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The reaction chemistry for the cracking of neopentane was compared with that for isobutane in 
steady-state flow experiments over silica-alumina catalysts and HY zeolites. The activity for 
isobutane cracking changed only slightly as it lined out. In contrast, the neopentane reaction was 
self-poisoning; coking was nearly 10 times as fast as that with isobutane. In addition, the principal 
reaction pathway with neopentane was the primary unimolecular demethylation step forming CH 4 
and C4 hydrocarbons as products. With both substrates paraffins were formed extensively on the 
more active catalysts. At low conversions with isobutane this was largely due to H -  transfer from 
the reactant; with neopentane, the surface residues furnished the required hydrogen. Further 
dehydroxylation of silica-alumina catalysts effected by raising the pretreatment temperatures from 
500 to 650°C was found to decrease the conversion rates by about a factor of 2, suggesting that the 
primary reaction events are BrCnsted acid catalyzed. Replacing such sites in Y-zeolites with Na ÷ 
ions also drastically reduced the catalytic activity, but the observed effects resulted from changes 
in the strength (intensive factor) of the sites, not just from the decrease in their number (extensive 
factor). Interestingly, the nearly 102 increase in rates obtained on removing Na ÷ was not accompa- 
nied by a change in selectivity at constant temperature when the conversion was maintained constant 
at 2.33% by increasing the space velocity. The effects of adding small amounts of olefins into an 
isobutane feed stream were also investigated. Ethene inhibited the reaction somewhat, but otherwise 
had little effect. Propene and isobutene additives enhanced both the conversion and paraffin 
formation. The way these results amplify our understanding of these simple reactions and make 
them more useful for catalytic studies is briefly discussed. © 1990 Academic Press, Inc. 

INTRODUCTION 

In recent years, considerable interest in 
the cracking of small paraffin molecules has 
developed. A variety of substrate molecules 
has been studied (l), but most notably n- 
hexane and isobutane. The former has been 
used for many years as a standard test reac- 
tion by workers at the Mobil Laboratories 
(2) and the latter by McVicker and co-work- 
ers (3), who have pointed out that the rela- 
tively stable t-butyl cation cannot undergo 
/3-scission, thus greatly restricting the prod- 
ucts which may be formed and making data 
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interpretation tractable. Neopentane can be 
used to generate the same t-butyl ion (4) 
and might be expected to undergo similar 
chemistry. However, isobutane contains a 
tertiary hydrogen which is labile for H -  
transfer, whereas neopentane has only pri- 
mary CH bonds. Consequently, although 
the primary initiation steps may be the 
same, the secondary chemistry would be 
expected to be quite different. 

Before proceeding, the reader's attention 
should be called to a matter of semantics 
or perspective. In our work (4-9) we have 
adopted the terminology "primary reac- 
tions, primary events and~or primary pro- 
cesses" to mean the result of the monorno- 
lecular initiation reactions in which the 
initial carbenium ions are formed. Similarly, 
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we have termed all the subsequent bimolec- 
ular processes (mainly involving carbenium 
ion chain reactions carried by H -  transfer, 
but also including oligomerization and sub- 
sequent cracking by/3-scission) as "second- 
ary processes." This usage is distinct from 
"primary products" vs "secondary prod- 
ucts" as used by Wozciechowski and co- 
workers (1, 22). Their assignments are 
based on the shapes of their "optimum per- 
formance envelopes" and thus depend upon 
the relative rates of formation of identifiable 
products. In this context it follows that a 
primary product may result from secondary 
chemistry. This happens for example when 
the adsorbed reactant molecule goes 
through a series of steps before releasing a 
product, as invariably occurs with H-mor- 
denites. Thus, we hae not assumed that H -  

transfer is a secondary process; we have so 
defined it. 

