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The activities of high-purity alumina and those of silica-alumina wcrc compared 
for four types of hydrocarbon conversion reactions. It xvas shown that high-purity 
alumina possesses fairly good activity for butene-1 isomerization but relatively poor 
activity for propylene polymerization at 195°C and for cumene cracking and hesene 
cracking below 400°C. Bbove 4OO”C, high-purity alumina has good cracking activity. 

These observations are explained by assuming the presence of two types of acid 
sites on alumina surfaces-the I,ewis acid sites and the pnssiue Bronsted acid sites. 
The passivity of Bronsted acids is assumed to arise from the combination of protons 
with cationic vacancies on the alumina surface. The dissociation energy of these 
proton-vacancy combinations is estimated to be higher than 0.06 ev. 

INTRODUCTION of our study of four types of reactions, 
High-purity alumina has been USed as a ‘Iame’Y, Pr”PY”ne POIYmerizati”n at 

base for platinum catalysts in petroleum 195”C, cumene cracking, hexene-1 crack- 

refining for a number of years. However, ing, and butene-1 isomerization are re- 

it is only since 1960 (1 j, that its catalytic ported here. 

properties have been systematically eluci- Emphasis in this paper lies on the char- 

dated and documented. It is now well es- acteristics of acid sites on alumina surfaces 

tablished that alumina, when sufficiently as deduced from its catalytic activity. 

pure, is acidic and its acidity is generally Mechanisms of the reactions will be dis- 

characterized as being of the I,ewis type. cussed in later communications. 

Very little has yet been said about the 
presence or absence of Bronsted acidity on EXPERIMENTAL 

the alumina surface. Since, in the case of 
silica-alumina, a number of surface reac- Ma tevials 

tions with carbonium ion mechanisms are Three kinds of alumina, one silica- 
known to be promoted by Bronsted acids! alumina, and one pure silica, were used as 
whether the alumina surface can hold catalysts. Alumina A is the high-purity 
Bronsted acidity is expected to be signifi- variety, prepared as described below. Alu- 
cantly related to its catalytic activity. mina B is less pure. Alumina C is a com- 

In order to gain some insight into this mcrcial variety, Kaiser 101. The silica- 
and related problems, we have studied a alumina catalyst chosen was American 
number of hydrocarbon conversion reac- Cyanamid’s Aerocat, containing approxi- 
tions with alumina as catalyst. These ex- mately 13% alumina. The silica was pre- 
periments were carried out concurrently pared by hydrolyzing distillation-purified 
with parallel experiments with silica- tetraethoxysilane with distilled water. 
alumina and with pure silica. The results The chemicals used were obtained from 
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the following sources : cumene, Phillips’ 
research grade, 99.99+ mole % purity ; 
hexene-1, Phillips’ pure grade, 99 mole % 
purity ; butene-1, Phillips’ instrumental 
grade, 99 mole “/;, purity ; and propylene, 
Phillips’ C.P. grade, 99.0 mole % purity. 
The propylene was further purified by 
passing it through a wash train containing 
aluminum triethyl to remove any oxygen- 
bearing compounds before use. Helium gas 
used in the experiments was dried by pass- 
ing it through a silica gel column. 

Procedures 

(A) Alumina preparation. The hydrox- 
ide of alumina A was prepared by hydro- 
lyzing alumina alcoholate” with distilled 
water (sodium content 0.18 ppm) and of 
alumina B with tap water (sodium content 
108 ppm). The alcoholate used had an 
average chain length of 12 carbon atoms 
and contained approximately 6% alumi- 
num. The hydroxides were dried at 90°C 
in a vacuum oven (13 mm Hg) for 24 hr. 
The dried solids had a water content of 
50% and a total volatile matter of 72%. 
Under X-ray examination, these hydrox- 
ides gave an a-monohydrate diffraction 
pattern. Some of the crystals may be 
pseudo a-monohydratc (s), since upon cal- 
cination (65O”C, 4 hr) the material yielded 
some eta alumina. The calcined material 
has a crystallite size ranging from 3&5OA 
by X-ray measurement and a BET surface 
area of around 280 m”/g. 

