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The catalytic activities and selectivities of two well-characterized samples of eta 
and gamma alumina for several acid-catalyzed reactions were measured, and, from 
the results obtained, it was concluded that the structure of the alumina is an 
important variable controlling its catalytic properties. In general, eta alumina was 
more active than gamma alumina for the double-bond and skeletal isomerization 
of 1-pentene, the cracking of 2,4-dimethylpentane, and the isomerization of p-xylene. 
Comparing the catalytic properties of these two aluminas with those of silica- 
alumina and silica-magnesia suggested that the strengths of the acid sites of eta 
alumina were stronger than those of gamma alumina. 

INTRODUCTION 

A previous paper (1) has described the 
differences in certain surface properties of 
two well-characterized samples of eta and 
gamma alumina and has demonstrated that 
the surface acidity of alumina, as measured 
by ammonia chemisorption, depends, at 
least in part, on the “form” or structure 
of the alumina. Thus, it was found that, 
while the total number of acid sites, that 
is, surface sites capable of chemisorbing 
ammonia, was about the same for both eta 
and gamma alumina, it appeared that the 
acid sites were, on the average, stronger on 
the eta alumina than on the gamma alu- 
mina. This fact suggested that these two 
aluminas would have different activities 
for acid-catalyzed reactions which, in turn, 
would indicate that the “structure” of the 
alumina is an important variable con- 
trolling catalyst activity and selectivity. 
The present paper deals with this latter 
point and reports on the comparative activ- 
ities of eta and gamma alumina in the 
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catalysis of several acid-catalyzed re- 
actions. 

EXPERIMENTAL 

Materials. The source and purification 
of each of the gases used in the present 
work have been described in an earlier 
publication (2). Phillips Pure Grade l- 
pentene, 2,4-dimethylpentane, and p-xylene 
were dried, before use, by contacting them 
with Linde 4A Molecular Sieves. 

The preparation and properties of the 
samples of eta alumina, gamma alumina, 
silica-magnesia, and silica-alumina em- 
ployed in the present research have been 
described in the preceding publication 
(1) . A 60% phosphoric-acid-on-kieselguhr 
catalyst was obtained from Universal Oil 
Products Company and had a surface area 
of 5 m’/g. The aluminum trifluoride cat- 
alyst was prepared by the method of 
Kaiser, Moore, and Odioso (3). It had a 
fluorine content of 67.8% and a surface 
area of 12 m”/g. 

Apparatus. Catalyst activities for pen- 
tene and xylene isomerization were deter- 
mined using an all-glass, gas-flow reactor 
system described elsewhere (2). Reactant 
mixtures were obtained by saturating 
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either an argon-helium carrier mixture 
with 1-pentene at -15°C or argon with 
p-xylene at 22°C and were passed first 
through a preheater and then through the 
reactor. The composition of the exuent gas 
was determined chromatographically. The 
cracking of 2,4-dimethylpentane was car- 
ried out in a fixed-bed, downflow reactor. 
The 2,4-dimethylpentane was introduced 
into the argon carrying gas by means of a 
constant speed syringe drive unit, and the 
reactant stream was then passed through 
a preheater and into the reactor. The liquid 
product was condensed in a series of traps 
at 0” and -78°C and analyzed chromato- 
graphically. 

Procedure. In the majority of the l- 
pentene isomerization activity measure- 
ments to be reported here, 0.5-g samples 
of 50- to lOO-mesh catalysts were packed 
in the reactor and held in place with glass 
wool plugs. Each sample was dried in a 
stream of argon at 25°C for 16 hr before 
being pretreated in the argon stream at a 
selcctccl temperature between 200” and 
900°C for 22 hr. After this pretreatment, 
the pentene-argon-helium reactant mixture 
was passed over the catalyst for 1 hr at 
150°C and a flow rate of 4.8 X lo-” moles 
pentene/min at which time the conversion 
of 1-pentenc was measured. The tempcra- 
ture was next raised to 390°C and after 
1 hr at the same flow rate the conversion 
was again measured. Finally, the flow rate 
was lowered to 1.0 X 10m4 moles/min and 
the conversion after 40 min was deter- 
mined. Occasionally, deviations from this 
standard sequence of operations were made 
for experimental purposes ; these will be 
noted below at appropriate places in the 
text. In all cases, the only reaction prod- 
ucts observed were cis- and trans-2-pentene 
at 15O”C, and 2-methyl-1-butene, 2- 
methyl-2-butene, 3-methyl-1-butcne cis- 
2-pentene, and trans-2-pentene at 390°C. 

