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The microcatalytic technique was used in evaluating the ability of silica-alumina 
and alumina catalysts to crack 2,3-dimethylbutane and to isomeriee cyclopropane; 
observations were also made of the coke formation during cracking and of the 
chemisorption of ammonia at several temperatures. Hydrogen contents (measured 
by exchange with D?) were varied by carefully controlling the dehydration conditions 
and by substitution of fluorine for the hydroxyl groups of alumina. “Base exchange” 
of silica-alumina with alkali metal ions lowered the catalytic activity but did not 
materially affect the hydrogen content. With catalysts dehydrated at temperatures 
above the cracking range, the rate of decomposition of 2,3-dimethylbutane was 
independent of hydrogen content, but the activities of catalysts dehydrated at only 
550” were somewhat higher. With alumina, the specific activities for cracking 
actually increased slightly as the hydrogen content was lowered. Alumina was as 
active as silica-alumina for cracking. Apparently the principal difference in the 
behavior of these two materials is that alumina is more readily poisoned by traces 
of Hz0 and/or reaction products than silica-alumina. Substitution of the hydroxyl 
groups of alumina with fluorine greatly enhanced its activity and otherwise rendered 
it more like silica-alumina. Samples of fairly pure eta and gamma alumina, as well 
as members of a series of mixtures of eta and gamma alumina, were found to vary 
in activity independently of hydrogen content; eta alumina was the more active. 

The amount of ammonia chemisorbed per unit area in the range of 175” to 500” 
was not a function of the catalyst hydrogen content. When the alumina or silica- 
alumina was extensively dehydrated, several times more ammonia was chemisorbed, 
even at 500”, than the amount of residual hydrogen. It is therefore apparent that 
the strong acid sites presumed to chemisorb ammonia are not of the Bronsted type. 

The rate of isomerization of cyclopropane correlated with the hydrogen contents 
of alumina and of silica-alumina catalysts. In both cases, the activities could be 
further increased by added-back water; with silica-alumina, the rate increased 
continuously with Hz0 content, but a maximum activity occurred with alumina. 
As with cracking, base exchange of silica-alumina or substitution of F for OH in 
alumina decreased and enhanced the activity, respectively. Evidently, the two 
reactions proceed by different mechanisms although possibly involving the same 
aprotic sites. 

INTRODUCTION under intensive investigation, it remains 

It is variously thought that the intrinsic unsettled. In earlier work (1-Z) we sought 

acid sites of silica-alumina and alumina and found evidence for strongly electro- 

catalysts are Lewis or Bronsted or that philic centers capable of oxidizing triphen- 
both of these coexist on the same surface. ylmethane to the triphenylcarbonium ion, 
hlthough this matter recently has been and polynuclear aromatic hydrocarbons 
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and phenylated amines to their correspond- 
ing cation radicals. Although t,he exact 
nature of these sites remains open to ques- 
tion (4), it was established that the ter- 
tiary hydride ion from triphenylmethane, 
l,l-diphenylethane, and cumene was trans- 
ferred to the silica-alumina surface ; it was 
not t,ransfcrred to an existing carbonium 
ion nor was H, generated. More recently, 
we examined the hydrogen remaining on 
acidic cat,alysts after evacuation at ele- 
vated temperatures (5) in a starch for evi- 
dence of protonic acidity in t,he total hy- 
drogen content,. The results of this work 
(NMR and kinetic D, exchange studies) 
were ent.irely negative. The indications 
were that t,he hydrogen was more alcoholic 
than acidic in nature. Using the experi- 
mental error to estimate an upper limit,, it 
was concluded t,hat no more than 3 X lOIs/ 
cm’ protons could possibly bc present. The 
present work was carried out, in the same 
vein, using acid-catalyzed reactions as the 
proton probe. 

When the catalytic activity (6), total 
hydrogen content (5), and the n-butyl- 
amine acidity (7) were plotted vs surface 
area for a series of silica-alumina catalysts 
all having the same chemical composition 

but varying in surface area, Fig. 1 resulted. 
Since all three of these properties vary 
linearly with surface area, it follows that 
each will correlate with any other. Such 
corrclat,ions do not necessarily imply rela- 
tionships, however, ad all three properties 
may correspond to different sites which are 
uniformly, but, independently, distributed 
over the catalyst surface. To cst,ablish 
relationships, or lack of them, it, was neces- 
sary to vary t,he hydrogen content at con- 
stant’ surface area and to evaluate the 
resulting cat,alytic activity and abilit’y to 
chemisorb amines. This was the experi- 
mental basis of the present work. 

Reference to Fig. 1 shows that if amines 
are chemisorbed by reaction with catalyst 
protons, as supposed by Hirschler (4) and 
Benesi (71, t,hen roughly one-third of all 
the hydrogen must be acidic. This value 
(5 X lO’~/cm’) is only a little larger than 
the upper limit for protonic acidity men- 
tioned above. The total hydrogen held by 
the solid can readily be lowered below this 
value. 

Until the recent work of Pines and co- 
workers (81, alumina was thought to be 
not as active as silica-alumina for acid- 
catalyzed reactions; to date, few valid 
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FIG. 1. Correlation between acidity, hydrogen cont’ent, or activity for decomposition of 2,3-dimeth- 
ylbutane and surface area. 
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comparisons of these materials exist. Our 
microcatalytic experiments suggest that 
alumina is intrinsically more active for 
cracking t,han silica-alumina, but that it is 
more readily poisoned. Its activity for 
cyclopropane isomerization was, however, 
lower than that of silica-alumina. 

