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In Part I the thermodynamics of ammonia adsorption on eleven silica-alumina 
gels ranging from pure alumina to pure silica was presented. In this paper, thermody- 
namic quantities are shown to correlate qualitatively with catalytic reactions occur- 
ring on these materials. The catalyst compositions showing highest activity for 
acid-type reactions are those possessing the highest differential surface entropies, 
indicating mobile adsorption. 

I. INTRODUCTION 

The importance of acid-type catalysts in 
petroleum processing has stimulated a con- 
siderable amount of research on the adsorp- 
tive and acid properties of solid surfaces 
and the correlation of these properties with 
catalytic activities (l-12). 

A previous paper (13) in this series pre- 
sented thermodynamic data for the adsorp- 
tion of ammonia on eleven silica-alumina 
gels ranging from pure alumina to pure 
silica. In this paper the activities of these 
catalysts are given for the reactions: n- 
octane cracking, propylene polymerization, 
o-xylene isomerization, hydrogen transfer 
(1-butene-decalin), and H-D exchange. 

II. EXPERIMENTAL 

Catalyst preparation. The silica-alumina 
compositions were coprecipitated from solu- 
tions of sodium silicate and sodium alumi- 
nate as described previously (12). Silica gel 
was made by a similar procedure from 
sodium silicate. Alumina was obtained by 
heat treatment of high-purity p-alumina 
trihydrate from Davison Chemical Corpo- 
ration; the resulting material was v-alu- 
mina. All adsorbents were heated in granu- 
lar form for 16 hr at 550°C in a stream of 
dry air and stored prior to use under dry 

conditions. Surface areas and other proper- 
ties are given in a previous publication 
(13) * 

Apparatus and procedures. The appara- 
tus employed for the o-xylene isomerization 
and the n-octane cracking tests was basic- 
ally the same as that used for studying 
propylene polymerization, described previ- 
ously (14). It consisted of a 16-mm outside 
diameter glass react,or, furnace, tempera- 
ture controller, a feed buret for liquids or 
flow meter for gases, and conventional 
product-collection accessories appropriate 
to the reaction being studied. In each of 
the above tests, 10 ml of catalyst was 
employed. 

Normal octane cracking tests were car- 
ried out at 550°C and a liquid hourly 
space rate of one with a run duration of 
1 hr. The o&o-xylene isomerization tests 
were 1-hr runs at 350°C with a liquid 
hourly space rate of two. The hydrogen 
transfer reaction between decalin and l- 
butene was carried out at 340°C a liquid 
hourly space rate of decalin of 1.6 and a 
gaseous hourly space rate of 1-butene of 
350, as described in a previous publication 
(15). Propylene polymerization tests were 
carried out, as previously described, in a 
rising-temperature reactor with a gaseous 
hourly rate of 250. The results are reported 
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for the temperature of maximum conver- 

sion which was approximately 210°C for 
all catalysts. The hydrogen-deuterium ex- 
change tests at 2OO’C have been described 
previously (16). The hydrogen transfer and 
hydrogen-deuterium exchange data repre- 
sent tests made on a different series of 
silica-alumina catalysts but which were 
prepared by the same procedure described 
above. 

III. RESULTS AND DISCUSSION 

The results for propylene polymerization, 
hydrogen transfer, and H-D exchange, re- 
ported previously (14, 15, 16), are included 
here along with new information on n- 
octane cracking and o&ho-xylene isomer- 
ization. In Fig. 1, the conversion per square 

that L% isotherms start at low values at low 
coverages, rise rapidly, level out, then fall 
if adsorbate-adsorbate interaction occurs. 
The maximum value attained by &- varies 
with silica-alumina composition and is a 
measure of the maximum mobility attained. 

In Fig. 2, the difference between maxi- 
mum s‘, (at 150°C) and the calculated 
differential entropy (g&J of an ideal two- 
dimensional gas at the same concentration 
and temperature is plotted against silica- 
alumina composition. This is equivalent to 
adjusting entropies ideally to a standard 
surface state with the calculated entropy 
&, as the zero of reference. (The data for 
this curve were taken from the original 
plots of Fig. 6, Part I (13). The curve in 

FIQ. 1. Activity vs. silica-alumina composition. 

meter of catalyst surface for each of the 
five reactions is plotted against catalyst 
composition. All of the reactions except 
H-D exchange behave similarly. Conver- 
sions show maxima between 70 and 85% 
silica, fall off sharply on the high-silica 
side and more gradually on the low-silica 
side. They can be related to the differential 
entropies (SF) of adsorbed ammonia re- 
ported in Part I (IS). There it was shown 

Fig. 2 shows the same general pattern as 
the curves in Fig. 1. Plots of (max. $& - 
srrn) at other temperatures are relative to 
the plot at 150°C shown in Fig. 2. They 
differ by the addition of approximately 
3-4 entropy units to the ordinate value of 
each point for each increase of 50°C in 
temperature, as may be seen from Fig. 6, 
Part I (IS). 