(B ) Propylene polymerization. The 
polymerization was carried out statically 
in a Pyrex reactor (total volume 450 ml) 
provided with a magnetic st,irrer. Five 
grams of catalyst was weighed into the re- 
actor and calcined in air in situ at 500°C 
for an hour. The reactor was then cooled, 
immersed in a boiling ethylene glycol bath 
(b.p. 195”C), evacuated, and charged with 
propylene gas to 600 mm Hg pressure 
above atmospheric. The pressure drop was 
then measured at intervals over a period of 
3 hr. 

(C) Cumene cracking. The cracking 

* From Continental “ALFOL” alcol~ol plant 
(2). 

was performed by passing cumene over a 
catalyst bed (0.8 g catalyst) packed in a 
Vycor glass microreactor (12 mm diame- 
ter). The reactor was heated by a vertical 
furnace, and the temperature of the bed 
was controlled to +3”C. The cumene was 
placed in a saturator maint.ained at 0°C 
and was carried over the reactor bed by a 
gentle dried helium gas stream (31 ml/ 
min) . 

All catalysts were precalcined in air at 
650°C for 4 hr before being placed in the 
reactor. They were then heated in situ at 
550°C under a 50 ml/min helium stream 
for 1 hr. When the catalyst was properly 
cooled to the lowest temperature level 
covered in the study, cumene was admitted. 
The product gas from the reactor was led 
through a gas sample loop (5 ml) which 
could be switched from time to time into a 
vapor fractometer for analysis. When the 
product gas composition became reproduci- 
ble, the reactor was heated to the next 
higher temperature level, and the study 
was repeated at that level. 

Two chromatographic columns, a 15-ft 
ResoAex R-728 on 42/60 Tyler support 
column and a 2-ft 100/200 silica gel col- 
umn, were arranged in series. The aliphatic 
peaks were first allowed to travel through 
both columns and come out the silica gel 
column in succession. After the last ali- 
phatic peak was registered, the silica gel 
column was switched out. The conditions 
of analysis (12O”C, 12 psig! and helium 
flow rate 35 ml/min) were adlusted so that 
the aromatic peaks would next come 
through the Resoflex column and were 
registered by the detector directly. All the 
peaks were registered by a thermoconduc- 
tivity cell. 

(D) Hexene-1 cracking. The same mi- 
croreactor was used but in this case hexene 
was fed in as liquid. Catalysts used (2 g) 
were also pretreated as in cumene crack- 
ing. The liquid hexene was fed into the re- 
actor tube by a syringe-type displacement 
pump at a rate of 0.3 ml/min. Temperature 
levels studied include 380”, 425”, 470”, 
500”, and 52O’C. A new catalyst sample 
was used for each temperature level 
studied. 
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The liquid products were removed by a 
water condenser. The gaseous products 
were collected over water. Rates of liquid 
and gaseous product accumulation were 
separately recorded. 

helium, was used as diluent in all these 
analyses. 

Analysis of the gaseous product was car- 
ried out in a vapor fract,ometer. Three 
samples of the same product gas were 
analyzed with different column-detector 
combinations. The first sample was ana- 
lyzed with a 15-ft HMPA (hexamethyl 
phosphoramid) on 60/80 G.C. 22 column 
(28 +- 2”C, 18 psig, nitrogen flow rate 25 
ml/min) and a hydrogen flame detector. 
This gave a general product pattern. To 
resolve ethane and ethylene, a second sam- 
ple was analyzed with a 6-it 100/200~ silica 
gel column (28 f 2”C, 18 psig, nitrogen 
flow rate 25 ml/min) and the same hydro- 
gen flame detector. A third sample was sent 
through a 9-ft 100/200 silica gel column 
(28 * 2”C, 29 psig, nitrogen flow rate 55 
ml/min) and a thermoconductivity cell to 
determine hydrogen. Nitrogen, instead of 