The activity of silica-alumina for crack- 
ing (9, IO), cumene dealkylation (If), and 
propylene polymerization (12) is reported 
to be considerably increased by the addi- 
tion of as little as 0.05% H,O. The effects 
on the exchange reaction between isobutane 
and deuterated cracking catalysts are well 
documented (13-16)) but the chemistry 
involved is not understood. Similar effects 
of water on the rates of cyclopropane isom- 
erization are described herein for both alu- 
mina and silica-alumina. 

EXPERIMENTAL 

Procedures. Except as otherwise noted, 
aliquots of 20-50-mesh fractions of the 
catalysts were sealed into glass (or quartz 
where required) reactors fitted with stop- 
cocks and given a standard pretreatment. 
This involved evacuation for 1 hr at 27°C 
before raising the temperature gradually 
(4.5 hr) to 550”, where it was stabilized; 
the sample was then treated for 2 hr in a 
high flow of 0, and evacuated overnight at 
the same temperature. This procedure was 
intended to free the surface of any ad- 
sorbed organic compounds and to dehy- 
droxylate the catalysts to the same extent 
as in our earlier work (5, 17). For addi- 
tional dehydroxylation, the catalyst tubes 
were surrounded by a linearly programmed, 
rising temperature furnace following t.he 
standard pretreatment, and evacuated as 
the temperature was raised from room tem- 
perature to 700” (5 hr), to 800” (6.5 hr) or 
900” (8 hr) ; the evacuations were contin- 
ued at the final temperature for an addi- 
tional 16 hr. These procedures effected large 
changes in catalyst hydrogen content with- 
out greatly altering the surface areas. As 
required, water was added back to catalysts 
using a procedure of Haldeman and Em- 
mett (15) : After pretreatment, the catalyst 
was allowed to cool in water vapor (25 mm 

Hg) from 550” to a predetermined tem- 
perature at the normal cooling rate of the 
furnace, and then it was evacuated for 1 hr. 
Final temperatures used were 400”, 300”, 
225”, and 150”. 

Duplicate samples were prepared for 
some of the work. The hydrogen content of 
one of these was determined by exchange 
with D, and its surface area was meas- 
ured. This sample was then used for am- 
monia chemisorption measurements and 
discarded. The 2,3-dimethylbutane crack- 
ing experiments were carried out on the 
other sample. Aliquots of this cat.alyst were 
used for carbon analysis (Pregl micro- 
method) and for surface area measure- 
ments (following regeneration in 0, at 
550”). The two surface area measurements 
were always in good agreement; averages 
are reported herein. Occasional redetermi- 
nations of hydrogen contents for samples 
made by a given procedure also agreed 
quite well. Checks on reproducibility of 
activity measurements are not,ed in the 
tables and graphs. 

New and smaller samples were prepared 
for the cyclopropane isomerization experi- 
ments. Hydrogen contents were measured 
before the activity tests were made; surface 
areas were determined after the tests, fol- 
lowing regeneration in flowing 0, (2 hr at 
550”). It was necessary to prepare dupli- 
cate samples for hydrogen content and ac- 
tivity measurements in those instances 
where water was added back. 

The method of catalyst activity evalua- 
tion, using our semiautomatic microreac- 
tors, has been detailed elsewhere (6). Small 
slugs of reactant gas were carried in a He 
stream over catalysts at a series of tem- 
peratures selected to effect from 5 to 85% 
reaction. These tests were repeated in a 
cyclic manner and the fraction of the re- 
actant converted was plotted vs slug num- 
ber. Data taken at the same temperature 
formed curves called conversion isotherms. 
Arrhenius plots could be constructed from 
these data at any particular slug number. 
The slug size was about 8 cc (NTP) for 
cyclopropane and 19 cc (NTP) for 2,3- 
dimethylbutane. The former consisted of 
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pure cyclopropane whereas the latter was a 
helium-hydrocarbon mixture containing 4.3 
ec (NTP) of 2,3-dimethylbutane; this 
mixture was made by saturat,ing a helium 
stream with the hydrocarbon at 18°C. 

Hydrogen contents were calculated from 
the isot,ope dilutions when the catalysts 
were exchanged with D,. As it was known 
(5, 17) that the total hydrogen of alumina 
and silica-alumina could be equilibrated 
with D, in a few hours at 550”, this tem- 
perature was used for most of this work. 
In a few cases, however, the rising tem- 
perature (DHA) method was employed 
(5). In those cases where water had been 
“added-back,” helium was circulated over 
the catalyst (at 550”) and through a liquid 
nitrogen trap, where the desorbed water 
was collected. This water was measured 
in the BET system. The amount so deter- 
mined was then added to the residual hy- 
drogen content measured in the usual way. 
Surface areas could be dctcrmined in situ 
from the adsorption of nitrogen using the 
BET method. 

The ammonia adsorption data were dc- 
termined by the method of Barth and 
Ballou (18). The adsorption at 100 mm 
Hg was measured at 175” and at a series 
of temperatures up to FiOO” ; the path was 
reversible. 

Treatment of data. Franklin and Nichol- 
son (19) reported that the rate of cracking 
of pure paraffins is between first and scc- 
ond order in hydrocarbon pressure. As pre- 
liminary work in our laboratory suggested 
that the decomposition of 2,3-dimethylbu- 
tane was first order with inhibition by 
products, the present data have been 
treated using the first order law. Accord- 
ingly, the data for low and intermediate 
conversions were weighted where necessary 
in the construction of Arrhenius plots; gen- 
erally, however, t,he fit was quite good over 
the whole range. In our earlier work (6), 
we computed activities as per cent conver- 
sions at 525” (as in Fig. 1). Whereas such 
comparisons are valid at a particular tem- 
perature, the temperature coefficient of the 
per cent conversion is not a proper act,iva- 
tion energy (20). Moreover, first-order Ar- 

rhcnius plots were found to provide a bet.- 
ter fit of the earlier data (6) than the 
zero-order law, but the activation energies 
so obtained were from 8 to 10 kcal higher, 
i.e., 230 kcal/mole for catalytic cracking 
over silica-alumina and about 45 kcal/mole 
for thermal cracking. 