Objectives of our recent work (4-9) have 
been to develop diagnostic tools for the 
study of catalyst acidity and to define how 
this property controls product selectivity. 
This work, much of which was carried out 
using the pulse technique, led to generally 
similar conclusions using either reaction, in 
spite of the fact that the data showed no 
evidence of reaction of neopentane by H -  
transfer. In the catalytic cracking of isobu- 
tane and neopentane, the gross reaction 
chemistry is generally understood. With the 
former, it is convenient to consider the over- 
all process in terms of a generalized chain 
reaction. Initiation occurs following first-or- 
der kinetics (3) by chemistry described by 
Olah and co-workers (10-12), viz., 

_ _ _ •  H2 + (CH3)3 C+ 
(CH3)3CH + H + --->[C4H11] + CH 4 + (CH3)2C+H, 

(la) 

(lb) 

where [C4HI1] + is the (undetected) penta- 
coordinated carbonium ion intermediate. 
The chain-carrying steps follow second-or- 
der kinetics (3) and involve transfer of the 
tertiary hydrogen of the isobutane reactant 
to existing carbenium ions, forming the cor- 
responding paraffins (and regenerating the 
original (CH3)3 C+ cation, i.e., 

(CH3)3CH + [CnH2n+l] + 

(CH3)3 C+ + CnH2n+2. (2) 

Among these, the sec-butyl carbonium ion 
(formed by isomerization of the t-butyl ion) 
and isopropyl cation formed in Reaction (lb) 
are most important, especially in the low 
conversion limit; i.e., 

(CH3)3 C+ ---> CH3C+HCH2CH3 iC'IHI°) 
nC4Hlo + (CH3)3 C+. (3) 

Chain termination involves decomposition 
of the carbenium ions into olefins which ei- 
ther undergo oligomerization or are de- 
sorbed as products. With neopentane the 12 

primary hydrogens do not participate in the 
H -  transfer reactions so that a self-sustain- 
ing chain reaction is not possible and ole- 
fin desorption would appear inevitable. 
However, paraffins are formed and it has 
been shown that the required hydrogen is 
furnished by residues held by the catalyst 
(4, 5). 

In the present work, we have used steady- 
state flow experiments carried out at low 
conversions to make careful comparisons of 
these two reactions and this has given us a 
more detailed understanding of the pro- 
cesses involved. Interestingly, with neopen- 
tane only paraffins are released from the 
strongest acid catalysts (4, 5) in spite of the 
fact that olefin formation seems unavoid- 
able. A possible scenario for the chemistry 
has been presented previously (9). 

The mechanism of the primary reactions 
remains controversial. Garten (13) sug- 
gested that dehydrogenation was an essen- 
tial step in the isomerization of isopentane 
and n-pentane over silica-alumina cracking 
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catalysts, and that the resulting pentenes 
then become protonated at nearby BrCnsted 
sites. Brenner and Emmett (14) concluded 
that this dehydrogenation activity was an 
intrinsic property of the catalyst and not the 
result of trace impurities. Others (15-17) 
have suggested that this dehydrogenation 
function may be carried out by Lewis acids. 
McVicker and co-workers (3) postulated the 
formation of cation radicals at electron ac- 
ceptor sites (supposedly intrinsic to the cat- 
alyst) and that these decomposed into H E 
and CH4, and the corresponding olefins, 
i.e., the same result obtained from Reac- 
tions (1), or from thermal cracking of these 
compounds. Haag and co-workers (18, 19), 
on the basis of results obtained in the crack- 
ing of n-hexane and isopentane, proposed 
the direct protonation of hydrocarbons 
forming pentacoordinated carbonium ions 
which in turn decomposed into H E or  smaller 
paraffins and the corresponding carbenium 
ions as described above. We have preferred 
this interpretation over all of the others for 
reasons outlined earlier (7). 

There is general agreement among all of 
the aforementioned workers that two mech- 
anisms coexist, viz., primary monomolecu- 
lar steps leading to formation of HE, CH 4 (or 
other smaller paraffin molecules) together 
with conjugate carbenium ions, and the clas- 
sical carbenium ion chain reactions. The for- 
mer initiate the chains which carry the 
latter. 

