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The acid catalyzed cracking of isobutane over a silica-alumina catalyst and several zeolites 
was studied. The activity of these catalysts, for whatever reason, increased in the order silica- 
alumina < H-ZSM-5 < H-Y < H-M, i.e., the same order found in a closely related study of 
neopentane. The higher the activity the lower was the temperature required to achieve a given 
conversion, the higher was the paraffin-to-olefin ratios, and the greater was the isomerization of 
iso- to normal hydrocarbons. It was demonstrated that with all these catalysts two primary reac- 
tions occurred resulting in the formation of CH, and H2 and concomitantly the t-butyl and isopropyl 
cations. The latter either desorbed as the corresponding olefins or underwent secondary reactions. 
So long as the latter were relatively unimportant the C, + C, hydrocarbons formed nearly equaled 
the isobutane reacted. However, the sum of the CH4 and H, produced was generally less than this 
value. Evidently hydrogen transfer is more important in the conversion of isobutane than of 
neopentane. This chemistry is discussed. D 1988 Academic PXSS, I~C. 

INTRODUCTION 

The mechanism of paraffin cracking re- 
mains, even after many years of industrial 
application, a controversial subject (1-17). 
The most argued matters include the nature 
of the initiation step and whether or not the 
protolysis of a C-C or C-H bond may play 
a role in the initiation of the reaction or as 
an alternative pathway of cracking (11-19) 
as it does in superacid systems (20). 

In a recent study (21) we have demon- 
strated that the protonation of a C-C bond 
of neopentane is the preferred pathway to 
crack this paraffin, producing CH4 and t- 
C.+H$ in the primary reaction step. This car- 
benium ion either decomposed to form iso- 
butene or reacted further (by secondary 
processes) to yield expected products. Its 
stability varied with the acidity of the cata- 
lyst. This reaction was studied on a variety 
of solid acids ranging from silica-alumina 
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to a very active, slightly dealuminated, 
mordenite. 

Isobutane cracking has been advocated 
as a useful probe for the characterization of 
solid acids (11). This small paraffin contains 
one tertiary C-H bond which is more labile 
than the primary C-H bonds of neopentane 
and therefore offers an alternate point for 
proton attack and subsequent propagation 
steps. Other authors have explored the re- 
actions of larger paraffins containing ter- 
tiary hydrogens with similar objectives (13, 
14). 

McVicker et al. (II) noted that the prod- 
ucts formed in the primary step of the 
cracking of isobutane were identical with 
those formed in the homogeneous gas- 
phase free radical reactions. On this basis, 
they suggested that the reaction was initi- 
ated by an electron transfer from isobutane 
to an electron acceptor site which was said 
to be present on the surface of solid acids. 
The radical ion formed was then supposed 
to decompose into CH4, HZ, and the corre- 
sponding carbenium ions, the remaining 
chemistry following from this. This idea is, 
therefore, an alternative to the concept of a 

565 
0021-9517188 $3.00 

Copyright 0 1988 by Academic Press, Inc. 

All rights of reproduction m any form reserved. 



566 LOMBARDOANDHALL 

primary protolysis forming H2 and the t-bu- 
tyl cation or CH4 and the isopropyl ion as 
described by Haag and Dessau (14) and by 
ourselves (21). Isobutane, however, was 
not the reactant in either of these works. 
One of the present objectives was to dis- 
criminate between these possibilities. 

Grady and Gorte (22) concluded that sta- 
ble carbenium ions were formed on adsorp- 
tion of t-butanol and other aliphatic alco- 
hols at room temperature on H-ZSM-5 and 
most recently Zardkoohi et ~1. (23) have 
presented a 13C MASNMR spectrum show- 
ing a peak at 250 ppm downfield from TMS 
attributed to the partially shielded isopro- 
pyl ion. The corresponding ions are stable 
in “magic acid” (20) and this is in accord 
with the observations of McVicker et al. 
(II) that ultrastable Y-zeolite acts as a su- 
peracid in the reactions of the 2-methylpen- 
tenes. In their work a flow reactor was 
used; complete mass balances could not be 
obtained; e.g., H2 could not be determined 
quantitatively during the cracking of isobu- 
tane. In the present work this difficulty was 
circumvented by using pulse or static ex- 
periments. Thus, we have extended our 
previous work (22) so that the decomposi- 
tion of isobutane can be compared with that 
of neopentane over the same set of cata- 
lysts and some additional perspective shed 
on the work of McVicker et al. 