The p-xylene isomerizat,ion reaction was 
studied in a similar fashion using l-g cnta- 
lyst samples. These samples were diluted 
to a volume of 12 cc with quartz chips and 
then placed in the reactor between glass 
wool plugs. Pretreatment consisted of heat- 
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ing the catalyst in a stream of argon at 
500” or 900°C for 16 hr. The reactant 
charge was then passed over the catalyst 
at a flow rate of 5 x lo-” moles/min, and 
the exuent gas analyzed at periodic inter- 
vals. The only products obtained at 500°C 
and 1 atm pressure were the isomeric 
xylenes. 

The cracking of 2,4-dimethylpentane was 
carried out, using 12 cc of catalyst, at 
5OO”C, 1 atm total pressure, and a liquid 
hourly space velocity of 1, for a reaction 
period of 1 hr. The pretreatment was the 
same as described above for the p-xylene 
studies. Chromatographic and mass spec- 
trometric analyses of the reaction products 
indicated that the principal (>95%) liquid 
product was the starting material, 2,4- 
dimethylpentane, and, therefore, the con- 
version was simply obtained from differ- 
ence between the amount of liquid charged 
to the reactor and the amount recovered. 

For all the above reactions, the activity 
of the catalyst was expressed as the per 
cent conversion divided by the total arca of 
the catalyst in the reactor. 

RESULTS 

The reactions studied during the course 
of the investigation have all been regarded 
as acid catalyzed (4) and were selected so 
as to reflect a wide range of catalyst acidi- 
ties. They included, in approximate order 
of acid strength requirement, the double- 
bond isomerization of 1-pentene, the skele- 
tal isomerization of 1-pentene, the cracking 
of 2,4-dimethylpentane, and, finally, the 
isomerization of p-xylene. As will be 
shown present’ly, the activit,ies of eta and 
gamma alumina for these reactions differed 
considerably, thereby indicating a corre- 
sponding difference in their surface 
acidities. 

The double-bond isomerization of l- 
pentene was studied over the two aluminas 
at 150°C as a function of the temperature 
at which the alumina had been dried, prior 
t’o use. In general, it was found that consid- 
erable care had to be exercised in order to 
obtain reproducible results. The flow rate 
of the inert gas (i.e., argon) which was 
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passed over the catalyst during the dehy- 
dration, the geometry of the catalyst bed, 

acidic catalysts such as alumina may be 
stereoselective in that the rate of formation 

and the rate of heating of the alumina to of cis-2-alkene may be greater than that 
its final dehydration temperature were all of the more stable tram isomer. The re- 
found to influence the apparent activity of sults of the present study, shown in Fig. 2, 
the catalyst for double-bond isomerization. were consistent with these observations, 
For this reason, the standard experimental and, in agreement with the results of 
procedure outlined in the preceding section Brouwer (8), it was found that the degree 
of this paper was adopted and rigorously of stereoselectivity depended strongly upon 
followed with each sample. By this means the temperature at which the alumina had 
it was possible to obtain consistent and been dried. For comparative purposes, sim- 
reproducible activity measurements. As ilar data were obtained on several other 
will be discussed presently, there was some typical solid catalysts, namely, aluminum 
tendency for alumina samples dried at triffuoride, which has been considered by 
temperatures in excess of 500°C to exhibit some workers to be a Lewis acid when 
a gradual loss of activity with time, but thoroughly dried, supported phosphoric 

FIG. 1. Double-bond isomerization of 1-pcntene 
over eta and gamma alumina at 150°C. 

since catalyst activities were measured at 
relatively short, constant throughputs, this 
aging effect did not have an appreciable 
effect on the comparative activity data. 
These data, presented in Fig. 1, indicated 
that eta alumina was considerably more 
active as a catalyst for double-bond 
isomerization at 150°C than was gamma 
alumina. In general, the activity of both 
aluminas increased with increasing catalyst 
pretreatment temperature, although there 
was some indication of a slight drop in 
activity upon drying at the highest pre- 
treatment temperature (900°C). 

