the activity of

silica-alumina.

InTRODUCTION

The acidity of silica-alumina is generally
attributed to both Bronsted and Lewis acid
sites (7). Recent work has indicated which
of these sites are responsible for catalyzing
various reactions. Brouwer (2) has demon-
strated that cumene cracking occurs at
Bronsted acid sites and perylene oxidation
at Lewis acid sites; Shepard, Rooney, and
Kemball (3) and Rooney and Pink (4)
have shown that olefin polymerization oc-
curs at Bronsted acid sites and ion radical
formation at Lewis acid sites. The oxida-
tion of triphenylmethane to triphenyl-
methyl carbonium ion has been attributed
to Lewis acid sites by Leftin and Hall (5)
and to Bronsted acid sites by Hirschler
and Hudson (6).

We have examined the activity of silica-
alumina for aromatic ion radical formation,
propylene polymerization, alkylation of
aromatics, and decomposition of an alde-
hyde in an attempt to delineate further the
functions of the various acid sites on
silica-alumina.

* Presented at American Chemical Society
Meeting, Division of Colloid and Surface Chem-
istry, Philadelphia, Pennsylvania, April 10, 1964.
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ExpPERIMENTAL METHODS

Adsorption of Aromatic

American Cyanamid MSA-3 silica-alu-
mina cracking catalyst was used through-
out this investigation (~25% ALQ,, sur-
face area ~500 m?/g, pore volume ~1.1
ml/g). The silica-alumina was usually pre-
treated by heating in moderate vacuum to
500-550°C. For most of this investigation
about 1 wt % aromatic was adsorbed on
the silica-alumina. With anthracene, about
19 wt % would give complete coverage if
distributed as a monolayer (calculated by
using the area of an anthracene molecule,
67 X 10'¢ c¢m?® as determined by X-ray
studies) (7); however, 1 wt % is more than
sufficient, by a factor of at least 3, to satu-
rate the sites capable of oxidizing the aro-
matic (2, 4). The anthracene or perylene
was adsorbed on silica-alumina either by
mechanically mixing and heating to 200°C
in vacuum or from solution. The preferred
technique was a combination of these two
methods, i.e., the aromatic and silica-
alumina were mixed and heated to 200°C
in vacuum, benzene was added to cover the
solid and allowed to stand for a few min-
utes, then removed by filtration, after
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which the solid was once again heated to
200°C in vacuum.

The Na*-exchanged silica-alumina was
prepared by stirring with 0.05 M NaNO,
at pH 6-7 (adjusted with NaOH) for 24
hr, filtering, washing, and calcining in air
several days at ~550°C (wt % Na'=
0.6). Alternatively, it was prepared by
treating with three successive portions of
0.5M Na acetate for 20, 6, and 20 hr,
washing with 10 portions of water, and cal-
cining 20 hr at 530°C (wt % Na+* = 0.9).
The NH;-treated silica-alumina was pre-
pared by exposing the solid to 76 em of
NH; vapor for 1 hr at room temperature
followed by evacuation for 3 hr at 200°C.

Electron Spin Resonance Spectra

The ESR studies were carried out with
a Varian EPR spectrometer with a V-4531
cavity operating at 9490 Mec/sec with a
magnetic field modulation of 100 ke/sec.
Samples were sealed in 3-mm ID quartz
tubing under a nitrogen atmosphere or, in
some cases, in an atmosphere containing

H,0, CO,, O,, or C,H,.

Propylene Polymerization and
Alkylation of Aromatics

The sample (4 g) of silica-alumina was
placed in a glass tube (~20 cc) in a
vacuum system and the aromatic added to
the solid. After being degassed in vacuum
at 200°C, the solid was cooled to 100°C in
vacuum. A charge (2.7 cc STP) of propyl-
ene vapor was then admitted at 100°C
and the propylene and solid were held at
100°C for 5-10 min (the pressure in the
system became constant in less than 5
min). The system at 100°C was then evac-
uated through a liquid N, trap for 30 min
and through a second liquid N, trap while
the temperature of the solid was raised to
400°C and for 30 min at that temperature.
The trapped products were analyzed first
by gas-liquid chromatography (GLC) and
then mass spectrometry (MS). The solid
was examined by ESR at various stages in
the procedure. In one case a larger scale
preparation of the products from the reac-
tion of excess propylene with anthracene

on silica-alumina at 100°C was carried out.
The products were extracted from the solid
with benzene-water in a Soxhlet apparatus
and analyzed by MS and infrared spec-
trometry.