EXPERIMENTAL 

Catalyst preparation and pretreatment. 
The commercial silica-alumina catalyst 
(Houdry M-46) was from the same batch 
used in many of our earlier studies. Two 
samples of H-ZSM-5 were used. One was 
obtained from the Pittsburgh Energy Tech- 
nology Center and had a Si/Al ratio of 74. 
The other was a gift from Mobil Oil Corp. 
with a Si/Al ratio of 34.7. The Linde Y- 
zeolite was dealuminated to match its Si/Al 
ratio with that of a very active slightly 
dealuminated mordenite. Thus, the exten- 
sive factors of the acidity of these two ma- 
terials should be similar although the inten- 
sive factors may be very different. The 

starting materials for the preparation of 
these catalysts were the Linde LZY62 and 
the Norton Z900H. The former (NH4NaY) 
was first calcined in a static muffle furnace 
for 2 h at 540°C and then twice exchanged 
by refluxing in 0.9 M NH4N03 (200 g zeo- 
lite/liter solution) for 1 h; this process was 
repeated. The resulting material was then 
heated to 815°C for 2 h in a static muffle 
furnace; its Si/Al was 2.65. This material 
was then further treated with 1 .O M HCI for 
2 h, resulting in Si/Al = 8.1. The mordenite 
as received had SilAl = 5.9. It was refluxed 
for 2 h with 4 M HN03 and then thoroughly 
washed with deionized water to increase its 
Si/Al ratio to near that of the H-Y. The 
physicochemical data of the catalysts are 
given in Table 1. In neither case was the 
extralattice alumina completely removed. 

Preliminary tests revealed that the results 
were insensitive to treatment temperatures 
between 400 and 500°C; i.e., the reaction 
product distributions were not significantly 
different. Therefore, following the condi- 
tions most often reported in the literature, 
all the catalysts were calcined in flowing 
dried O2 for 1 h at 500°C (70 ml/min) fol- 
lowed by evacuation to less than 10m5 Tot-r 
during another hour. 

Reactants. Research-grade isobutane, 
neopentane, and n-butane were employed. 
The He carrier gas was passed through a 
Matheson Purifier; its maximum impurity 
level was determined to be <I ppm. The 
hydrogen was diffused through a palla- 
dium-silver alloy thimble. 

Reaction procedures. The catalytic ex- 
periments were performed in either the 
pulse or the batch mode using the same 
glass system as that described previously 
(21). Provision was also made for the in situ 
treatment of the catalyst in flowing gas. 

Hydrogen measurements. Hz was re- 
moved from mixtures of hydrocarbon gases 
as follows. In a typical experiment the gas 
to be analyzed was first passed through an 
empty glass bead trap at -195’C which re- 
moved all the products but CH4 and HZ, 
The latter were quantitatively adsorbed 
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TABLE 1 

Physicochemical Properties of the Catalysts 

Si02-A1203 H-ZSM-S(74) H-ZSM-5(35) H-Y(8.1) H-M(7.3) 

Chemical analysis 
SiOz (%) 87.5 98.9 97.6 90.2 88.7 
Ah@ (%) 12.5 1.1 2.4 9.3 10.1 
(Al atoms/g) X lO-*O 14.8 1.3 2.8 11.0 11.9 
SiiAl (chemical) 5.9 74 34.7 8.1 7.3 
Si/Al (framework) - 74 35 13 11 

Pore volume (cm3/g) 0.6 0.10” (0.2) 0.18” (0.2) 0.28” (0.3) 0.21 (0.2) 

Source of the Houdry PETC Mobil Linde Norton 
starting material (M-46) LZY62 Z-900H 

0 Calculated from oxygen saturation adsorption values; expected values from crystal structure are indicated 
between parentheses. 

from the effluent He stream onto a SA mo- 
lecular sieve trap at the same temperature. 
The second trap was then transferred to an- 
other glass system in which CH4 and HI 
were separated chromatographically and 
the latter was converted to water before 
passing through a TCD detector. The accu- 
racy of these determinations was estimated 
to be -5%. 

Residue (coke) measurements. These 
were made in an attached glass circulation 
system using 200 Torr O2 at 500°C. The COP 
and Hz0 were removed from the circulating 
gas in a U-loop trap cooled to - 195°C. The 
CO1 could be released at -78°C and the 
Hz0 retained. Thus, these gases could be 
separated and each of them transferred and 
measured in a gas burette. After a given 
kinetic experiment the reactor was evacu- 
ated to -5 x 10M5 Torr at the reaction tem- 
perature before admitting the oxygen. 

RESULTS 

Pulse expenments. Tables 2 an d 3 show 
the product distributions obtained when 
1.54 x lOI9 molecules of isobutane were 
passed over 400 mg of catalyst in a purified 
He carrier gas stream (90 cm3/min) at low 
or higher conversion, respectively. Note 
the much lower temperature, 200 vs 4Oo”C, 
required to limit the conversion on the very 
active H-mordenite (Table 2). The product 

distributions obtained at higher conversions 
and temperatures are shown in Table 3. An- 
other catalyst has been included here, viz., 
H-ZSM-5(74), whose behavior fits in be- 
tween those of silica-alumina and H-ZSM- 
5(35) as expected. Both silica-alumina and 
H-ZSM-5 yielded C3 and C4 olefins as pri- 
mary products. 

If the primary reactions are protonation 
of a carbon-carbon single bond yielding 
CH4 and the isopropyl cation or a carbon- 
hydrogen bond forming H2 and either a t- 
butyl or a sec.-butyl ion, the mass balances 
work out remarkably well in most cases; 
i.e., the sums of the C3 + Cq products are in 
fair agreement with the amounts of isobu- 
tane converted, and the CH4 formed in 
most cases bears a reasonable resemblance 
to the total C3 fraction. The results are of 
course disguised by products formed in sec- 
ondary reactions. That oligomerization oc- 
curs is indexed by the appearance of 
pentanes in the products and by paraffin-to- 
olefin ratios greater than zero. The data 
suggest that the extent of these reactions 
was small with silica-alumina and H-ZSM- 
5, but became important with H-Y and es- 
pecially with H-M. Of course, some of 
these products are the result of secondary 
cracking of oligomers. 