As noted by several workers (6-81, the 
double-bond isomerization of olefins over 

I I I 
25 50 75 

% I-PENTENE CONVERTED 

FIQ. 2. Selectivity of I-pentene to Ppentene 
reaction at 150°C: y-AL08 (e) and q-Al?Os (0) 
dried at 500°C; y-AL02 (m) and rl-ALOI (0) 
dried at 250°C; SiOrALOs dried at’ 250” (A), 
500” (A), and 900 (V) “C; AIFa dried at 500°C 
(0); HIPOrKieselguhr dried at 170°C (a). 

acid, which is a Bronsted acid, and finally, 
silica-alumina, a catalyst which has been 
described as having both Lewis and Bron- 
sted acidity (9). The results, presented in 
Fig. 2, show that the change of stereoselec- 
tivity with the water content of alumina 
was greater than the change obtained by 
varying the chemical nature of the acid 
catalyst. It is interesting to note that al- 
though there was a considerable difference 
in the activity of eta and gamma alumina 
for double-bond isomerization, the stereo- 
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select,ivities of the two aluminas were t’he 
same at each drying t,emperature. 

As indicat’ed above, it was difficult to 
obtain a very high degree of reproduci- 
bility in the measurement of isomerization 
activity of alumina and, as a result, no 
attempt was made to carry out a detailed 
kinetic study of the reaction. A few experi- 
ments were made, however, in which the 
flow rate was varied over a sufficient range 
t’o permit, by extrapolation to infinite space 
velocity, the determination of initial differ- 
e&al reaction rates (TO) for the formation 
of cis-2-pentene (r,‘) and trans-2-pcntenc 
(rt”i. As not,ed by previous workers (5, 8) 
both the cis and the tram isomers were 
obtained as true primary products of the 
react,ion. By varying t,he temperature from 
120” to 18O”C, apparent act,ivation cner- 
gies corresponding to the rates of formation 
of the two isomers (E, and E,) were deter- 
mined, and these data, along with the dif- 
ferential reaction rates, are presented in 
Table 1. The superiority of eta alumina, 
compared to gamma alumina, as a catalyst 
for double-bond isomerization is readily 
apparent, as is also the pronounced stereo- 
selectivity of the reaction. Within the lim- 
its of experimental accuracy, the activation 
energies for cis-2-pentenc formation and 
for trans-2-pcntenc formation were the 
same and did not appear to vary with the 
pretreatment temperature of the alumina. 
The observed activation energies of 12 to 
14 kcal/mole can be compared with the 
value of 12.3 to 14.3 kcal/mole obtained by 
othclr workers (7, 8) in the case of 1-butene 

to 2-but,ene isomerization. It may also be 
mentioned that, over the range of conver- 
sions studied, the isomerization of 1-pentene 
to 2-pentene obeyed first order kinetics. 

As mentioned above, when eta or gamma 
alumina had been dried above 5OO”C, the 
activity for double-bond isomcrization de- 
creased with increasing throughput, in con- 
trast to the constant activities obtained at 
drying temperatures below 500°C. This is 
illustrated by Fig. 3, which presents aging 
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FIG. 3. Double-bond isomerization activity at 
150°C: y-AhO, dried at 500°C (0) and 900°C 
(0); v-Al,O, dried at 500°C (0) and 900°C 
(a) ; HiPOn-kieselguhr dried at 170°C (A) : 
illl?, dried at 500°C (A). 

data for the two aluminas and, in addition. 
provides comparat.ive data for phosphoric 
acid-on-kicselguhr and aluminum trifluo- 
ride. With respect to these latter two cata- 
lysts, it should be noted that while the 
activity of the Bronsted acid, H,PO,, did 
not change with throughput,, the Lewis 
acid, AlF,, aged quite severely. 