Pivalaldehyde Decomposition

Samples (4 g) of silica-alumina contain-
ing the adsorbed aromatic were prepared
as in the experiments with propylene.
Pivalaldehyde, previously purified by pas-
sage through a 60 ft/1 inch SF-96 GLC
column at 70°C, was then admitted as a
gas to the solid held at 100° to 200°C.
After several hours the volume of products
was determined and their identity deter-
mined by GLC and MS.

REesuLts

Formation of Ion Radicals

The adsorption of aromatics on silica-
alumina produced colored solids, green in
the case of anthracene and brownish-purple
with perylene. Both materials gave strong
ESR signals which were quite stable over
several months in a nitrogen atmosphere.
The spectrum for adsorbed perylene given
in Fig. 1A is in agreement with that re-
ported elsewhere for this species (2, 3, 8-
10) and with the spectrum of the positive
ion radical of perylene in sulfuric acid solu-
tion (11). Similarly, the spectrum for ad-
sorbed anthracene given in Fig. 1C is in
agreement with that reported for this
species prepared by adsorption from car-
bon disulfide (9) or benzene (4) solution
and with the spectrum of the positive ion
radical of anthracene in sulfuric acid solu-
tion (9). With anthracene we obtained two
different spectra depending primarily on
the conditions of catalyst preparation. The
spectrum in Fig. 1C was obtained only with
silica-alumina which had been treated with
ammonia or exchanged with Na+, With un-
treated silica-alumina the speetrum given
in Fig. 1B was obtained. This spectrum has
fewer lines and wider spacing and does not
agree with previously reported spectra for
the anthracene positive ion radical. The
one electron species responsible for the
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A. Perylene on
Silica~Alumina

B. Anthracene on
Silica-Alumina

10 Gauss
F—y

C. Anthracene on Treated
Silica-Alumina
F1e. 1. Electron spin resonance spectra of ad-
sorbed aromatic ion radicals.

different spectrum is thermally stable, the
ESR signal being essentially the same be-
fore and after heating to 400°C. By con-
trast, the ESR signal of the perylene ion
radical is almost completely eliminated
after heating, probably by a coupling re-
action similar to that reported by Rooney
and Pink (4).

Propylene Polymerization and Alkylation
of Aromatics

The results of reacting propylene in the
presence of silica-alumina with or without
an aromatic adsorbed on the solid are sum-
marized in Table 1. In the absence of an
aromatic on the silica-alumina, only a
small portion of the propylene could be
recovered from the solid by evacuation at

TABLE 1
Beuavior oF ProPYLENE IN THE PRESENCE OF
ADSORBED AROMATICS ON SILICA-ALUMINA

C; Removed

(% of charge)
. at each
Experi- Solid Aromatie temperature
ment (~4 g) (~wt %) ————————
no. 100°C 400°C
37 MSA-3 None Trace 7
77 MSA-3 None 4 i1
43 MSA-3 Perylene 3 79
48 MSA-3 Perylene 28 72
53 MSA-3 Perylene 0 69
54 MSA-3 Perylene 7 80
30 MSA-3 Anthracene 5 72

31 Solid + aromatic from Expt30 10 9
34 MSA-3 Anthracene 2 75
35 Solid + aromatic from Expt 34 14 8
79a MSA-3 Anthracene 15 31
79b Solid + aromatic from Expt 79a 20 10

33 MSA-3 Anthracene 28 35
74 MSA-3-Na*e None 90 3
76 MSA-3-Nate Perylene 93 7
75 MSA-3-Nate Anthracene 94 6
75X Solid 4 aromatic from Expt75 97 2
85 MSA-3-Natb None 67 7
40 MSA-3-Natt Anthracene 81 19
44 MSA-3-Natt Anthracene 87 8
81 MSA-3-NHg None 100 Trace

82  MSA-3-NHj®
80  MSA-3-NHj?

Anthracene 99 1
Anthracene 81 Trace

+ MSA-3 treated with 0.5 M Na acetate, wt %
Nat = 0.9.

b MSA-3 treated with 0.05 M NaNOQO; at pH 6-7,
wt 9% Nat = 0.6.