It was not possible to determine the 
amount of H2 formed in the pulse experi- 
ments with satisfactory accuracy because 
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TABLE 2 

Isobutane Cracking over Solid Acids (Conversion <5%)0 

Si02-A1203 H-ZSM-5(35) H-Y(8.1) H-M(7.3)h 

Reaction temperature (“C) 400 400 400 200 
Conversion (%) 0.8 1.0 2.3 3.1 

Molecules x 10-i’ or (molecules formed/l00 molecules reacted)’ 
Isobutane converted 1.2 - 1.5 - 3.6 - 

Methane 0.0 (0) 0.4 (27) 0.6 (17) 
Ethane + ethene 0.1 (8) 1.2 (80) 0.2 (6) 
Propane 0.1 (8) 0.0 (0) 0.5 (14) 
Propene 0.2 (17) 0.5 (33) 0.7 (19) 
n-Butane 0.0 (0) 0.0 (0) 0.4 (15) 
Isobutene 0.8 (70) 0.3 (20) 0.9 (25) 
n-Butenes 0.2 (17) 0.1 (7) 0.4 (15) 
Pentanes 0.0 (0) 0.0 (0) 0.6 (10) 

Cs + C4 1.3 (108) 0.9 (45) 2.9 (80) 
c&- 0.4 - 0.0 - 0.7 - 
c&- 0.0 - 0.0 - 0.4 - 

4.8 - 
6.4 (133) 
0.2 (4) 
2.2 (46) 
0.0 (0) 
1.2 (25) 
0.0 (0) 
0.0 (0) 
0.2 (4) 
3.4 (71) 
co- 
rn- 

0 Pulse reactor, 400 mg of catalyst; pulse size 1.54 x lOi molecules. He carrier flow rate 90 cm’imin. 
b These are data from the first pulse. This catalyst showed pronounced deactivation with pulse 

number. The amount of residue formed is not included in the isobutane converted because it was below 
detection limits. 

c Molecules formed per 100 molecules of isobutane reacted are shown in parentheses. 

TABLE 3 

Isobutane Cracking over Solid Acids (High Conversion)” 

Si02-A&O3 H-ZSM-5(74) H-ZSM-S(35) H-Y(8.1) H-M(7.3)b 

Reaction temperature (“C) 500 500 500 500 400 
Conversion (%) 7.4 10.9 18.0 16.3 86.0 

Molecules x 10-l’ or (molecules formed/l00 molecules reacted)c 
Isobutane converted 11.4 - 16.7 - 27.8 - 25.2 - 132.3 - 

Methane 1.6 (14) 9.5 (57) 14.8 (53) 5.5 (22) 34.5 (26) 
Ethane + ethene 0.2 (2) 0.8 (5) 9.9 (36) 3.5 (14) 12.4 (9) 
Propane 0.0 (0) 0.9 (5) 2.9 (10) 5.5 (14) 132.1 (100) 
Propene 2.1 (18) 8.6 (51) 15.1 (54) 7.6 (30) 0.0 (0) 
n-Butane 0.4 (4) 0.5 (3) 0.4 (1) 3.4 (13) 15.5 (12) 
Isobutene 5.8 (51) 3.6 (22) 3.0 (11) 3.6 (14) 0.5 (0.4) 
n-Butenes 3.0 (26) 2.8 (17) 2.3 (8) 2.3 (9) 0.3 (0.2) 
Pentanes 0.0 (0) 0.0 (0) 0.0 (0) 2.4 (10) 1.9 (14) 

c3 + G 11.3 (99) 16.4 (98) 23.7 (85) 22.4 (89) 148.3 (110) 
c3/c:- 0.0 - 0.1 - 0.2 - 0.7 - m - 
c4/c:- 0.1 - 0.1 - 0.1 - 0.6 - 21 - 

a Reaction conditions, see Table 2. 
b Same as in Table 2. 
c Same as in Table 2. 
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of the small amounts of isobutane reacted. 
The methane production in molecules 
formed per 100 molecules reacted was suffi- 
cient to account for 15 to 60% of the pri- 
mary reaction. In the batch experiments 
(see below) comparable amounts of H2 
were determined. Hence in the activation 
of isobutane, hydride transfer to smaller 
carbenium ions, e.g., the isopropyl cation, 
is more important than that with neopen- 
tane (21). This was not unexpected since 
the latter contains only primary C-H bonds 
whereas isobutane has a tertiary one. 

The hydrogen transfer activity became 
important with H-Y (C3/Cr and Cd/CT 
approached unity) but over H-M the effect 
was dramatic. In all cases most of the i- 
butane converted can be accounted for by 
the (C, + C,) products. In contrast with our 
neopentane results (21), however, in all 
cases except for H-M the amounts of CH4 
produced were much smaller than those of 
the reactant converted. 