EXPERIMENTAL 

Catalysts. The catalysts used and their 
properties are listed in Table 1. Houdry M- 
46 amorphous silica-alumina was a nonzeo- 
litic preparation obtained from the manufac- 
turer over 25 years ago. It was taken from 
the same batch used in many of our earlier 
studies requiring such a catalyst. The N- 
631-L, an amorphous silica-alumina, was 
obtained as a gift from Professor K. I. Seg- 
awa; it was provided by the NIKKI Chemi- 
cal Co., Japan. 

Two dealuminated H-Y zeolites were pre- 
pared. The starting material (LZ-Y62) was 
heated to 540°C in a static muffle furnace for 

2 h before twice treating under reflux with 
0.9 M NH4NO 3 and calcining for 2 h to 
815°C. This thermally treated zeolite (TT- 
HY) was washed at 60°C with 1.0 M HC1 for 
2 h to remove extraneous alumina expelled 
from the lattice in the previous thermal 
treatment. This was labeled H-Y(8.1). 

LZ-210(12.0) and LZ-210(6.0) were sup- 
plied by Linde. They were treated at 90°C 
with 1.0 M ammonium acetate to reduce 
sodium content. After drying at 120°C these 
samples were calcined at 500°C for 5 h. LZ- 
Y82 was from the same source, but used 
without modification. 

Apparatus and procedures. As described 
previously (8), the catalytic tests were car- 
ried out in the steady-state flow mode under 
atmospheric pressure in a quartz U-tube (8 
mm i.d.) reactor. The downflow side served 
as a preheater and the catalyst was packed 
into a 2.0-cm-long bed held between plugs 
of quartz wool in the upflow side. The reac- 
tor was held at temperatures constant to 
-+ 0.2°C inside an electrically heated fur- 
nace. The temperature was monitored by 
a thermocouple placed externally near the 
center of the catalyst bed. The flow rate 
of the reactant gas was kept constant and 
adjusted by using Brooks flow controllers. 

The catalysts were given a standard pre- 
treatment. The powder was pressed into pel- 
lets without binder, crushed, and sieved. An 
aliquot of the 20-40 mesh fraction 
(0.425-0.85 mm) was heated in an open 
quartz crucible to 500°C for 5 h. After being 
covered with a lid, the catalyst was cooled 
and 400 mg weighed on a Mettler balance. 
This aliquot was packed into the reactor. 
After attachment to the flow system, the 
catalysts were again heated in a stepwise 
fashion to, and then held overnight at, 500°C 
in flowing dry O2. Finally, the reactor was 
flushed (at 60 cma/min) with dried prepuri- 
fled grade N 2 and cooled to the preselected 
reaction temperature. 

The reactants were 10% isobutane in N2 
(Matheson, instrument grade, which con- 
tained 0.2% propane and 0.3% n-butane im- 
purities) and neopentane (Columbia Organic 
Co., nominal purity 98%). The neopentane 
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TABLE 1 

Physicochemical Properties of Catalysts ~ 
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M-46 N-631-L TT-HY b H-Y(8.1) c LZ-210 LZ-210 LZ-Y82 
Houdry NIKKI (12.0) (6.0) 

Chemical analysis 
SiO2 wt% 87.5 87.0 75.5 90.2 87.3 78.8 75.7 
A1203 wt% 12.5 13.0 23.7 9.3 12.7 21.2 24.1 
Na20 wt% nd nd <0.3 <0.3 0.1 0.02 0.46 

[A1 atoms (total)/g] 14.8 15.4 27.9 10.9 14.9 23.3 25,7 
x 1020 

[Framework A1 atoms/g] Na Na 12.2 6.7 14.3 22.8 16,2 
x 10 -20 

Si/A1 (chemical) 5.9 5.7 2.7 8.1 5.9 3.1 2,9 
Si/A1 (framework) d Na Na 6.2 13.2 6.0 3.4 5.2 
Pore volume (cm3/g) 0.2 Na 0.28 0.30 0.33 0.33 0.32 
Surface area (m2/g) 270 500 Na Na Na Na Na 