TABLE 1 
PEKTENE DOUBLE-BOND ISOMERIZATION R..\TEs .LT 15O’Q 

Catalyst 

y-dl,Or 250 
r-All03 500 
r-Also.? 900 
?-Al,03 250 
s-Al203 500 
v-Al,03 900 
HJ’Oa Ii0 
Si02-A1208 500 

rto x 10” 
(moles/min m2) 

rco x lo* 
(moles/min m2) 

El 
(kcal/mole) 

EC 
(koal/mole) 

0.57 1.02 l-1 14 
2.17 1.25 11 14 

35.0 21 .o - 

3.60 7.25 15 14 
81.0 41.0 12 12 

255 170 - 

930 -167 - 

263 187 6 6 

0 7-10, r,O = rate of formation of trans (t)- and cis (c)-2-pentene. 
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The second reaction included in this 
investigation was the skeletal isomerization 
of 1-pentene, a reaction requiring a stronger 
acidity t,han t,he double-bond isomerization 
(4). The act’ivities of the two aluminas, 
pretreated at temperatures from 400” to 
9OO”C, are given in Fig. 4 for the total 
conversion of 1-pentene to 2-methyl-l- 
butene, 2-methyl-2-butene, and 3-methyl- 
1-butene at 390°C and space velocities of 
0.48 and 0.10 mmoles/min. As in the case 
of double-bond isomerization, eta alumina 
was more active than gamma alumina. 
However, while the activities for double- 
bond isomerization increased continuously 
with temperature of dehydration, the ac- 

FIG. 4. Skeletal isomerization of I-pcntene over 
eta and gamma alumina at 390°C; flow rate = 
4.8 x lo-* moles/min, circles; flow rate = 1.0 X 
10m4 moles/min, squares. 

tivities for skeletal isomerization passed 
through a maximum at a drying tempera- 
ture of 600-700°C. This maximum was 
very pronounced in the case of eta alumina 
and was similar to the maximum previ- 
ously reported by Pines and Haag (10) 
for the isomerization of cyclohexene to 
methylcyclopentene. With gamma alumina 
behavior is quite similar even though the 
maximum seems less pronounced. The 
smaller values obtained with gamma 
alumina make its curve seem flatter. The 
percentage changes are, however, similar. 

It has been noted (11) that when an 

acidic oxide surface, such as silica-alumina, 
is “reduced” with hydrogen at elevated 
temperatures, a finite amount of tenaciously 
held oxygen is removed. The removal of 
this oxygen influences certain surface prop- 
erties of silica-alumina, and, in particular, 
it decreases the extent of formation of radi- 
cal cations of polynuclear aromatics on the 
catalyst surface. This observation sug- 
gested the possibility that an alumina sur- 
face might also be sensitive to treatment 
with hydrogen, and, for this reason, several 
experiments were carried out in which the 
standard pretreatment was varied by in- 
serting between the 16 hr-25°C argon dry- 
ing and a 22 hrd00’C argon drying either 
a 1-hr exposure to flowing oxygen at 500°C 
or a sequence of exposures at 500°C suc- 

TABLE 2 
EFFECT OF PRETREATMENT ON THE CATALYTIC 

ACTIVITY OF ET.% AND GAMMA ALUMINA~ 

Alumina 

Double-bond Skeletal 
isom. activity isom. activity 

PIetreatment at 150°C at 390°C 

Gamma Oxidation 0.37 0.12 
Gamma Reduction 0.74 0.11 
Eta Oxidation 1.84 0.75 
Eta Reduction 2.52 0.84 

a Activities measured at flow rate = 2.9 X lo-’ 
moles/min and given in y0 conversion/m2. 

cessively to oxygen flowing for 1 hr, to 
argon for 11~ hr, and to hydrogen for 1 hr. 
Catalytic activities for the double-bond 
and skeletal isomerization of 1-pentene 
were then determined in the usual fashion. 
The results, given in Table 2, seem to 
indicate that the double-bond isomerization 
is sensitive to the “oxidation state” of the 
alumina surface, while the skeletal isomer- 
ization is not. 