To explore further the chemistry of hy- 
dride transfer the paraffiniolefin ratios were 
determined over a wide range of tempera- 
tures (200-500°C). The data are shown in 
Table 4. Interpretation is complicated 
somewhat by the fact that the isopropyl cat- 
ion is a primary product whereas the sec.- 
butyl ion is not. A clear trend can be seen 
only for H-M, and these data are remark- 
ably similar to those reported earlier (21) 
for neopentane. 

In order to check for the possible effect 
of diffusion limitations in the smallest pore 

zeolite, H-ZSM-5, the reactivity order of 
neopentane, isobutane, and n-butane was 
determined on both this catalyst and H- 
M(7.3). The reaction conditions were the 
same for the three reactants. On both cata- 
lysts the reactivity order was neopentane > 
isobutane + n-butane, coincident with the 
electron donor ability of the (r-C-C and U- 
C-H bonds of these paraffins. This crude 
test indicates that the extent of transport 
limitations in H-ZSM-5 was not large 
enough to disguise the activity data. How- 
ever, it may affect the extent of secondary 
reactions. 

Batch experiments. A static system was 
used to obtain easily measurable amounts 
of HZ at the same reaction temperature with 
all the catalysts. As an extra bonus this pro- 
vided a means to ascertain the fate of all 
the reactant molecules through a complete 
mass balance including the H2 and the resi- 
dues formed. The results of these experi- 
ments are given in Tables 5 through 8. The 
350°C reaction temperature was chosen 
as a compromise for catalysts of varying 
activity and because it was low enough to 
preclude any possible contribution from a 
homogeneous gas-phase free radical mech- 
anism and yet a useful conversion could be 
obtained even with the least active catalyst. 

In all four cases, good mass balances on 
both C and H were obtained. In all these 
experiments, however, the amount of 
CHI + Hz produced was significantly less 
than the number of molecules of isobutane 
converted showing that a portion of the lat- 

TABLE 4 

Effect of Temperature on the ParaffinlOlefin Ratio” 

Catalyst: Si02-Alz02 H-ZSM-5(35) H-Y(8. I) H-M(7.3)h 

Temperature PC): 400 450 500 600 400 450 500 400 450 500 200 250 300 350 400 450 

Propanelpropene 0.41 0.4( 0.0 0.0 0.0 0.1 0.2 0.7 0.8 0.7 7; r a z !x 

n-Butaneibutenes 0.0 0.0 0.1 0.1 0.0 0.0 0.1 0.4 0.5 0.6 = = ; k) (=) (65) (& (%) : 

a Reaction conditions; see Table 2. 
b Figures between parentheses show that data obtained when neopentane was the reactant. The C,/C; wab also 3~ for this 

reactant at all temperatures. 
’ Conversion ~2%. Due to the presence of ClHx impurity these ratios are uncertain. 
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TABLE 5 

Mass Balance of Isobutane Reacting on Silica-Alumina at 350°C” 

Products Molecules x 1O-n (Molecules formed per 
100 molecules reacted) 

i-C4HI0 (converted) 

H2 

CH4 

H2 + CH4 

C2H4 + C2H6 

C3Hs 

C3H6 

n-C4H,o 

i-&H8 
n-C4Ha 
i-CSHi2 

n-C&I12 

c3 + c4 

i-C4HI0 (unreacted) 

18.4 
5.5 
3.4 
8.9 
1.7 
2.5 
3.4 
0.0 
2.6 
1.2 
3.7 
0.0 
9.7 

444 

- 

(30) 
(19) 
(49) 

(9) 
(14) 
(19) 
(0) 

(14) 
(7) 

(20) 
(0) 

(53) 

Conversion to gaseous products + residues = 4.0% 
C and H Balance C atoms X 10-l’ H atoms x 10-l’ 

Gaseous products (rec.) 1834 4588 
Residues 15.6 15.6 (H/C = 1.0) 

Total recovered 1850 4604 
Reactant 1924 4810 
Loss 74 (3.9%) 206 (4.3%) 

a Fresh catalyst-batch reactor (400 mg of catalyst, 5.9 X 10zo Al), 350°C. Initial 
amount of reactant was 481 x 10” molecules of i-C4HI0. 

ter formed carbenium ions by conventional 
hydride transfer to other carbenium ions. 
Nevertheless, the paraffimolefin ratios fol- 
lowed the same trend in going from silica- 
alumina to H-mordenite as was found in 
the pulse experiments (Tables 2-4) al- 
though they were displaced toward higher 
values reflecting the higher partial pres- 
sures of hydrocarbons in contact with the 
catalyst for longer times. 

An interesting feature of these experi- 
ments was the differing abilities of these 
catalysts to isomerize both the C4 and the 
Cs fractions. Note that as one goes from 
silica-alumina to H-M the isomerization 
activity increased sharply. Table 5 shows 
that neither n-butane nor n-pentane was 
present in the products obtained over sil- 
ica-alumina. At the other extreme H-M 

produced iso- and n-pentanes in almost 
equilibrium amounts plus a large proportion 
of n-butane. These data support the idea 
that longer lifetimes of the carbenium ions 
result from larger intensive factors of the 
acidity and thus promote an increase in the 
extent of isomerization. 