Note. Na not applicable or not available. 
The chemical analyses were furnished by the suppliers or determined in house. 

b Made from Linde LZ-Y62 by steaming at 815°C; see text. 
c Made from TT-HY by acid extraction; see text. 
d Determined by MASNMR of 29Si. 

was diluted with N 2 in a ratio of 1 : 9 by using 
a Brooks dual channel mass flow controller 
unit. Before entering the latter the N 2 was 
passed through a molecular sieve drier and 
the neopentane was led through a trap filled 
with A g 2 S O 4 / H 2 S O  4 o n  pumice stone to re- 
move any possible olefinic impurities (17). 
No impurities were detectable downstream 
by GLC. In some experiments small 
amounts of olefins were added to the isobu- 
tane feed stream; a mixture of 10% isobu- 
tane in N2 was mixed with a stream contain- 
ing 0.1% ethylene, propene, or i-butene in 
N2 (Matheson). The final ratios of olefin to 
isobutane were 0.006. 

The reaction was started by switching the 
reactor from nitrogen to the reactant mix- 
ture stream. The effluent gas was sampled 
and analyzed by on-line GLC. Two columns 
were connected in series, and N2 was used 
as carrier gas. In the first, hydrogen was 
separated and determined on a 5-.~ molecu- 
lar sieve column at 0°C using a thermal con- 
ductivity detector. In the second, hydrocar- 
bons were separated and determined after 
passing over two packings in series at 0°C 
(dibenzylamine and propylene carbonate on 
Chromosorb) using a flame ionization detec- 

tor. Satisfactory separation of all C 1 to C5 
hydrocarbons was obtained. The composi- 
tion of effluent was calculated as the mole 
fractions (X;) of the total product (including 
isobutane) after making corrections for im- 
purities in the feed. 

Treatment of  the data. As before (8), dif- 
ferential reaction rates were taken as the 
initial slopes of plots of X; vs (W/F), or, at 
low conversions, as Ci = Xi(F/W), where 
(F/W) is the entering reactant calculated as 
moles per gram per second. Thus, the data 
recorded in Tables 2 to 8 give the differential 
reaction rates for formation of the individual 
products. Moreover, the total conversion 
rate of reactants is given by (1/n)~,ijCi, e x -  

c l u d i n g  isobutane, wherej  is the number of 
carbon atoms in each of the i components 
of the product and n is 4 for isobutane and 
5 for neopentane. This defines the rate, Con- 
version B. For comparison the rate, Conver- 
sion A, was calculated as the sum of the 
rates of the two processes by which isobu- 
tane may be reacted, i.e., by protonation 
(primary) and by H-  transfer (secondary). 
Thus, Conversion A = [CI4~ + CcH, + 
~Cp~ramn] provided that the overall percent- 
age conversion is sufficiently low that virtu- 
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T A B L E  2 

Rates of Product Formation from Reaction of Isobutane or Neopentane over M-46 
Silica-Alumina and TT-HY Zeolite, at 520°C a 

Catalyst: M-46 TT-HY 
Reactant: 

Isobutane Neopentane Isobutane Neopentane 

H 2 25.9 0 10.9 0 
CH 4 9.5 74.0 6.8 10.9 
C2H 6 0 0 0 
C2H 4 0 0.6 0 1.8 
C3H8 0 0 0 0 
C3H6 8.0 1.5 5.5 1.4 
i-CaHI0 R 0.6 R 0 
n-C4Hl0 1.2 0 0 0 
i-C4H 8 21.5 74.5 11.2 9.1 
n-C4H 8 3.7 18.2 0 5.3 
CsHj2 0 0 0 0 