In those instances where the conversion 
isotherm is nearly independent of slug 
number (Fig. 2)) the Arrhenius plot will be 

FIG. 2. Conversion isotherms for cracking of 
2,3-dimethylbutane on various catalysts. 

insensitive to where the data are selected, 
and the conversion at a particular tem- 
perature is a measure of the inrinsic activ- 
ity of the catalyst. Where strong poisoning 
occurs, as wit,h the alumina catalysts, this 
is not true and the data must be treated in 
a somewhat arbitrary way. We have elected 
to derive the Arrhenius plots from the data 
at the 25th slug, i.e., after the alumina 
curves have started to flatten. Even so, the 
activation energies derived from t,hese data 
are of questionable validity. The conver- 
sion isotherms from the cyclopropane data 
were generally more horizontal than those 
obtained for cracking (Fig. 2) over the 
same catalysts. The dehydrated aluminas 
poisoned slowly with slug number, whereas 
the conversions for the dehydrated silica- 
aluminas actually increased slightly during 
the first few slugs and then flattened. In 
both cases, the catalysts with added-back 
water were independent of slug number. 

According to Bassett and Habgood (ZW), 
the rate constant product, IcK, can be cal- 
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culated from isot,hermal data for a first 
order microcatalytic reaction according to 
the relation 

kK = (F”/273RW) In [l/(1 - s)], (1) 

where F” is the flow rate in cc (NTP)/min, 
R the gas const’ant,, W t’he catalyst weight 
in grams, and x is the fraction converted; 
Ic is the kinetic factor and K is the cov- 
erage factor of the apparent rate constant. 
These workers also showed how K and the 
heats of adsorption could be determined 
from retention time measurements using 
the catalyst as a chromatographic column. 
In the present work, this technique was 
adopted in order to ascertain whether vari- 
ations in kK corresponded to variations in 
K or in k ; an argon tracer was used as sug- 
gested by Owens and Amberg (21). Reten- 
tion times for cyclopropane could be meas- 
ured with fair accuracy between 0” and 
25°C with the sample size required fo,r the 
isomerization experiment,s (1 cm diam X 
2.5 cm). When the same amount, of catalyst 
was distributed in a long narrow column 
(cu. 4 mm X 27 CID), the retention times 
were not affected. In order to make the 
measurements near 100” where isomeriza- 
tion occurs, it was necessary to use larger 
catalyst weights ; l-cm diameter tubes of 
appropriate length were used for this work. 
All of these results were in fair agreement 
when normalized to unit surface area. 

Catalysts. The silica-alumina prepara- 
tions were made from a single batch of 
Houdry M-46 catalyst (12.5% Al,O,). The 
pellets were crushed and sieved, and the 
20-50-mesh fraction was retained. Portions 
of this were “base-exchanged” by soaking 
in solutions of KOAc and Ba(OAc),, re- 
producing the procedure of Haldeman and 
Emmett (15) ; a control was prepared by 
soaking in distilled water. The control 
(SA) was further modified by dehydroxyla- 
tion in uc(cz~~o to several temperatures in 
excess of the standard pretreatment tem- 
perature (550”) as described above. The 
base-exchanged catalysts were given only 
the standard pretreatment. These samples, 
KSA-1, KSA-2, and BSA, contained 0.25, 
0.53, and 0.41 meq of potassium (K) and 

barium (B) per gram of catalyst, respec- 
tively. Spark spectra analysis of the con- 
trol indicated the presence of 0.1% Fe, 100 
to 300 ppm of Na, Ti, and Zr, and smaller 
amounts of ot.lier elements. 

The data shown in Fig. 1 were collected 
from a series of preparations made from a 
Houdry S-65 catalyst. The procedures used 
to vary the surface area, the hydrogen con- 
tents, and activities are described elsewhere 
(5, 6). The n-butylamine titrat,ion data 
were determined by the method of Benesi 
(7)) titrating to the butt,er-yellow endpoint. 

The control alumina, A, was a very pure 
material furnished by the MK Research 
and Development Co., Pittsburgh, Pa. Its 
preparation and properties are described 
elsewhere (17). X-ray measurements of the 
alumina hydrate and of samples removed 
on heating it in steps to 650” indicated that 
the finished catalyst was probably a mix- 
ture of eta and gamma alumina. The fluo- 
rided alumina (FA) was from the same 
source (17) ; it was made by soaking Cata- 
lyst A in 0.035 M TransistAR Grade H,F,. 
Acid, equivalent to 1.5% F, was present; 
1.22% was found by quantitative analysis. 
Spark spectra analysis revealed that these 
preparations had total metallic impurity 
levels of less than 50 ppm. Catalyst A was 
further modified by dehydroxylation to 
elevated temperatures in the same way as 
the silica-alumina series. Very little trans- 
formation occurred on heating to 700” or 
800”) although some tendency to form 
theta alumina was evidenced at the higher 
temperature. The bulk of the material was 
transformed in the 900” sample. Theta 
alumina is an anhydrous phase ; its forma- 
tion is probably unavoidable when alu- 
minas are extensively dehydroxylated. 