Effect of pre-reduction of the catalyst. 
To test for the possible role of electron ac- 
ceptor (EA) sites in the initiation step, as 
suggested by McVicker et al. (II), the cata- 
lyst [H-ZSM-5(35)] was pre-reduced in Hz 
at 500°C before injecting a pulse of reac- 
tant. This should eliminate most of the pos- 
tulated EA sites (24, 25) and greatly reduce 
the reaction rate. H-ZSM-5 was chosen be- 
cause of published evidence (26) of its abil- 
ity to form cation radicals from Cg olefins. 
Table 9 shows that neither the hydrogen re- 
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duction nor its use as carrier gas modified 
the activity or product distribution signifi- 
cantly. Similar results were obtained for 
neopentane cracking (21). 

DISCUSSION 

As was the case with neopentane (2f) the 
present data demonstrate that the proton- 
ation of a C-C bond of isobutane provides 
a route to crack this paraffin. With the lat- 
ter, significant amounts of HZ were also 
produced suggesting that C-H bonds are 
also attacked. 

In the acid-catalyzed cracking of long- 
chain paraffin molecules, olefin formation is 
mainly the result of fi-scission of the ini- 
tially formed carbenium ions; dehydrogena- 
tion is not significant. Garten (27) recog- 
nized as early as 1967 that smaller paraffins 
such as isopentane must involve a dehydro- 

genation step and attributed this to impurity 
centers (perhaps Fe) in the silica-alumina 
catalyst; he reported that at 0.6% conver- 
sion, 80 moles of pentene was produced per 
100 moles of isopentane reacted. This work 
was followed up by Brenner and Emmett 
(13), who confirmed these results and es- 
tablished that the dehydrogenation activity 
of the catalyst was intrinsic and not the 
result of trace impurities. The dehydro- 
genation activity was not related to the abil- 
ity of the catalyst to hydrogenate ethylene. 
The latter reaction could be effectively poi- 
soned by H# without much effect on the 
isopentane reaction. Although H2 was not 
reported, CH4 was and it is clear that these 
results are consistent with those reported 
herein for isobutane and hence with those 
(Table 10) of McVicker ef al. (II). More- 
over regardless of mechanism, the primary 

TABLE 6 

Mass Balance of Isobutane Reacting on H-ZSM-S(35) at 350°C” 

Products Molecules x 1O-17 (Molecules formed per 
100 molecules reacted) 

i-C4HI0 (converted) 85.2 - 

H2 8.3 (10) 
CH4 31.5 (37) 
H2 + CH4 39.8 (47) 
C2H4 + C2He 7.0 (8) 
C,Hs 48.7 (57) 
C3H6 5.5 (6) 
n-CaHio 8.8 (10) 
i-C4H8 2.6 (3) 
n-C4H8 1.5 (2) 
i-&HI1 4.1 (5) 
n-C&12 0.5 (0.6) 
CJ + C4 67.1 (79) 
i-C4HI0 (unreacted) 403 

Conversion to gaseous products + residues = 17.5% 
C and H Balance C atoms X lo-r7 H atoms x lo-l7 

Gaseous products (rec.) 1894 4804 
Residues 58.3 54.4 (H/C = 0.9) 

Total recovered 1952 4859 
Reactant 1956 4890 
Loss 4 (0.2%) 31 (0.6%) 

0 Fresh catalyst-batch reactor (400 mg of catalyst, 1.1 X 10zo Al). Initial amount 
of reactant was 489 x 10” molecules of i-CIHIO. 
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TABLE 7 

Mass Balance of Isobutane Reacting on H-Y@. 1) at 35OV 

Products Molecules x lo-i7 (Molecules formed per 
100 molecules reacted) 

i-C,,H,,, (converted) 

HZ 
CH4 

HZ + CH4 

(24 + GH6 

C3Hs 
GH6 

n-C4H10 

i-C4Hs 
n-C4H8 
i-CSH12 

n-C& 
c3 + c4 

i-C4HI0 (unreacted) 

76 - 

30.8 (41) 
22.2 (29) 
53.0 (70) 
4.1 (5) 

38.4 (50) 
0.5 (0.7) 

17.4 (23) 
0.9 (1) 
0.5 (1) 
2.5 (33) 
0.6 (1) 

57.7 (76) 
416 - 

Conversion to gaseous products + residues = 15.5% 
C and H Balance C atoms X 10-i’ H atoms X lo-” 

Gaseous products (rec.) 1902 4853 
Residues 66.4 79.7 (H/C = 1.2) 

Total recovered 1968 4932 
Reactant 2032 5080 
Loss 64 (3.2%) 148 (2.9%) 

a Fresh catalyst-batch reactor (400 mg of catalyst, 4.4 x 10zo Al). Initial amount 
of reactant was 508 x lOi7 molecules of I-C4HI0. 

products formed in all cases are CH4 or H2 most simply (for isobutane) by the general- 
and the corresponding carbenium ions. ized reaction pathway written below, which 
Given the latter more carbenium ions can has precedent in the work of Olah et al. (20) 
be produced from the reactant by hydride where the carbenium ions formed are stabi- 
transfer. These results can be explained lized in magic acid, 

i-C4Hr0 + H+< 
CH4 + 2-C3H: 

H2 + t-C4H9+ 

G-9 

(lb) 