The catalytic cracking of paraffins, like 
the isomerization of olefins, is catalyzed by 
acidic surfaces, such as silica-alumina, but 
requires a ‘Lstronger” acidity than does the 
olefin isomerization (12). As a measure of 
such acidity, the cracking of 2,4-dimethyl- 
pentane was chosen as the test reaction. 
This reactant, because of its molecular 
symmetry, tends t.o crack rather simply to 
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C, and C, fragments without undergoing 
secondary reactions, such as isomerization, 
to any great extent,. The data, given in 
Table 3, indicate, once again, that, eta 

TABLE 3 
CRACKING OF 2,4-DIMETHYLPENThNE” 

cata1yat 
Dryi;FCt)emp. Activity 

(% convorsion/mz) 

7J-Al203 500 0.013 
q-Al?OJ 900 0 
r-Al,Oa 500 0.000 
r-Al,Oa 900 0 
Si02-Al,03 500 0.015 
SO?-MgO 500 0.001 

‘Temperature, 5OO”C, LHSV = 1.0, catalyst 
volume, cc = 12.0. 

alumina, dried at 5OO”C, is a more active 
catalyst than gamma alumina and, in fact, 
compares quite favorably with silica- 
alumina. Gamma alumina, while a rela- 
tively poor catalyst, was, nevertheless, 
more active than silica-magnesia. Upon 
heating to 900°C both aluminas lost their 
ability to crack 2,4-dimethylpcntane at 
500°C. 

The final reaction studied was the isom- 
erization of p-xylcnc. The data obtained 
are plotted in Fig. 5 where it can be seen 
that eta alumina was a more active cata- 
lyst than was gamma alumina. The two 

FIG. 5. Isomerization of para-xylene at 500°C. 
Catalyst pretreatment temperatures given in 
parentheses. 

active catalysts, eta alumina, dried at 
5OO”C, and silica-alumina, dried at 500°C 
exhibited decreasing activity with increas- 
ing throughput. Because of this aging effect, 
eta alumina, which was initially more ac- 
tive than silica-alumina, eventually became 
inactive. As was the case in the cracking 
reaction, heating eta alumina to 900°C 
greatly lowered its catalytic activity. 

DISCUSSION 

The results presented above indicate that 
the two aluminas under consideration had 
different catalytic properties, and, since 
the aluminas were structurally dissimilar 
(I), it is suggested that the structure of an 
alumina can be a significant factor gorcrn- 
ing its catalytic behavior. With respect to 
this point, it should bc mentioned that, 
while Pines and Haag (10) have shown 
that the catalyt,ic activity of alumina can 
be severely modified by relatively small 
amounts of certain impurities (i.e., alkali 
metal ions), the present results cannot be 
explained on this basis since, as shown 
earlier (I), both aluminas were quite pure 
and had essentially the same chemical com- 
position. It has been concluded by other 
workers (13) that silica-alumina is a 
stronger acid than silica-magnesia, and the 
fact that the differences in catalytic prop- 
erties between eta and gamma alumina are 
as great as t,hose between silica-alumina, 
on one hand, and silica-magnesia, on the 
other, agrees with the indication (I), based 
on a somewhat arbit.rary handling of am- 
monia chemisorption data, that eta alu- 
mina has a stronger surface acidity than 
gamma alumina. 