Samples of eta and gamma alumina (62, 
23) were furnished by Dr. D. S. MacIver 
of the Gulf Research & Development Co.; 
these are designated as VA and yA, respec- 
tively. Samples of mixed bayerite-boehmite 
(or a pseudoboehmite) preparations were 
supplied by M. M. Stewart of GR & DC. 
X-ray measurements indicated approxi- 
mate compositions of 2570, 50%, 75%, and 
1007, bayerite; these preparations are des- 
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ignated by s-BA. They were converted to 
the mixed eta and gamma aluminas by 
heating in air to 550°C in a muffle furnace 
at its normal heat,ing rate (216 hr, includ- 
ing 4 hr above 5000). Since Baycrite trans- 
forms into eta alumina and boehmite into 
gamma alm~iina under these conditions, the 
catalysts, a:: tested, should be mixtures of 
eta and C~~IJ)Y ,,~a alumina of approximat~ely 
the same composition. All of these ma- 
terials were reasonably pure. The principal 
impurities in VA and y-4 were 100 and 250 
ppm Cu, 5 and 100 ppm Na, respectively, 
and about 1,50 ppm Fe and 200 ppm Si in 
each. The BA series was somewhat less 
contaminated. The worst case (50% BA) 
contained 160 ppm Fe, 250 ppm Cu, and 
250 ppm Jig. 

Reagents and gases. The helium-carrying 
gas was from Airco (nominal purit’y 99.997 
mole ‘/(‘I, It was passed through an acti- 
vated charcoal trap (50 g) thermostated at 
-195” before use. Linde oxygen (99.9% 
pure) was passed through a glass-wool- 
packed, dry-ice trap to remove water. The 
cyclopropwne was obtained from the Ohio 
Chemical (I Surgical Equipment Co.; it 
had a nominal purity of 99.5c/c, the princi- 
pal impurities being propylene and H,. To 
insure removal of tracts of H,O and other 
oxygenated compounds, it was passed 
through a column of NaH. Only traces of 
propylene and butane appeared when this 
gas was chromatographed. Phillips pure 
grade 2,3-dimethylbutane was also passed 
over NaH. Its purity exceeded 99 mole s; 
only the parent peak appeared when chro- 
matographcd. The D, (General Dynamics 
Co.) was purified by diffusion through a 
Pd thirnbl(~. The NH., was triply distilled. 

REX-LTS 

The data from t,he cracking experiments 
over silica-alumina catalysts are compared 
with the corresponding hydrogen contents 
and ammonia adsorptions in Table 1. Suf- 
ficient cat,alyst was used in each experi- 
ment to fill the 7-W volume of the quartz 
reactor. The surface areas (Column 4) 
decreased by only about 20% during the 
dehydroxylation to elevated temperatures ; 

the areas of the base-exchanged catalysts 
also fell wit,hin the same range. The hydro- 
gen contents (Columns 8 and 9) could be 
decreased by a factor of 20 by dehy- 
droxylation at elevated tcmpcrature, but 
were unaffected by base exchange (15). 
The decrease effected by raising the dehy- 
droxylation t,emperature to 700” was ac- 
companied by a corresponding tlccreasc in 
rate (Columns 5 and 6) ; further dehydrox- 
ylation had lit#tle effect. The effects of base 
exchange with K- were unmist,akable. The 
activities of these catalysts were evidently 
not directly related to their hydrogen 
contents. 

Similar results and conclusions may be 
derived from the data for the alumina 
preparations listed in Table 2. Here the 
activity increased, if anything, with in- 
creasing dchydroxylation. Moreover, the 
eta alumina (although somewhat more 
pure) was considerably more active than 
the gamma form, a conclusion which was 
generally reinforced by the results from the 
mixed eta and gamma aluminas derived 
frorn the mixed bayerite-bochmite com- 
post,ions and by the work of MacIver et al. 
(22, 23). These activity variations were 
not accompanied by corresponding altera- 
tions in hydrogen content. Nor was the re- 
activity of the hydrogen noticeably differ- 
ent ; rising temperature D, exchange 
(DHA) curves (5) from the several forms 
were indistinguishable. Finally, the fluo- 
rided alumina had a lower hydrogen con- 
tent and yet a much higher activity. (The 
high activit’y of Alon-C also may be at- 
tributed to small amounts of halide.) 

Plots of the ammonia chemisorption vs 
temperature were slightly convex toward 
the T axis. Values taken at 175” and 500°C 
are listed (Columns 10 and 11) in Tables 1 
and 2 for the silica-alumina and for some 
of the alumina catalysts. Straight lines 
drawn between these points would provide 
an est,imatc of the original data. When cor- 
rected for variation in surface area (Col- 
umns 12 and 13), the ammonia adsorption 
is seen to be independent of the catalyst 
hydroxyl content. Base exchange of the 
silica-alumina catalysts lowers the am- 
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monia chemisorption, particularly at 500” 
but not to an extent comparable with the 
decrease in activity. Similarly, the differ- 
ence in ammonia chemisorption behavior 
reported by MacIver, Tobin, and Barth 
(23) for the eta and gamma. alumina of 
Table 2 is much too small to be correlative 
with the activity change shown in Table 2. 
It is significant that when the catalysts 
were dehydrated at the highest tempera- 
tures, the amount of ammonia adsorbed 
considerably exceeded the remaining hy- 
drogen (hydroxyl groups). 

At the end of the cracking experiments, 
the helium carrying gas was allowed to 
flow for several hours at 525”. Any hydro- 
carbon left adsorbed after this treatment 
was defined as coke. This was determined 
and divided by the number of slugs passed 
in the duration of the experiment (between 
40 and 50 in all cases). These data are 
listed in the last column of Tables 1 and 2. 