(fc) 

(2a) 

(2b) 

(2c) 

CnH:,+, + i-C4H10 + t-&H; + CnHzn+2 

2-C3H: + SiAlO- Z? C3H6 + SiAlOH 

t-&H; + SiAlO- Z$ i-C4Hs + SiAlOH 

II ,,#‘+H+ 

CH,-CH----\CHz + nC4H8 + SiAlOH 



TABLE 8 

Mass Balance of lsobutane Reacting on H-M(7.3) at 350°C” 

Products Molecules x IO-” (Molecules formed per 
100 molecules reacted) 

i-CIHIO (converted) 220 

HZ 17.0 

CH4 44.8 
Hz + CH, 61.8 

CzH4 + CzHh 6.6 

C3Hs 159 

WC 0.0 

n-GH,o 29.6 
i-C4H8 0.1 
n-CIHx 0.0 
i-CSHr2 3.5 

n-C&,2 1.0 

C3 + C4 188.5 
i-&HI0 (unreacted) 286 

- 

(8) 
m-0 
(28) 

(3) 
(86) 

(0) 
(13) 

(-0) 
(-0) 

(2) 
(-0) 
(99) 

Conversion to gaseous products + residues = 43.4% 
C and H Balance C atoms X IO-” H atoms x 10-l’ 

Gaseous products (rec.) 1820 4760 
Residues 202 286 (H/C = 1.4) 

Total recovered 2022 5046 
Reactant 2108 5270 
Loss 86 (3.2%) 224 (4.3%) 

0 Fresh catalyst-batch reactor (400 mg of catalyst, 4.8 x 10zo Al) 350°C. Initial 
amount of reactant was 527 x 10” molecules of i-C4HI0. 

TABLE 9 

Effect of Hydrogen on Isobutane Conversion over H-ZSM-S(35)” 

Oxidized catalyst Reduced catalyst 

Pulse lb Pulse 8 Pulse 9’ Pulse 15 Pulse 16d Pulse 17 
He He H2 HI He He 

Carrier conversion (%): 2.6 3.6 2.8 3.6 4.0 4.1 

Molecules x lo-I7 

i-CdHIO converted 4.0 5.5 4.2 5.5 6.2 6.2 
Methane 3.0 3.8 3.1 3.6 3.8 3.5 
Ethane + ethene 0.6 0.7 0.7 0.8 0.8 0.8 
Propane 0.7 0.8 0.8 0.9 1.0 1.0 
Propene 2.2 2.5 2.1 2.4 2.7 2.8 
n-Butane 0.0 0.3 0.0 0.7 0.6 0.6 
Butenes 0.8 1.4 0.9 1.1 1.4 1.5 

n Pulse reactor, 400 mg of catalyst, pulse size = 1.54 x lOr9 molecules. The flow rate of He or H2 was 
90 cm’/min. The reaction temperature was 450°C. 

b The catalyst received the standard oxygen pretreatment before this pulse; the next seven pulses 
followed on this preparation. 

c Before pulse 9 the catalyst was reoxidized and then reduced in Hz at 500°C. The following six 
pulses were in Hz carrying gas. 

d After pulse 15 the system was switched to He carrying gas and left overnight at 450°C. Pulses 16 
and 17 were passed the following morning. 
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CnHz+n+~ + CmH2m rearrangement + p-scission (3a) 

H transfer and dehydrogenation (3b) 
(residue formation) 

C,H&+t + residues * CnHzn+2 + dehydrogenated residues (4) 

Reactions (2) describe the role played by 
the intensive factor of the acidity (the 
strength of the acid-base interaction). The 
energetics of these equilibria govern the 
stationary concentrations or lifetimes of the 
carbenium ions and, hence, the propensity 
for secondary reactions ((3) and (4)), but 
most specifically hydride transfer. There- 
fore, the product distribution will be af- 
fected by the interplay between the basicity 
of the intervening olefins and the strength 
of the solid acid. The lifetimes of the carbe- 
nium ions reflect the acid strength of the 
solid. Reactions between the olefins re- 
leased and these carbenium ions become 
more probable with increasing lifetime. 
These produce C,‘, CT, and C,’ species 
which can rearrange by simply hydride and 
methyl shifts into isomeric ions which can 
then be cleaved by p-scission forming C3- 
CS olefins and for example the 2-propyl ion 

which, being less stable, desorbs as pro- 
pene or reacts with either the reactant iso- 
butane or residues and desorbs as propane. 
Evidently this hydrogen (hydride) transfer 
reaction increases in going from silica-alu- 
mina to H-mordenite and is also strongly 
affected by the residence time and the par- 
tial pressure of hydrocarbons. 