The double-bond isomcrization of ole- 
fins is, perhaps, the simplest acid-catalyzed 
hydrocarbon rcact,ion (4) and proceeds 
readily over most acidic solids under rela- 
tively mild conditions. The catalysis of 
this reaction by alumina has been studied 
by Brouwer (8), who has shown that both 
t’he activity and selectivity of the reaction 
are a function, in.& alia, of the state of 
hydration of the alumina. The present 
work substantiates these observations and, 
in addition, provides some evidence that, 
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while the isomerization activities of vari- 
ous aluminas can differ considerably, the 
over-all mechanism of the reaction may be 
essentially t,he same in each case. This 
latter conclusion is based, in part, on the 
fact that, for a given drying temperature, 
the selectivities of the two aluminas for 
conversion t’o the cis- and trans-2-pentenes 
are the same. If, as suggested by previous 
work (5, 8‘1, the selectivity of the reaction 
reflects its mechanism, then, presumably, 
the mechanistic reaction paths over eta 
and gamma alumina are similar. In con- 
trast to this, the data of Fig. 2 show that 
a change in the chemical identity of the 
catslyst surface and, hence, the nature of 
t,he reactant-cat,alyst interact,ion appar- 
ently causes a change in the selectivity of 
the reaction. Thus phosphoric acid gave 
essentially an equilibrium ratio of cis and 
tram primary reaction products while alu- 
minum trifluoride was strongly cis specific, 
a sit,uat,ion which presumably reflects a dif- 
ference in the over-all mechanisms opera- 
tive in the t.wo cases. It may also be noted 
t,hat the activation energy for double-bond 
isomerization was the same over both eta 
and gamma aluminas, as would be expected 
if these two materials were functioning in 
a mechanistically similar fashion. 

In t.he preceding paper (1) it was shown 
that eta and gamma alumina evolved con- 
siderable amounts of water when heated at 
elevated temperatures and that this dehy- 
dration was accompanied by t,he develop- 
ment of surface acidity, as defined in terms 
of the extent of ammonia chemisorption. In 
particular, it was indicated that gamma 
alumina, after a preliminary drying at 
room temperature, had a water content in 
excess of that of eta alumina, and that it 
was necessary to remove this excess water 
by heating to 200-300°C before appreci- 
able surface acidity was obt,ained. As can 
be seen from Fig. 1 the double-bond isom- 
erizat,ion activity of gamma alumina did 
not become appreciable until the alumina 
was dried at, 3OO”C, while eta alumina was 
active when dried at lower temperatures. 
This observation is consistent with the idea 
expressed earlier (1) that the excess water 

of gamma alumina is associated with the 
surface and, in effect, acts as a catalyst 
poison. During the initial stages of dehy- 
dration the desorption of this water ap- 
parently exposes certain catalytically ac- 
tive sites; as the dehydration proceeds any 
“molecular” water present on the surface 
may participate in the hydroxylation reac- 
tions described by Peri and Hannon (14) 
and further change the acidic properties of 
the alumina; finally, the last stages of the 
dehydration consist of the condensation of 
surface hydroxyl groups (Id), giving rise 
to what has been regarded by some work- 
ers (15) as a highly “strained” and, hence, 
highly reactive surface. Unfortunately, the 
chemical nature of these thermal trans- 
formations of an alumina surface are not 
sufficiently well defined at t,he present. time 
to permit any detailed discussion of their 
relationships to catalyst act,ivity. ’ 

It is interesting to note that the phos- 
phoric acid catalyst, a Bronsted acid, and 
the aluminas dried at 5OO”C, were similar 
in that their activities for double-bond 
isomerization did not vary with through- 
put. When dried at 9OO”C, however, the 
aluminas resembled the Lewis acid, alumi- 
num trifluoride, in that activity decreased 
with increasing throughput. Since it has 
been postulated (10) that alumina surfaces, 
dried at elevated temperatures, may de- 
velop a Lewis acid character, it may be 
reasonable to associate these aging effects 
with Lewis, rat.her than Bronsted acid sites. 
Rooney and Pink (16) have suggested that 
Lewis acid sites are responsible for the 
polymeric deposits or [‘coke” which tend to 
deactivate a catalyst for such reactions as 
cracking and isomerization. 

The skeletal isomerization of 1-pentene 
is catalyzed more by eta alumina than by 
gamma alumina, a fact which presumably 
reflects the stronger average acid strength 
of eta alumina (4). As not,ecl earlier, the 
plots in Fig. 4 of activity versus drying 
temperature are quite similar for the two 
types of alumina if percentage changes are 
considered. 