Some typical conversion isotherms are 
shown in Fig. 2. The data for the two alu- 
mina catalysts were taken at almost the 
same temperature as for the silica-alumina 
catalyst. It can be seen that whereas alu- 
mina appears to be intrinsically more ac- 
tive than silica-alumina, it poisons more 
readily. Moreover, since SA has the larger 
surface area, the difference in the specific 
intrinsic actlvlties is more pronounced than 
indicat,ed. Had these catalysts been tested 
in the steady state, however, the specific 
activity of SA probably would have been 
found greater than that of A. The much 
higher activity of the fluorided alumina is 
indicated by the much lower temperature 
required; similarly, the lower act,ivity of 
the base-exchanged catalyst is reflected by 
the higher temperature. 

The poisoning rate of the alumina cata- 
lysts correlated inversely with hydrogen 
content; the ratio of rate constants for the 
5th and 26th slugs fell from about 2.6 for 
the catalyst given the standard pretreat- 
ment to 1.6 for the catalyst dehydrated at 
900”. When this is taken into account, it is 
evident that the intrinsic specific activity 
is approximately constant for this series of 
catalysts. 

The rate of isomerization of cyclopro- 
pane correlated with the hydrogen contents 
of both silica-alumina (Fig. 3) and alu- 
mina (Fig. 4) catalysts. The hydrogen con- 
tent was varied in two ways, i.e., dehy- 
droxylation at increasing temperatures 
(open points) and by adding back water 
(solid points) following the standard pre- 
treatment. The data were further extended 
by lowering t,he pretreatment temperature 
to 450”. An activity maximum appeared 
with alumina but not with silica-alumina. 
It should be noticed, however, that it was 
not possible to achieve the same high hy- 
droxyl concentrations with the latter. Sur- 
face area determinations were made on 

FIG. 3. Effect of water content of silica-alumina 
on the rate of isomerization of cyclopropane. 
Temperatures of dehydroxylation or treatment 
with water are shown. 

Catalyst A, before and after adding back 
water at 150”; the values were identical 
within experimental error. Therefore, the 
decrease in activity beyond the maximum 
cannot be attributed to loss of surface. 

Base exchange of silica-alumina de- 
cidedly reduced its activity. In terms of the 
rate constant plotted on Fig. 3, BSA, 
KSA-1, and KSA-2 yielded values of 0.038, 
0.025, and 0.0015 X 10e8 mole atm-l set-’ 
m-*, respectively. The lowered rate con- 
stant was at least partially attributable to 
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FIG. 4. Effect of water content of alumina on the rate of isomerization of cyclopropane. Tempera- 
tures of dehydroxylation or treatment with water are shown. 

a higher activation energy; the values for 
these three catalysts were 30, 25, and 25 
kcal/mole, respectively. All of the remain- 
ing silica-alumina catalysts fell in the 
range 18 & 3 kcalmole. The lowered ac- 
tivity of KSA and BSA could not be at- 
tributed to a decrcasc in catalyst hydrogen 
content as values of 1.4, 1.2, and 1.2 X 10’” 
OH/cm” were found for thcsc catalysts. 
These values are almost identical with 
those found for the controls (550’ points 
of Fig. 3). Similarly, the fluorided alumina 
was much more active than its controlj 
whereas its hydrogen content was lower. 
Extrapolated to the conditions of Fig. 4, 
the rate constant of FA was 1590 X lo-” 
mole atmm’ set-’ rn’. In t,his connection, 

FA was more like silica-alumina than alu- 
mina. Catalysts FA and SA effected com- 
parable conversions nearly 100” below the 
temperature required for Catalyst. A. (Note 
that, the data of Figs. 2 and 3 are rate 
constants at 127” and 227”C, respectively.) 
These activity changes appeared to cor- 
relate with higher act.ivation energies over 
alumina (24 + 4 kcal/mole) than over 
silica-alumina or fluorided alumina (15 
kcal/mole). 

The sample size for the cyclopropane 
experiments was about 1 g; for the crack- 
ing experiments, 3 to 4 g was used. It was 
found that hydrogen contents of the 
smaller samples were consistently lower 
for a given pretreatment procedure (com- 
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pare abscissas of Figs. 3 and 4 with the 
data of Tables 1 and 2). This probably 
indicates that the catalysts were not uni- 
formly dehydrated; there may be consid- 
erable variability in the surface density of 
hydroxyl groups from one part of the bed 
to another, or even within a single particle. 

Since the rate constant product kK 
varied significantly with the cat.alyst water 
content, it was deemed desirable to sepa- 
rate this narameter into the kinetic factor 

and in the larger diameter tubes used in 
the isomerization experiments. The lowest 
curve was drawn through the data from 
the sample dehydrated at 900” and the 
middle curve through data for the st,andard 
pretreatment; all of the data for the l-g 
samples fell between these limits. The dif- 
ference between the two lines, a factor of 
1.8, was not nearly large enough to account 
for the 25-fold change in rate. The adsorp- 
tion heats derived from the lines, 5.3 and 

lc and the coverage factor, K. This was 5.7 kcal/mole, respectively, were 

o Dehydrated at 700°C; 6.09 Sample 
II 8OOOC; II II 

0 Hz0 Added-Back at 150” 
Q II II II I’ 225O 
. II 0, II I( 4000 

A Standard Pretreatment 
B II 11 , Elongated Bed 

n Dehydrated at 7OO’C 
v II (1 9oo”c 
0 Silica Gel 

only 

22 I I I I I I I I I I I I I 
2.7 2.0 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.6 3.3 4.0 4.1 

lOOO/T,‘K-’ 

Fig. 5-Effect of Pretreatme daxption of Cyclopropone 

FIG. 5. Effect of pretreatment of silica-alumina on the adsorption of cyclopropane 

accomplished by retention time measure- 
ments as suggested by Bassett and Hab- 
good (20). Our results are collected in Fig. 
5, where the data have been normalized to 
unit surface area. Several sets of data are 
presented. Those associated with the lower 
two curves (lower temperatures) were ob- 
tained from samples identical with those 
used in the isomerization experiments. 
‘These data include: SA with the standard 
pretreatment, SA dehydrated at 700” and 
900”, SA with “added-back” water, and 
silica gel. The geometry appeared to make 
little difference. Identical results were ob- 
,tained from l-g samples in capillary tubes 

slightly greater than the heat of vaporiza- 
tion (5.2 kcal/mole) of cyclopropane (24). 