¢ MSA-3 exposed to NH; at room temperature and
evacuated at 200°C, wt 9, NH; = 0.5.

4 Anthracene adsorbed on MSA-3 then exposed
to NH; at room temperature and evacuated at
200°C.

either 100°C (0-4%) or 400°C (7-11%).
The unrecovered propylene is assumed to
have been polymerized on the solid. Pro-
pylene in the presence of anthracene on
silica gel (Davison Grade 62) was largely
recovered at 100°C. When anthracene or
perylene was adsorbed on silica-alumina,
reaction of the propylene occurred bub
polymerization was no longer the major
reaction, since a large fraction of the pro-
pylene could be recovered at 400°C (aver-
age recovery with anthracene, 53%; with
perylene, 75%). That a different reaction
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is occurring is also indicated by the reduced
amounts of C,~C; produects when an aro-
matic is present, Re-exposure to propylene
of a solid with adsorbed aromatic thereon
and from which the initial propylene had
been removed at 400°C resulted largely in
polymerization of the second charge of
propylene. The major products from a
larger scale reaction of exeess propylene
with anthracene on silica-alumina at
100°C were poly-C,-anthracenes, -dihydro-
anthracenes, and -tetrahydroanthracenes
with the C, groups all on ring positions
and not present as C,; or longer chains.

After treatment of the silica-alumina
with Na* ions to replace the protons at the
Bronsted acid sites, activity for propylene
polymerization and alkylation was almost
eliminated, but it was still possible to
oxidize either anthracene or perylene to ion
radicals. The extent to which the poly-
merization and alkylation were eliminated
was a function of the Na* content of the
treated silica-alumina, ie. at 0.6 wt %
Na* some polymerization and alkylation
were still oceurring, but at 0.9 wt % both
reactions were essentially absent. Silica-
alumina treated with ammonia before and
after adsorbing anthracene on the solid was
inactive for both polymerization and alkyl-
ation. Once the anthracene was adsorbed
on the surface, ammonia treatment did not
reduce the ESR signal.

Pivalaldehyde Decomposition

Pivalaldehyde, (CH,);CCHO, was ob-
served to be rapidly adsorbed on silica-
alumina then slowly decompose at 200°C
to isopentane and isobutane without appre-
ciable CO formation. The reaction was
essentially the same with or without an
aromatic on the silica-alumina. The use of
silica-alumina which had been sodium ion-
exchanged (0.6 wt % Na*) to remove pro-
tons also did not alter these results. That
the absence of CO in the products was not
the result of CO adsorption after its forma-
tion was demonstrated by observing that
CO itself was not adsorbed by anthracene
on silica-alumina. In the absence of any
solid, pivalaldehyde decomposed to CO and

C, hydrocarbon, the expected products from
a free radical reaction, to the extent of
about 6% in 3 hr at 200°C, but this reae-
tion was not observed when silica-alumina
was present. A likely ionic reaction inter-
mediate, 2-methyl-2-butene, was exposed to
silica-alumina, with and without adsorbed
anthracene, at 200°C. Isopentane and iso-
butane were again the major products.

Discussion

The complex nature of the surface of
silica-alumina provides a variety of active
sites capable of catalyzing a number of
different reactions. In addition to the usual
types of interaction of aromatics with solid
acids, i.e., carbonium ion formation by
reaction with either a proton or a Lewis
acid (12), our results confirm an inter-
action, oxidation by one-electron transfer,
to form a positive ion radical. That this
oxidation does not occur on Bronsted acid
sites is indicated by the formation of these
ion radicals on Na*-exchanged silica~
alumina.