The facts that. the double-bond isom- 
erization activity of alumina was sensitive 
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to pretreatment, of the surface with hydro- 
gen or oxygen while the skeletal isomeriza- 
tion activity was not, and that t,he activi- 
ties of the alumina for catalysis of the two 
reactions did not, show the same depend- 
ence upon the drying temperature of the 
alumina, indicate rather strongly that t,he 
catalytic requirements were not the same 
for both reactions. Evidently, the double- 
bond isomcrization proceeds, at least in 
part, over sites which are not very active 
in t,he skeletal isomerization reaction, and, 
in terms of t.he classical carbonium ion 
mechanisms for these reactions, those sit’es 
which are active for double-bond isom- 
erization but im&ive for skeletal isom- 
erization are presumably weak acid sites. 
On this basis, if one considers the olefin 
isomerization act,ivity patterns of the two 
aluminas as a function of dehydration one 
concludes that at drying temperatures in 
excess of 500-700°C strong acid sites are 
destroyed while weak acid sites are created. 
For the case of gamma alumina, t,his 
conclusion is qualitatively consistent, with 
earlier data obtained via ammonia chemi- 
sorption (1) wherein it was shown that 
heating t,o 900°C caused a decrease in the 
average acid site strength of the alumina, 
but it is not, compatible with the observa- 
tion (1) that, the strong acidity of eta 
alumina, as defined by ammonia chemi- 
sorpt,ion, was actually increased when it 
was dried at 900°C. Pines and Haag (10) 
concluded from their results that there was 
no correlation between the olefin isomeri- 
zation activity of an alumina and its total 
acidity as measured by the chemisorption 
of a strongly basic nitrogen compound (in 
t,heir case! trimethylamine). The present 
research substantiates t,his conclusion and 
seems to indicate further that the acid site 
strength distribution of alumina as given 
by ammonia chemisorption is not related in 
any simple manner to catalyst activity. 
Perhaps there is some factor other than 
simple acid strength which determines the 
olefin isomerizat,ion activity of alumina, 
but in t’he absence of an established mech- 
anism for the reaction, speculation beyond 
t,his point, does not seem warranted. It, is 

sufficient for present purposes simply to 
point out that the phenomenological rela- 
tionship between ammonia chemisorption 
and olefin isomerization activity is not the 
same with both eta and gamma alumina. 
This is indicative of t,he presence of what 
seems to be a fundamental difference in 
the surface properties of the two aluminas. 

The isomerization of xylene, which is the 
most difficult to catalyze of the three isom- 
erization reactions employed in the present 
study, has been used previously (17, 18) : 
as a measure of catalyst acidity. According 
t.o the carbonium ion mechanism for this 
reaction (4), the initial step involves the 
addition of a proton to the aromatic nu- 
cleus, and experimental data have been 
cited (4, 19) supporting the idea t’hat a 
proton source (i.e., a Bronsted acid) is 
essential to the catalysis. If this concept 
were correct, then, presumably, activity foi 
xylene isomerization would be an indica- 
tion of Bronsted acidity. In order to evalu- 
ate this possibility, several experiments 
were carried out using aluminum trifluo- 
ride, supposedly a Lewis acid, as the cata- 
lyst, and, in each case, rapid isomerization 
of the xylene was observed. This fact, if 
taken at face value, would suggest that. 
contrary to what has sometimes been 
stated in the literat,ure, the presence of a 
protonic acid is not necessary for the cat,al- 
ysis. Unfortunately, the experiment, just 
cited cannot be taken as conclusive since 
the possibility of traces of protonic co- 
catalysts (i.e. water) associated with the 
aluminum trifluoride cannot be excluded. 
Thus it seems questionable at, the present 
time whether any definitive st,atements 
ran be made regarding the xylem isom- 
erization catalysis other than that it appar- 
ently requires a strong acid as evidenced 
by the fact that’, under the conditions em- 
ployed in the present study, silica-alumina 
was an active catalyst while silica-magnesia 
was not. 