(E) Butene-1 isomerization. The same 
microreactor assembly as in cumene crack- 
ing was used. The catalysts were also simi- 
larly pretreated. A mixture of 30% 
butene-1 in helium was used as reactant 
gas. It was allowed to flow through the 
catalyst bed (1 g catalyst) at, a rate of 
12 ml/min. At each temperature level, the 
reaction was maintained for 50 min to 
achieve a steady state before the product 
gas was analyzed. The analysis was per- 
formed in a vapor fractometer using a 
40-ft AgNO,-benzyl cyanide on 42/60 fire- 
brick column (28 I+ 2”C, psig, helium flow 
55 ml/min) and a thermoconductivity cell. 

RESULTS 

Table 1 gives the impurity contents and 
some physical characteristics of the cata- 
lysts used. 

The activities of various catalysts in 
propylene polymerization is plotted in 

TABLE 1 
VARIOUS CATALYSTS-PHYSICAL PROPERTIES AND IMP~~RITY CONTENTS 

Silica- 
Alumina A Alumina B Alumina C alumina Silica 

Surface area& (m”/g) 
Crystal Form 

Crystallite size (;I) 

Sodium 
Calcium 
Magnesium 

Iron 
Silicon 

Copper 
Nickel 
Chromium 
Tin 
Manganese 
Sulfur 

Physical properties 

280.5 279.2 227.2 
Essentially Essentially Eta and 

gamma, some gamma, some some gamma 
eta eta 
30.7 42.3 45.3 

Impurity contenP (ppm) 

10 1io 3660 
10 2000 1000 
10 200 - 

75 75 50 
40 1000 1000 

10 10 10 
10 10 10 
10 10 10 
10 10 10 
- 10 100 
25 - - 

266.7 411.8 
Amorphous Amorphous 

144 
1000 

100 

505 
- 

10 
100 
200 

10 
10 

1642 

- 

11 
10 
10 

11 
- 

10 
10 
10 

100 
10 
10 

Q By BET nitrogen adsorption. 
* Sodium was analyzed by flame photometer, iron and sulfur by X-ray fluorescence, and the rest by the 

emission spectrometer. 
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FIG. 1. Rate of propylene polymerization (pressure drop vs polymerization time) ; polymerization 
temperature = 195°C. 

terms of pressure drop in Fig. 1. None of in Fig. 2, and some typical product gas 
the aluminas shows much activity in com- compositions are given in Table 2. Cumene 
parison with silica-alumina, although alu- can be easily cracked by silica-alumina, 
mina A appears more reactive than the while with alumina A the reaction does not 
others. start below 400°C. Aluminas B and C and 

Cumene-cracking rate data are presented silica exhibit hardly any activity up to the 

TABLE 2 
TYPICAL PRODUCT GAS COMPOSITION IN CUMENE CRACKING 

Temperature (“C) 
Product (Mole %) 

Hydrogen + methane 
Ethane + ethylene 
Propylene 
Benzene 
Toluene 
Cumene 
Stylene 
Polyalkylbenzene, etc. 

Alumina Alumina 
Aerocat A B A1uCmina Silica 

350” 500” 500” 500” 500” 

11.0 - - - 
0.8 - - 

48.7 11.5 - 
48.4 17.5 - - - 

2.2 - - 
2.9 37.0 100 100 100 

- 9.3 - - 
Trace lo.i - - 

- 
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8 Silica 

Cracking temperature “C 

FIG. 2. Rate of cumene cracking. 

highest temperature covered (545°C). The 
product gases from silica-alumina cracking 
are dominantly propylene and benzene 
with only trace amounts of polyalkyl ben- 
zene present. Alumina A generates more 
complex product gases, as are shown in 
Table 2. 

The rates of hexene-1 cracking are com- 
pared in Figs. 3 and 4. Figure 3 shows that 
for hexene-1 cracking, silica-alumina is 
more active than alumina A and that for 
alumina A, the cracking does not begin 
below 425°C. The rate of cracking on 
alumina A is further examined in Fig. 4 
where the volume of gas generated per unit 
volume of feed is plotted against cumula- 
tive volume of feed passed through the re- 
actor. Fresh alumina shows a high initial 
activity, but the rate soon levels off for 
a certain temperature level of cracking. 
This plot further shows that hexene crack- 
ing does not begin significantly below 
400%. 