When the sample size was increased to 
6.4 g so that the retention times would be 
measurable in the temperature range where 
isomerization occurs, consistent findings 
resulted, but normalization to unit surface 
area was insufficient to bring these into 
perfect agreement with the remaining data. 
The upper line was drawn through the 
points for the catalyst with highest hydro- 
gen content and its slope corresponds to a 
heat of adsorption of 5.6 kcal/mole. Ross 
et al. (25) reported heats of physical ad- 
sorption of cyclopropane on graphite of 5.5 
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and 6.0 kcal/mole between -29” and 
130°C. It follows, therefore, that physical 
adsorption is being mcasurcd on silica- 
alumina and this is supported by the fact 
that properly normalized data from silica 
gel fall onto the same curve. Silica gel was 
not a catalyst for this reaction ; no isom- 
erization occurred t,o 540°C where the ther- 
mal reaction first became evident. Hence, 
these measurements do not correspond to 
the active chemisorbed intermediate. The 
isomerization may take place on a number 
of active sites which is small compared 
with the total adsorption, and the heat of 
adsorpt,ion on these sites is probably much 
greater than the heat of vaporization. This 
is illustrative of the hazards involved in 
the use of the chromatographic method 
(66) for the measurement of catalytically 
meaningful heats of adsorption.* Neverthe- 
less, the data of Fig. 5 do indicate that the 
increasing activity with catalyst hydrogen 
content is a real catalytic effect and is not 
associated with the chromatographic prop- 
crties of the catalyst. 

DISCUSSION 

In the present, work, means were found 
to lower the hydrogen content of silica- 
alumina and alumina catalysts by more 
than an order of magnitude without a cor- 
responding decrease in surface area. This 
dehydroxylation had little effect on the 
ability of the cat,alyst. to chemisorb am- 
monia between 175” and 500°C or to crack 
2,3-dimet~hylbutane. In agreement with the 
data of Fig. 1, the ammonia chemisorbed 
on catalysts pretreated in the standard 
way amounted to a large fraction of the 
total hydrogen present. When the hydrogen 
content was lowered, however, the am- 
monia chcmisorption did not follow; in 
fact, the chemisorption considerably ex- 
ceeded the total hydrogen content when 
the latter was decreased by ten-fold. It is 

* Note Added in Proof. J. J. Carberry [(Nature 
189, 391 (1961)l has shown that the lowest value 
of the rangr of heats of absorption, which are 
operative, will generally be determined by this 
method. Thus, in most cases, a catalytically mean- 
ingful heat cannot he derived. 

therefore evident that not’ all t,he sites 
which chemisorb ammonia are protonic as 
frequently supposed by workers who have 
attempted to titrate the acidity using the 
amine-indicator method (4, 7). It is also 
apparent that the correlation bctwcen n- 
butylaminc adsorption and hydrogen con- 
tent,, suggested by the data of Fig. 1, does 
not stem from a direct relationship; rather, 
it implies that both the amine adsorption 
sites and the catalyst hydroxyl groups are 
more or less uniformly distributed over the 
total catalyst surface. The available data 
are consistent with the view, but do not 
prove, that the sites which chemixorb am- 
monia are responsible for the cracking 
activity. 

According to Peri (27), ammonia is 
chemisorbed on alumina in two ways. Am- 
monia molecules are held on Lewis acid 
sites and surface NH, and OH groups are 
formed in a process similar to rehydration 
of the catalyst; NH,+ was not observed. 
Ammonia was largely removed from Lewis 
sites by evacuation to 5OO”C, but t,he NH, 
groups were stable to much higher tem- 
peratures. Generally, raising the dehydra- 
tion temperature to higher and higher tem- 
peratures tended to favor the ammonolysis 
process. Accordingly, it might be expected 
that the ammonia chemisorption on alu- 
mina at 500” in the present work resulted 
largely from ammonolysis of t,he surface 
and that the chemisorption at 175” was 
the sum of this and the ammonia held by 
coordination to Lewis sites. If this were 
the case, however, the chemisorption at 
500” should have incrcascd with the extent 
of dchydroxylation, because as water was 
removed from the catalyst, more dual 
acid-base sites of the type pictured by 
Peri were presumably created. Reaction of 
these sites wit.11 ammonia should lead to 
increasing amounts of surface NH, with 
increasing dehydroxylation. The invariance 
of the NH, chemisorption with extent of 
dehydroxylation is in better accord with 
the view that the adsorption is nonspecific, 
i.e., that an NH, molecule will adsorb on a 
given site on the surface in the one form or 
the other, depending upon the environment. 
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With dehydrated silica-alumina, Eischens 
and Pliskin (28) found relatively weak 
infrared bands at 3.2 and 6.9 p which they 
ascribed to NH,+ ; they concluded, however, 
that most of the ammonia was chemisorbed 
on Lewis sites. Nicholson (S9), on the other 
hand, estimated that the ratio of Lewis to 
Bronsted sites was nearly 3/2. As shown in 
Tables 1 and 2, the ammonia adsorption is 
little influenced by the hydration state of 
the catalyst, being similar in this respect 
to the cracking activity. Certainly most of 
the ammonia which is chemisorbed on the 
catalyst dehydrated at 900°C cannot be 
held as NH,+. Another feature of interest 
is that the amounts of ammonia chemi- 
sorbed are nearly ten-fold larger than the 
number of strong acid sites (5 X 1012/cm2) 
estimated from the chemisorption of trityl 
derivatives (1) and by titration with CO, 
(29). As a completely satisfactory inter- 
pretation cannot yet be given, these ques- 
tions obviously deserve further attention. 