As is apparent from the data of Fig. 5, 
the xylene isomerization activity demon- 
strates a sharp distinction between eta and 
gamma alumina in that while eta alumina 
was a very active catalyst, gamma alumina 
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was completely inert. Of particular interest 
is the fact that heating eta alumina to 
900°C caused a great decrease in catalyst 
activity as compared to heating at 500°C. 
If a proton source was, indeed, required for 
catalysis, then this observation would be 
rationalized on the basis that, when heated 
at elevated temperatures, an alumina sur- 
face consists primarily of Lewis-type acid 
sites rather than Bronsted acids, a concept 
which has been advanced by other work- 
ers (10). It will be noticed that eta alu- 
mina, dried at 5OO”C, was even more active 
initially than silica-alumina for xylene 
isomerization, but, at the same time, it 
aged more rapidly, so that after a few 
hours it became less active than silica- 
alumina, and, eventually, it lost all activ- 
ity. This rapid deactivation could be 
associated either with the deposition of 
carbonaceous deposits on the surface of 
the alumina or with the influence of trace 
impurities, especially water, in the reactant 
charge, although every effort was made to 
reduce such impurities to a minimum. In 
any case, it could be postulated that the 
low activity of gamma alumina in this 
catalysis is due to an extreme sensitivity of 
this alumina to the deactivating agent. The 
present study does not really provide any 
experimental clarification of this point, but, 
on the basis of the results obtained with the 
other test reactions, it seems reasonable to 
maintain that the difference between the 
abilities of eta and gamma alumina to 
catalyze the xylene isomerization reaction 
reflects a primary difference in the detailed 
chemical nature of these sites rather than 
in the susceptibility of these sites to cata- 
lyst poisoning. 

As the data in Table 3 indicate, certain 
forms of alumina can function as active 
paraffin cracking catalysts, and, in fact, the 
sample of eta alumina employed in the 
present study compared favorably with 
silica-alumina in this respect. Due to the 
uncertainty which, despite a considerable 
amount of research, still remains as to the 
detailed mechanism of this reaction and, 
in particular, to the nature of the initial 
step, it is not possible to attribute, unam- 

biguously, the difference in the cracking 
activities of eta and gamma alumina to 
any specific chemical feature. The most 
that can be said is that, accepting the usual 
carbonium ion mechanism, the higher ac- 
tivity of eta alumina again reflects the fact 
that it has a stronger acidity than gamma 
alumina ; the chemical nature of this acid- 
ity remains in doubt. Note also that here 
as with xylene isomerization the activity of 
eta alumina is less at 900’ than at 500°C 
while the reverse is true for acid strength. 

In summary, the results of the present 
research demonstrate the possible existence 
of certain basic catalytic differences among 
the various forms of high area aluminas, 
differences which do not seem to be imme- 
diately attributable to the deleterious ef- 
fects of chemical impurities such as alkali 
metal ions. This is not to say that these 
impurities are not an important factor in 
the catalytic chemistry of alumina but 
rather to point out the existence of a sec- 
ond important, and independent, variable, 
namely, the structural form of the alumina. 
The reasons why eta and gamma alumina 
differ catalytically cannot be directly de- 
duced from the present results. Certainly, 
the role of catalyst hydrogen content seems 
an important one, as would be expected 
from the nature of the reactions being 
catalyzed, and it seems reasonable to sup- 

pose that the chemical situation of this 
hydrogen would vary from one type of alu- 
mina to another. Another manner in which 
catalyst structure can influence activity is 
suggested by the studies of Pines and Pillai 
(20) on the dehydration of alcohols over 
various aluminas. These workers have con- 
cluded that in the dehydration of menthol 
and other alcohols, a combination of cata- 
lyst sites acting simultaneously upon the 
adsorbed species is required and that these 
active sites must presumably bear a certain 
geometric relationship to each other in or- 
der to realize maximum catalyst activity. 
It seems reasonable to postulate similar 
geometric requirements for other acid- 
catalyzed reactions. In their consideration 
of the double-bond isomerization of olefins, 
for example, Turkevich and Smith (21) 
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have suggested a mechanism involving the 
simultaneous donation and acceptance of 
protons by the surface. The operation of 
such a mechanism would be expected to be 
strongly dependent upon surface geometry. 
Regardless, howcvcr, of the details of how 
such geometric constraints operate, struc- 
tural factors in catalysis are not unex- 
pccted, and the present results strongly 
suggest the presence of such factors in the 
alumina system. 
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