Provided ammonia molecules reflect the 



same relative adsorption characteristics as 
other electron-donating adsorbates, it is 
reasonable to infer that carbonium ion 
reactions such as propylene polymerization, 
xylene isomerization, hydrogen transfer, 
and n-octane cracking proceed most rapidly 
in the neighborhood of weak sites where 
the mobility of adsorbate is high and de- 
sorption of products is rapid. It should be 
stressed that the correlation obtained be- 
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same relative adsorption characteristics as approached. We believe that in the region 
other electron-donating adsorbates, it is to the left of the maximum the over-all 
reasonable to infer that carbonium ion reaction is a composite of reactions favored 
reactions such as propylene polymerization, by weak sites (alkane scission, etc.) and 
xylene isomerization, hydrogen transfer, those favored by strong sites (alkane dehy- 
and n-octane cracking proceed most rapidly drogenation and dehydrocyclization). Close 
in the neighborhood of weak sites where to the pure alumina axis, the concentration 
the mobility of adsorbate is high and de- of strong sites with adsorption entropies 
sorption of products is rapid. It should be for ammonia less than those of an ideal 
stressed that the correlation obtained be- two-dimensional gas increases rapidly. 

approached. We believe that in the region 
to the left of the maximum the over-all 
reaction is a composite of reactions favored 
by weak sites (alkane scission, etc.) and 
those favored by strong sites (alkane dehy- 
drogenation and dehydrocyclization). Close 
to the pure alumina axis, the concentration 
of strong sites with adsorption entropies 
for ammonia less than those of an ideal 
two-dimensional gas increases rapidly. 

FIQ. 2. Relative maximum mobility of adsorbed ammonia (max A%,-!?~,) vs. silica-alumina com- FIQ. 2. Relative maximum mobility of adsorbed ammonia (max A%,-!?~,) vs. silica-alumina com- 
position. 

tween entropy and catalytic activity does 
not prove conclusively that reaction pro- 
ceeds on the weak sites. This is an inference 
that will require further work to prove. 

Conversions for the H-D exchange reac- 
tion behave differently (Fig. 1). Highest 
conversions are obtained in the high- 
alumina region. Since H-H and D-D bonds 
must be broken for this reaction to pro- 
ceed, high concentrations of strong adsorp- 
tion sites are probably required. This is in 
agreement with the data presented in Part 
I (IS) where it was shown that there is a 
rapid increase in the concentration of 
strong sites as the composition approaches 
that of pure alumina. We have no clear ex- 
planation for the small loop between 0 and 
10% silica. The presence of this loop has 
been verified repeatedly. 

Figure 1 shows a sharp rise in the con- 
version of n-octane as pure alumina is 

Conversion by dehydrogenation and dehy- 
drocyclization increases correspondingly. 

In Fig. 3, information is presented on the 
changing nature of the products formed 
from n-octane cracking as a function of 
silica-alumina composition. The mole ratio 
of isoalkenes to n-alkanes (C,-C5) reaches 
a maximum at approximately 80% silica 
where the concentration of weak sites (mo- 
bile adsorption) is high. The mole ratio of 
olefins to alkanes (C&-C,) reaches a mini- 
mum at the same point. The ratio is sig- 
nificantly below unity at this point, indi- 
cating that some of the olefins formed by 
scission of n-octane have been used up in 
further reactions. At the high-silica end, 
beyond the minimum, the olefin: alkane 
ratio rises steeply. The total conversion of 
n-octane is very small in this region be- 
cause of the low concentration of adsorp- 
tion sites on these compositions. A large 



NATURE OF SILICA-ALUMINA SURFACES 19 

part of the conversion is thermal. At the that the n-octane curve in Fig. 1 assumes 
high-alumina end, the ratio drops. This is the character of the H-D curve near the 
attributed to increase in production of alumina axis where dehydrogenation and 
aromatics as shown in Fig. 3 by plots of dehydrocyclization play a more prominent 
the mole ratios of aromatics: n-octane role in the various reactions of n-octane 
cracked and hydrogen: n-octane cracked. cracking. It will also be noted in Fig. 1 

The data plotted in Fig. 3 are based on that the reactions of propylene polymeriza- 
runs at constant space velocity and tem- tion and hydrogen transfer do not fall off 
perature and represent a range of conver- as rapidly in conversion as ortho-xylene 
sions. The general shapes of the selectivity isomerization on the alumina side beyond 

FIG. 3. Mole ratios showing variation in hydrogen formation, ratio isoalkanes to n-alkanes, ratio 
olefins to alkanes, and ratio aromatics to n-C8 cracked in n-C8 cracking over silica-aluminaa. 

curves with their maxima and minima are 
not critical with respect to conversion level. 
For example, when the conversions of the 
high-alumina catalysts (9-300/o SiOZ) are 
increased until they are equal to those of 
catalysts containing higher silica contents 
(5&850/o SiO,), the selectivity ratios are 
not changed by more than lo%‘,, approxi- 
mately. The selectivities shown are not due 
to kinetic effects dependent on conversion 
levels, but are primarily functions of the 
catalyst composition. 

Of all the reactions that show maxima at 
the high-silica end in Fig. 1, &ho-xylene 
isomerization follows the entropy curve of 
Fig. 2 in detail better than the others. We 
can only speculate about the differences in 
detail at present. It is interesting to note 

the maximum. Possibly the former reac- 
tions do not depend strictly on the weak 
sites alone. For example, propylene chains 
may grow on strong sites as long as there 
are sufficient weak sites from which ad- 
sorbate can be fed rapidly to the growing 
chains. Conversions would still decrease 
with decreasing concentrations of weak 
sites, but not so rapidly. Ortho-xylene 
isomerization, on the other hand, presuma- 
bly is a monomolecular reaction whose rate 
is more strictly a function of the weak 
sites alone. 
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