Propylene ordinarily polymerizes in the
presence of silica-alumina. However, with
an aromatic on the surface this reaction is
overshadowed by a competing reaction
either as a result of poisoning of the poly-
merization sites or because the competing
reaction has a higher rate at 100°C. This
new reaction produces a product from
which propylene can be recovered on heat-
ing to 400°C and is identified as an alkyla-
tion of the aromatic by the isolation of
alkylation produects. On reuse of a solid
from which the propylene had been re-
moved at 400°C, propylene polymerization
became large, indicating that the aromatic
had been removed from the surface or
altered so that it was less alkylatable.
These observations might also be indica-
tive of different active sites for the two
reactions. The marked reduction in both
these reactions by Na* exchange of the
silica-alumina indicates that the catalytic
sites for both these reactions are Bronsted
acids. The level of Na* exchange (0.6-0.9
wt % = 0.26-0.39 meq/g) at which alkyla-
tion and polymerization are eliminated cor-
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responds with the value of 0.3 meq Na*/g
reported by Topchieva et al. (18) for elim-
ination of cumene cracking activity and
with the value of 0.2 meq K*/g reported
by Rijnders and Schuit (14) for protonie
activity for propylene polymerization.
Shepard, Rooney, and Kemball (3) have
recently reported on the polymerization of
propylene on silica-alumina. Based on only
a small recovery of carbon as products,
they conclude sthat perylene on silica-
alumina does not appreciably alter the
solid’s effectiveness for propylene poly-
merization. The results of the present
investigation indicate that, although pro-
pylene still reacts on perylene-treated
silica-alumina, the nature of the reaction
is markedly changed.

The decomposition of pivalaldehyde
could be oceurring either at Bronsted acid
sites which are less readily exchanged by
Nat or at electron-deficient oxidation sites
capable of two-electron acceptance reac-
tions. In the former case proton donation
to the carbonyl produces a carbonium ion.
In the latter case the aldehyde would
donate two electrons from the carbonyl
linkage, thereby developing a positive
charge on the carbonyl carbon. A methyl
migration in either species would give ter-
tiary carbonium ions which at 200°C could
decompose to isoamylene with loss of the
oxygen to the surface. Isoamylene could
then be converted to isopentane, isobutane,
ete., by reactions on the silica-alumina,
with the necessary hydrogen probably sup-
plied by nonvolatile condensation produets
of the aldehyde.

It is now possible to consider all these
reactions in relation to the catalytically
active sites on silica-alumina. The number
of sites capable of oxidizing perylene by
a one-electron acceptance has been esti-
mated by Brouwer (2) and Hall (10) as
about 2 X 10*/m? [Rooney and Pink (4)
report 2 X 10**/m? for anthracene oxida-
tion]. The number of sites capable of oxi-
dizing triphenylmethane has been deter-
mined by Leftin and Hall (5) as about
5 % 10*/m?. From the results of the pres-
ent investigation it is estimated that the

reaction of pivalaldehyde on silica-alumina
occurs at least on 7 X 10 sites/m* (calcu-
lated from the amount of isobutane and
isopentane produced) and that polymeriza-
tion and alkylation are catalyzed by about
40 x 10'¢ sites/m? (caleculated from the
amount of Na* required to eliminate these
reactions). It is not surprising that there
is such a variation in the number of cat-
alytically active sites since there is no
a priort reason why these different reac-
tions should occur on identical sites. In
fact, since polymerization, alkylation, and
cracking involve proton transfer; perylene
oxidation, a one-electron transfer; pival-
aldehyde decomposition, the transfer of
either a proton or a pair of electrons; and
triphenylmethane oxidation, either a hy-
dride ion transfer (5) or a triphenylear-
binol intermediate (6), it seems more likely
that these reactions do not involve the
same sites or even just two types of sites,
ie. Bronsted and oxidation sites. Rather,
it is suggested that the best description of
silica-alumina activity is a spectrum of
sites having different electron-accepting
affinities and protonic activities. Some sites
accept single electrons, others perhaps
electron pairs, and still others hydride ions.
Overlap of activity might be expected so
that some sites could function in more than
one type of reaction, thereby giving a com-
plete spectrum of electron-accepting abil-
ity. Similarly, Bronsted acid sites which
are responsible for olefin polymerization,
aromatics alkylation, cumene ecracking,
and possibly pivalaldehyde decomposition
show a spectrum of proton activity for
catalysis.
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