Table 4 provides some indirect informa- 
tion on the variation of the lifetime of car- 
benium ions on the catalyst studied. As ex- 
pected the most active catalyst, H-M, 
which has been suggested to show super- 
acidity (28), yields paraffimolefin ratios at 
least two orders of magnitude higher than 
H-Y. Furthermore, this catalyst effects re- 
action at temperatures as low as 250°C. In- 
terestingly Hattori and co-workers (29) 
have reported the isomerization of n-pen- 
tane to isopentane and the cracking of the 
latter to isobutane at 0°C over a silica-alu- 

TABLE 10 

Comparison of the Results of McVicker et al. (II) with Those from this Work” 

Catalyst: SiOZ-A&O3 H-Y Zeolite 

McV Ours McV McV Ours McV Ours 
Reaction temp (“C): 500 500 500 500 500 450 450 

Conversion (%): 6.9 23.2 7.2 25.4 16.3 9.4 5.1 

Moles/100 moles product 
Methane 17.5 18.3 11.4 8.2 16.4 3.9 8.8 
CzH4 + C~HG~ 2.3 4.2 6.8 7.2 10.4 4.9 4.7 
C3 21.0 22.1 36.4 41.0 38.7 28.5 31.3 

c,/c:- (0.06) (0.11) (3.55) (12.9) (0.7) (13.25) (1.65) 
Cd 59.2 55.4 34.0 30.8 27.5 46.1 47.8 

c,/c:- (0.04) (0.29) (2.75) (5.27) (0.6) (5.68) (1.13) 
Pentanes 0.0 0.0 11.4 12.8 7.0 16.6 7.3 

0 McVicker et a/. (II) conditions: Flow reactor, PT = 1 atm, pii-c4uB0 = 190 Torr, 1 g catalyst. Ours: Pulse 
reactor, pulse size: 0.57 cm3 STP, 400 mg of catalyst. 

b McVicker ef al. gives Cz and other compounds as “minor products.” They state that Cz is its main compo- 

nent. 
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mina catalyst onto which SbFs had been 
sublimed. This is certainly superacid be- 
havior and part of the common chemistry 
described herein. 

Additional indirect evidence of the longer 
lifetime of the C4 and CS carbenium ions is 
included in the data shown in Tables 5 
through 8. The isomerization of isobutane 
was nonexistent on silica-alumina and in- 
creased in the order H-ZSM-5 < H-Y < 
H-M. The same trend was observed in the 
isomerization of the pentanes where the 
iso-/normal ratio goes from 30 on silica-alu- 
mina to 3.5, a value close to equilibrium, on 
H-M. 

Indeed, if a way could be found to deter- 
mine the equilibrium constants Kza = (2- 
C3H:)/(CjH6) and Z& = (t-C4H9+)/(C4Hs), a 
true measure of the catalyst acidity would 
be achieved and could be quantified by ap- 
plication of the van? Hoff relation. 

In our previous study of the decomposi- 
tion of neopentane, reactions correspond- 
ing to (lb) and (2~) were not observed and 
(lc) was much less important. The more la- 
bile tertiary C-H bond of isobutane evi- 
dently can be attacked by catalyst protons 
and carbenium ions much more readily than 
the primary C-H of neopentane and this 
complicates the product distribution. The 
data show that significantly more isobutane 
was reacted than CH4 + H2 produced. 
Hence, half or more of the reaction may 
proceed via t-butyl ions formed by hydride 
transfer to less stable ions on the surface. 
In the case of neopentane, at least at low 
conversions, the amount of neopentane re- 
acted was very close to that of the methane 
produced. 

It is interesting to compare our data with 
those obtained by McVicker et al. (11) on 
silica-alumina and H-Y using a flow reac- 
tor (Table 10). Given the difference in the 
reactors used, and to a certain extent in the 
catalysts studied, the agreement is excel- 
lent. The higher paraffimolefin ratios re- 
ported by McVicker et al. on H-Y may be a 
consequence of the higher partial pressure 
of reactant and longer contact times in their 

experiments. A similar effect is evident in 
our data when the product distributions 
from static (batch) experiments (Tables 5- 
8) are compared with those shown in Table 
3 (pulse experiments) for the same cata- 
lysts. Thus McVicker et al. (11) had essen- 
tially the same data to interpret as we had. 
Indeed we agree that Hz, CH4, and the cor- 
responding olefins are produced in a pri- 
mary step and this is followed by secondary 
acid-catalyzed reactions. The difference 
arises in that they attribute these primary 
products to a radical reaction which we feel 
is unnecessary and unwarranted by the 
data. The initiation step in their proposed 
mechanism was the transfer of an electron 
from i-C4HI0 to EA sites on the solid form- 
ing radical cations which were then as- 
sumed to react following the decomposition 
pathways of their gas-phase counterparts, 
yielding i-C4Hs + H2 and C3Hb + CH4. The 
olefins so formed may then be protonated 
and further react following classical carbe- 
nium ion chemistry. They studied the 
cracking of isobutane on r-A&O,, Cl- and 
F-aluminas, silica-alumina, and Y-zeolite. 
To estimate the radical-like cracking contri- 
bution they used the molar product ratio 
(methane + ethene + propene + butenes)/ 
total conversion products. Using this pa- 
rameter they concluded that on all the 
above catalysts, except H-Y, the radical 
contribution was >90%. They attributed 
the different behavior of the weaker acid 
catalysts from that of H-Y by assuming 
that true carbenium ion intermediates form 
only on the latter; alkoxide species were 
suggested to function in a related way on 
the former. We explain these same data 
with the reasonable assumption that short 
lifetimes diminish the extent of secondary 
reactions. The lifetime is presumed to re- 
flect the intensive factor of the acidity and 
thus H-Y is intermediate in its action be- 
tween H-M and H-ZSM-5 or silica-alu- 
mina. 