Alumina and silica-alumina are quite 
similar with respect to both ammonia 
chemisorption and cracking activity. The 
former, which appears to be intrinsically 
the more active, also chemisorbs more 
ammonia. Alumina is currently considered 
to be a strong Lewis acid by most workers. 
The data provide no reason to suppose that 
the cracking mechanism is any different 
over alumina than over silica-alumina. In 
fact, different forms of alumina differ from 
each other in activity by as much as they 
differ from silica-alumina. It therefore 
seems safe to assume that the primary act, 
in paraffin cracking over both substances is 
carbonium ion formation by hydride ion 
abstraction (1). Bronsted acidity, if pres- 
ent, is important only in secondary reac- 
tions with the olefins formed in the primary 
cracking reactions. 

In contrast to our results, Peri (SO) re- 
ported that over alumina the rate of 
double-bond isomerization increased as the 
catalyst was dehydroxylated. Similarly, 
Hindin and Weller (S1) found that the 
rates of ethylene hydrogenation and H,- 
D, exchange increased over alumina with 
dehydroxylation. Kaliko (32) showed that 

lowering the structural water content by 
calcining a silica-alumina cracking catalyst 
resulted in a maximum activity for cumene 
dealkylation for a sintering temperature of 
approximately 800°C. It is curious that 
these reactions should proceed at higher 
rates when the hydrogen content is lowered 
whereas the rate of cracking of a paraffin 
molecule is relatively unaffected and the 
activity for cyclopropane isomerization is 
lowered. Dehydroxylation might be ex- 
pected to increase the number or accessi- 
bility of Lewis acid sites, but evidently this 
does not occur. As shown by Hall (5) and 
Basila (SS), however, hydroxyl groups 
adjacent to aluminum atoms tend to be 
preferentially removed when catalysts are 
evacuated for a few hours at 550°C. As 
postulated by Peri (29), the dual acid-base 
site resulting from dehydroxylation may 
be important for double-bond isomeriza- 
tion, hydrogenation, and other reactions, 
which may not involve carbonium ion 
intermediates. 

Base exchange of silica-alumina lowers 
the ammonia chemisorption but not in pro- 
portion to the decrease in catalyst activity. 
Base exchange does not alter the catalyst 
hydrogen content. This raises the question 
as to what is meant by ‘(base exchange.” In 
the literature, with cracking catalysts as 
well as with clays, it is usually supposed 
that a metathesis has taken place between 
the alkali metal ions of an aqueous solu- 
tion and the protons of the catalyst surface. 
On this basis, the proton concentrations of 
BSA, KSA-1, and KSA-2 should have been 
lowered by 1.1 (0.55 for HOBa+), 0.64 and 
1.35 X 10’4/cm2, respectively. These values 
are of the same magnitude as the hydrogen 
content of the control catalyst (SA), yet 
there was no noticeable decrease in this 
quantity. It therefore seems reasonable to 
suppose that anions were incorporated into 
the catalyst along with the cations. This 
might lower the number of acid sites 
and/or effect a decrease in the strength of 
those remaining, as required by the data of 
Hirschler (4). It should be noted in this 
connection that the anion removed from 
solution will be that which is the most 
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strongly adsorbed, i.e., KOH may be re- 
moved from a solut.ion of KC1 because the 
hydroxyl ion ‘Yits” the surface lattice much 
more readily than a chloride ion. Cook et 
al. (40) reached this same conclusion a 
decade ago. The over-all effect is not easily 
distinguishable from the metathesis men- 
tioned above. 

The transformations which occur on 
“base exchange” can best be understood by 
considering the reverse process in the crys- 
talline zeolites. Here, aluminum is tetra- 
hedrally coordinated (formally AlO,-) in a 
silica structure; a univalent cation, or its 
equivalent, is required to balance the 
charge. The NH,+ ion, when present, may 
be decomposed into H+ and NH,, which is 
removed from the lattice site. The proton 
formed is unstable; it combines with a lat,- 
tice O’m to form OH-. This, in turn, is lost 
from the catalyst by dehydroxylation on 
heating to elevated temperatures, and trig- 
onally coordinated aluminum ions (Lewis 
acid sites) result. Base exchange of silica- 
alumina reverses these steps. Similarly, it 
is the restoration of tetrahedral coordina- 
tion which is the driving force for the 
chemisorption of nitrogen bases and for 
carbonium ion formation. 