Representative product gas analyses are 
given in Table 3. Aerocat gives a typical 
acid cracking pattern with propylene as 
the main product. In comparison, the prod- 
uct gas from alumina contains a good deal 
more hydrogen, more light hydrocarbon 
gases, but less propylene. 

Some of the butene-1 isomerization data 
are shown in Table 4. In addition, the 
composition of the isomerization product 
from alumina A is plotted against equilib- 
rium curves for mixtures of the butene-1, 
cis-butene-2, and trans-butene-2 system 
(4) in Fig. 5. This plot brings forth the 
fact that butene-1 isomerization proceeds 
in several stages. At lower temperatures, 
only the double bond shift occurs, and this 
reaches equilibrium at 200°C. Between 
200” and 31O”C, this equilibrium prevails. 
At 31O”C, isobutylene starts to form 
through skeletal isomerization, and the 
concentration of isobutylene keeps on in- 
creasing with temperature until about 
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FIG. 3. Rate of hexene-l cracking. 

TABLE 3 
TYPICAL PRODUCT GAS COMPOSITION IN HEXENE-1 CRACKINQ AT 500”Cm 

cats1vst 

Aerocat 5tina Mugmina A1uCmina Silica 

Hydrogen 

Methane 

Ethane 
Ethylene 

Propane 
Propylene 

Isobutane 
n-Butane 

Isobutylene + butene-1 
Trans-butene-2 
Cis-butene-2 

Butadiene 

8.2 

5.1 

2.5 
5.6 

3.9 
50.6 

4.1 
0.7 

11.6 
4.3 
3.2 

- 

49.6 

11.1 

2.2 
14.6 

0.6 
9.7 

0.1 
- 

9.4 
1.7 
1.0 

- 

60.1 

12.4 

3.6 
11.2 

0.2 
6.5 

- 

0.1 

3.5 
0.9 
0.6 

0.4 

31.4 

26.6 

14.0 
12.5 

1.5 
8.1 

0.2 
0.1 

2.8 
0.9 
0.6 

1.5 

1.7 

22.1 

13.5 
32.1 

2.7 
20.0 

- 

0.3 

3.6 
0.4 
0.3 

3.3 

o Composition in mole per cent. 

475”C, where cracking begins. Similar plots tion from these plots. In general, silica- 
can be made for the other catalysts, and alumina is more active than alumina A in 
Table 5 summarizes some of the informa- promoting double bond shift reactions at 
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TABLE 4 
PRODUCT COMPOSITION IN BUTENE ISOMERIZATION AT 470”C0 

Catalyst 

Alumina 
Aerocat A A1”gmina A’“Cmina Silica 

Hydrogen and methane 0.5 1.6 - - - 

Ethane 0.1 - - - - 
Ethylene - - - - - 

Propane - - - - - 
Propylene 7.9 3.1 - - - 

n-Butane 0.5 - - - - 
Isobutane 0.8 - - - - 

Butene-1 23.2 20.7 28.0 39.4 87.8 
Trans-butene-2 25.8 27.7 39.8 33.5 5.4 
Cis-butene-2 20.4 20.8 30.4 27.1 6.8 
Isobutylene 20.8 26.1 1.8 - - 

Butadiene - - - - - 

a Composition in mole per cent. 

I I I , I , I 

160 

FIG. 

Milliliters feed passed through the reactor 

Rate of hexene-I cracking (product gas 
generation). 