Radical reactions, once initiated, are not 
confined to a surface. The gas-phase reac- 
tions have high activation energies and usu- 
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ally become unimportant below 450°C. 
However, McVicker et al. (11) did not as- 
sume thermal initiation; they assumed that 
isobutane is oxidized to the cation radical. 
This kind of reaction has been observed 
(24) on aluminum silicates with polynuclear 
aromatic compounds (low ionization poten- 
tial molecules) and the oxidizing agent has 
been traced to reducible oxygen (25). These 
studies revealed that the EA sites could be 
mainly eliminated by reduction with H2 at 
500°C. The lack of an effect of pre-reduc- 
tion and of the use of H2 as a carrier gas on 
the activity and product distribution ob- 
tained on H-ZSM-5 (Table 9) strongly sug- 
gest that radical cations do not play a signifi- 
cant role in the catalytic decomposition of 
isobutane. Furthermore, nobody has dem- 
onstrated that simple paraffins, such as iso- 
butane, may be converted into cation radi- 
cals by any solid acid of the kind used in 
this or their work. An authoritative discus- 
sion of this subject is given by Bard et al. 
(30 

The product distributions obtained by ei- 
ther McVicker et al. or by us can be ratio- 
nalized in terms of Reactions (l)-(4). The 
less active catalysts, silica-alumina and H- 
ZSMJ, produce very low paraffimolefin ra- 
tios and either no or very little isomerized 
Cq and Cs products. This is consistent with 
Reactions (2) being displaced toward the 
right making Reactions (3) and (4) reactant 
starved. H-M is located at the other ex- 
treme. This partially dealuminated mor- 
denite is extremely active; the carbenium 
ions are stabilized on the solid and there- 
fore have ample opportunity to react with 
product olefins or isomerize, leading to low 
olefin production and high proportions of II- 
butane and n-pentane in the products. H-Y 
shows an intermediate behavior. Interest- 
ingly, the rating of these solids using 
neopentane as a reactant was exactly the 
same (21). 

The trends established in the present 
work illustrate the increasing complexity 
anticipated when using longer unbranched 
hydrocarbons, e.g., n-hexane. The data of 

Haag and Dessau (14) suggest a less impor- 
tant yet significant role for direct proton- 
ation vis-a-vis hydride transfer with this 
feedstock. Taken together with the present 
data, it can be seen that the a-test measures 
the ability of a catalyst to generate carbe- 
nium ions both by direct protonation and by 
stabilizing such ions to enhance hydride 
transfer. 

As discussed previously (21), the notion 
of Marczewski (22) that Lewis acid sites 
are directly involved in the reaction mecha- 
nism can be dismissed for lack of evidence. 
If hydride ions could be removed by Lewis 
sites, certainly this would be observed with 
triphenylmethane which forms a stable 
(C$H&C+ ion on H- removal. Wu and Hall 
(31) showed that whereas this ion indeed 
forms on acid catalysts, the reaction is pro- 
ton catalyzed, not direct H- removal by 
Lewis sites. Marczewski’s catalyst yielded 
results essentially identical to those re- 
ported for silica-alumina and the zeolites 

(21). 
In summary, these studies of the crack- 

ing of isobutane, together with the related 
ones using neopentane (22) and other small 
paraffins (13-15, 27, 29), have produced 
new insight into the functions of solid acid 
catalysts. Evidence for the involvement of 
pentacoordinated carbonium ions in the re- 
actions of paraffins has been obtained. This 
has been a much debated issue in recent 
years. The isobutane data show addition- 
ally the participation of the protonation of 
the tertiary C-H bonds in the cracking 
mechanism, a pathway energetically un- 
favored in the case of neopentane, where 
no H2 production was detected (21). These 
studies have clarified considerably the 
chemistry which is occurring in these sys- 
tems. It is now possible to envisage a gener- 
alized mechanism for the cracking of paraf- 
fins in which the relative rates of the several 
reactions are affected by the nature of the 
reactant, the acidity of the catalyst and the 
process variables. 

In closing, a word of caution should be 
added. Zeolite crystals are never perfect. 
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Although a constant activity per site has 
been demonstrated for high-silica H-ZSM- 
5 and H-Y catalysts (32-34), it has been 
recognized for many years that in certain 
cases very substantial enhancement of the 
site activity may be brought about by dehy- 
droxylation or dealumination (35) or by 
promotion with divalent or polyvalent cat- 
ions (36). Most recently Lago et al. (37) 
have demonstrated a site activity enhance- 
ment by a factor of about 50 on mild steam- 
ing of H-ZSM-5. This they attributed to a 
Lewis acid enhancement of the remaining 
Bronsted sites by a pairing interaction. In 
particular, our mordenite samples exhibited 
a nonlinear increase with Al/g of analogous 
character (38). Therefore care must be 
taken in attributing differences in catalytic 
behavior to changes in zeolite structure, 
particularly since it has been pointed out by 
Haag and Chen (39) that in carefully con- 
trolled circumstances the intrinsic site ac- 
tivities of H-Y and H-ZSM-5 are identical. 
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