Our cyclopropane result,s agreed quite 
well in general with those of Bassett and 
Habgood (20). The data fitted the first 
order law as shown in their Figs. 2 and 3. 
They reported 19 kcal/mole for the ap- 
parent activation energy over a Linde 
molecular sieve 13X (Na form) in the 
temperature range 263378°C; this value 
is in agreement with that of Roberts (34) 
for a silica-zirconia-alumina catalyst be- 
tween 100” and 135”. We obtained 16 f 1 
kcal/mole for SA regardless of the extent 
of dehydration, but when water was added 
back, 20 f 1 kcal/mole was obtained. KSA 
and BSA yielded 25 and 30 kcal/molc, 
respectively. The results from the alumina 
catalyst,s were more erratic but fell in the 
same range. The center line of Fig. 5 may 
be reduced to 

K = 1.2 X lo-‘” exp (5700/ZZT) mole 
atm-l m--2 (2) 

or 

K = 3.0 X 1OP exp (5700/RT) mole 
atm-’ g-l (3) 

This may be compared with the result of 
Bassett and Habgood, i.e., 

K = 1.7 X 10-xexp (llOOO/RT) mole 
atm-’ g-’ (4) 

Evidently, the heat, of adsorption on the 
molecular sieve exceeds that of physical 
adsorpt.ion. Bassett and Habgood con- 
cluded that the t,rue activation energy for 
their catalyst was 19 + 11 = 30 kcal/mole. 
The catalyst studied in the present work 
which most closely approximates their 
sieve was KSA; the true activation energy 
from our data is 25 + 6 = 31 kcal/mole. 

The cyclopropane results presented in 
Figs. 3 and 4 are generally consistent with 
either the Bronsted acid mechanism sug- 
gested by Roberts (34) or the concerted 
hydrogen transfer mechanism postulated 
by Schissler, Thompson, and Turkevich 
(35) for the double-bond isomerizat.ion of 
butene-1, i.e., 

c-C~H~ + H+ -+ CH,-CH,-:H, 
-+ CH,-CH=CHz + H+ (5) 

or 

Recent tracer data (36) do not support 
either of these ideas and, in fact, rule them 
out unless the number of protons (act’ive 
hydrogen atoms) is very much less than 
the hydrogen content (~lO’~/cm’) as 
measured by D,, viz., ~lO”/cmy. Thus, 
although the surface hydroxyl groups may 
function as sites for isomerization, they 
evidently do not enter chemically into the 
reaction, as indicated by Eqs. (5) and (6). 
Consequently, it seemed reasonable to sup- 
pose that the enhancement of the rate with 
increased hydroxyl concentration was ef- 
fected through an increased surface con- 
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centration of the chemical intermediate. 
The retention time measurements of Fig. 5 
were made to test this postulate, but failed 
to provide the desired information as 
the chemisorbed species was not meas- 
ured. Therefore, this remains an active 
possibility. 

The only really convincing evidence for 
the existence of Bronsted acidity on silica- 
alumina catalysts is the observation (37, 
38) that the pyridinium ion forms spon- 
taneously following pretreatment similar 
to that used in the present work; Basila 
(38) concluded that approximately equal 
numbers of pyridine molecules were con- 
verted to pyridinium ions and bonded to 
Lewis sites, (i.e. N 101”/cm*). After weigh- 
ing the evidence, Basila concluded that a 
strong Bronsted acid was not present 
initially. When a base adsorbs on Lewis 
sites, however, hydrogen bonding occurs 
between the adsorbed base and adjacent 
hydroxyl groups. Depending upon the 
strength of the Lewis acid-Lewis base 
interaction, this hydrogen bonding may 
result in hydrogen atom transfer to the 
adsorbed Lewis base with a concerted elec- 
tron transfer to the solid as the coordinate 
covalent bond is broken. In this way, the 
pyridinium ion forms. This picture is sup- 
ported by Hall’s observation (2) that the 
triphenylamine radical ion readily forms 
on the silica-alumina surface. Presumably, 
a classical carbonium ion could form from 
an adsorbed olefin in t,his way, as a 
transient species. In the isomerization of 
cyclopropane, either the induced Bronsted 
acid is not important to the mechanism or 
else only a very small fraction of the tot,al 
hydrogen atoms is involved, e.g., those hy- 
drogens adjacent to Lewis sites strong 
enough to chemisorb cyclopropanc. It is 
important to note that the maximum 
amount of hydrogen so involved is tenfold 
less tha.n the number of pyridinium ions 
formed (38). These questions are dealt 
with more comprehensively elsewhere (36). 

This picture has the advantage of con- 
sistency with informat’ion that is otherwise 
difficult to rationalize. Thus, Lewis acids 
are always present. and are the sole re- 

quirement for initiation of paraffin crack- 
ing. On the other hand, an induced Bronsted 
function may be attributed to the catalyst 
in situations where it is required by the 
mechanism, e.g., in the cracking of olefins 
or in the dealkylation of cumenc. Ammonia 
and pyridine adsorb on Lewis sites and are 
hydrogen-bonded to a portion of the other- 
wise inert hydroxyl groups; with pyridine, 
detectable amounts of pyridinium ion re- 
sult. The effect of base exchange is not a 
metathesis with catalyst protons but an 
incorporation of a basic oxide into the 
catalyst structure resulting in a decrease 
in Lewis acidity, i.e., a reduction in the 
strength as well as the number of Lewis 
sites. In this way, t,he ammonia adsorption 
may be reduced by only a factor of two 
while the activity for hydrocarbon reac- 
tions may be lowered by many times. This 
is analogous t.o the leveling of an acid by 
a strong, but not by a weak, base. In the 
case of cyclopropane, the hydrogen bond- 
ing to the chemisorbed hydrocarbon in- 
creases the polarization of the molecule 
and may enhance the rate without actual 
proton transfer. It may also be that car- 
bonium ion formation by hydride abstrac- 
tion from this molecule is favored over 
proton transfer. A favored interpretation 
of our tracer data (36) involves a bimolec- 
ular mechanism in which the adsorbed 
cyclopropane is released from the catalyst 
surface either as propylene or as exchanged 
cyclopropane as another molecule is 
chemisorbed. 
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