1 

DISCUSSION 

In contrast to silica-alumina, the activ- 
~~.ity of alumina toward the hydrocarbon re- 

TABLE 5 
BUTENE-1 ISOMERIZATION WITH 

DIFFERENT CATALYSTS 

Temperature where Temperature where 
double bond shift 

reaches eqnilibrium 
skeletal isomerisation 

(“a 
b?qj 

Aerocat 200 310 
Alumina A 200 310 
Alumina B 270 475 
Alumina C 500 545 
Silica - - 

lower temperature levels, although alumina 
A does possess fairly good activity as is 
shown by Fig. 5. These double bond shift 
reactions reach equilibrium at about the 
same temperature for both alumina A and 
silica-alumina (Table 5). Furthermore, 
alumina A seems to yield more isobutylene 
than silica-alumina before cracking begins. 
This is shown in Fig. 6. This latter figure 
also shows that a trace contamination of 
alumina by impurities is quite detrimental 
to its isomerization activity. It should be 
pointed out that the activity of alumina A 
toward but’ene isomerization is very sensi- 
tive to the conditions of calcination, stor- 
age, etc. 
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lsomerization temperoture(“C) 

Fro. 5. Composition of butene-1 isomerization product with alumina A. (Dotted lines represent the 
equilibrium composition in butene-1, tram-butene-2, cis-butene-2 system-after Voge and May, ref. 6). 

lsomerization Temperature (“Cl 

FIQ. 6. Isobutylene in the isomerization product. 

actions studied may be summarized as 
folIows: 

(1) Pure alumina is a relatively poor 
catalyst for propylene polymerization, 
cumene cracking, and hexene cracking 
below 400°C. On the other hand, it 
does possess fairly good catalytic activity 
for butene isomerization. 

(2) Above 4OO”C, pure alumina pro- 
motes cumene cracking and hexene crack- 
ing and its activity increases as tempera- 
ture increases.* 

*Alumina also generates more hydrogen gas in 
its cracking product than silica-alumina. This ia 
due to the presence of dehydrogenation centers 
on the alumina surfaces and will not be discussed 
in the present communication. 

It seems that the first observation can be 
best explained by assuming the presence of 
Lewis acid sites on the alumina surface ; 
below 4OO”C, the catalytic action of alu- 
mina surfaces is essentially attributable to 
these sites. Upon further assuming that 
Lewis acid sites can effectively promote 
butene isomerization but are relatively 
impotent toward cracking and polymeriza- 
tion, which need Bronsted acids, the 
observation on alumina activity as sum- 
marized in statement (1) becomes under- 
standable. 

This latter assumption is seemingly con- 
sistent with the works reported by Holm 
et at. (5), Hansford (6) , and Peri (7). 
Holm et al., working with silica-alumina 
catalysts, demonstrated that a small 
amount of water on the catalyst surface 
drastically enhanced the rates of propylene 
polymerization. A similar dependence on 
water was reported by Hansford for bu- 
tane cracking on silica-alumina. The im- 
portance of Bronsted acids to the polymer- 
ization and cracking reactions has been 
discussed by these authors. On the other 
hand, Peri, from his infrared study, con- 
cluded that butene isomerization on alu- 
mina takes place on Lewis acid sites. 

The second observation, namely, the ac- 
tivity of alumina toward cracking reac- 
tions above 4OO”C, can be best explained, 
we believe, by assuming the presence of 
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passive Bronsted acids on the alumina sur- Following this initial coordination, the ad- 
face in addition to the Lewis acids. This sorbed water molecule may ionize, and the 
passivity is assumed to arise from the com- resulting hydroxyl group may subsequently 
bination of protons with cationic vacancies. locate itself in an anionic vacancy in the 
By further assignment of dissociation en- oxide layer. In the meanwhile, the proton 
ergy values of 0.06 ev, or larger, for these may drop into a cationic vacancy in the 
combinations, the emergence of cracking next lower layer. This may be schemati- 
activity of alumina at 400°C becomes un- cally represented as follows. 

derstandable. Furthermore, it explains why 
cracking reactions on alumina ‘(take-off” 
rather briskly at higher temperatures as is 
shown, for instance, by the rather steep 
rate-vs-temperature curve for cumene 
cracking above 400°C. 

The assumption of the existence of 
passive Bronsted acids on alumina surfaces 
is compatible with the surface structure of 
alumina. From energy considerations (8) ) 
it is generally accepted that the outside 
layer of alumina consists of oxide ions with 
aluminum ions forming the next lower 
layer. This alumina surface is highly de- 
fective. The presence of anionic defects in 
the surface oxide layer and the exposed 
aluminum ions have been discussed by 
Peri (7) ; the presence of cationic vacancies 
has been pointed out by Verwey (9). Ver- 
wey envisioned that y-alumina has a defec- 
tive spine1 lattice and possesses, on the 
average, 211/, cations and 22/3 vacancies 
distributed over 24 definite positions. With 
this background information, one may as- 
sume, parallel to the proposal made for 
silica-alumina (IO), that water will inter- 
act with the Lewis acid sites, most prob- 
ably through coordinat,ion with an exposed 
aluminum ion, which is coordination- 
deficient. Thus 

H H \+/ \ / 0 
y"\ /O\\ 

Hz0 + Alumina + Al Al 

o/ lo/ \,/ \o/’ 

Here, the circles represent the filled lattice 
sites, while the large square represents an 
anionic vacancy and the small square, a 
cationic vacancy. The possibility of pro- 
tons being trapped in vacancies has previ- 
ously been pointed out by Dowden (11). 
These protons, trapped in cationic vacan- 
cies, are passive protons. They are not 
readily accessible to promote surface reac- 
tions unless enough energy has been fur- 
nished such that they can first dissociate 
themselves from the cationic vacancies. 
The thermal energy corresponding to 400°C 
where the cracking activity of alumina 
seems to emerge is 0.06 ev. 

It is not necessary that all the passive 
protons be generated from the interaction 
of water and Lewis acid sites; some of 
these protons could be inherently present 
in the lattice structure (12). 

In connection with the activity of pas- 
sive Bronsted acids, one more piece of evi- 
dence we observed is relevant. Data re- 
ported here on hexene cracking are those 
with liquid feed. When instead of a liquid, 
a helium stream saturated with hexene 
vapor was used as feed, a yellowish con- 
densate began to form on the reactor wall 
near the outlet when the reactor tempera- 
ture reached 400°C. This suggests that 
alumina also promotes olefin polymeriza- 
tion at above 400°C. 

The passive Bronsted acid interpretation 
also explained another observed character- 
istic of alumina which could otherwise be 
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quite puzzling. Although alumina responds 
positively to most of the acid indicators 
(IS), and its acidity can be titrated (14), 
we have found that the acid color on alu- 
mina surfaces disappears completely when 
a trace of water is introduced. Under simi- 
lar circumstances, the acid color persists on 
the silica-alumina surfaces. This indicates 
that on alumina surfaces, Lewis acid sites 
will react with water to form Bronsted 
acids but these Bronsted acids, upon their 
formation, are trapped in the cationic 
vacancies and become inaccessible to reac- 
tion with color indicators. 

The inadequacy of Lewis acid sites on 
the alumina surfaces to promote cracking 
of unsaturates such as hexene and cumene 

Bronsted acids. The other fragment, the 
olefinic portion of the cracking product 
(CH, = CHCH,L), remains bound to the 
surface sites. The subsequent desorption of 
these species and the regeneration of acid 
sites for reuse are possible only by reaction 
with protons, e.g., 

CHz = CHCHzL + H+ ---) CH, = CHCHa + L+ 

Therefore, it seems that the Lewis acid 
alone can only contribute to the initial 
cracking activity of alumina which was in- 
deed observed experimentally (Fig. 4). The 
sustaining cracking activity of alumina, 
however, depends on the activity of passive 
Bronsted acids. 

can now be understood in terms of the 
carbonium ion mechanism. Denoting the 
Lewis acid sites by L+, the cracking of 
hexene may be, in part, formally repre- 
sented as follows: 

CHa - CH, - CH2 - CHa - CH = CH2 -t L+ AN; AS&ON, A. T.,. Chem: Eng. Prbgr. SS; 
85 (1962). 
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