(H2 + CH4) 35.4 74.0 17.7 10.9 
~ (Paraffins) 1.2 0,6 0 0 
Conversion A b 36.6 74.6 17.7 10.9 
Conversion B c 34.8 90.6 17.0 15.3 
T O F  B d 7.73 20.13 8.36 1.52 
% Convers ion  0.61 1.60 0.30 0.27 
% Pr imary e 97 99 100 100 

Rates are given as 10 -9 mol g - i  s - i ;  400 mg of each catalyst was used; the flow 
rate, F/W, was 5.7 × 10 -6 mol g-~ s -~. 

b Convers ion  A = (H2 + CH4) + Z~ paraffin. 
c Convers ion  B = (I /n)  Y,~jC i where  n = 4 for isobutane and n = 5 for neopentane, 

and j is the number of carbon atoms in each of the i products. 
d T O F  B is given as 109 molec, cm -2 s - i  for amorphous silica/alumina and as 10 -6 

molec. AI{ j s-1 for zeolites. 
e % Primary reaction was calculated as: [(H2 + CH4)/conversion A] × 100. 

ally all collisions involve isobutane (so that 
the only source of CH4 and H2 is in the 
decomposition of this molecule and all par- 
affins are formed by H-  transfer from this 
molecule). 

R E S U L T S  

Isobutane and neopentane cracking ex- 
periments were carried out on M-46 amor- 
phous silica-alumina and TT-HY zeolite. 
Under the experimental conditions, no reac- 
tion was detected below 460°C. Typical re- 
sults are collected in Table 2. Blank tests 
showed that less than 5% of the reported 
products could have been formed by ther- 
mal cracking. 

Only hydrogen + i-butene and methane 
+ propene resulted from the cracking of 
isobutane over TT-HY. Dehydrogenation 
was favored over demethanation by roughly 
a factor of 2. This catalyst, which contained 
a large amount of extra-lattice aluminum, 
was found to be less active than amorphous 
silica/alumina, presumably because of a 
dearth of BrCnsted sites. On M-46 relatively 
small amounts of both n-butene and n-bu- 
tane appeared in the products. On both cata- 
lysts Conversion A was in good agreement 
with Conversion B. 

For neopentane cracking CH 4 and i-C4H8 
were the anticipated products. Even on the 
less active TT-HY, however, C2H 4, C3H6, 
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and n - C 4 H  8 w e r e  produced. Most notable 
was that while the i-butene was in fair agree- 
ment with the methane formed, n-butene 
was also formed in comparable quantities. 
Thus, the sum of butenes exceeded consid- 
erably the amount of methane formed and 
Conversion Rate B greatly exceeded Con- 
version Rate A. It is therefore evident that 
some reaction in addition to the anticipated 
primary initiation by protonation occurred 
during the decomposition of neopentane. 

The results obtained from neopentane 
cracking over Catalyst M-46 exhibited simi- 
lar features. Interestingly, a small amount 
of i -C4HI0 w a s  formed as well as excess n- 
C4H8,  e v e n  though the primary hydrogens 
of neopentane are unlikely to have partici- 
pated in the H-transfer  process. Moreover, 
no C5 hydrocarbons were detected in the 
product. Activation by H -  transfer from 
neopentane should cause the formation of 
the 2-methylpentyl ion (12) and thus the for- 
mation of isopentene. On amorphous silica/ 
alumina, the percentage conversion of neo- 
pentane was notably higher than that of iso- 
butane, while on TT-HY this was not true. 
Possibly the zeolite catalyst is less effective 
for reacting the bulkier neopentane because 
of molecular sieve effects. 

Under otherwise identical reaction condi- 
tions, lower reaction temperatures were re- 
quired to reach comparable conversion lev- 
els with the remaining zeolite catalysts. 
Interestingly, H-Y(8.1), which was pre- 
pared from TT-HY by acid extraction to 
remove much of the extraneous alumina, 
was much more active for paraffin cracking 
(Table 3) than the parent catalyst. The main 
products were no longer hydrogen + bu- 
tenes and methane + propene from isobu- 
tane, but propane, i-pentane, and n-butane. 
The contribution of primary reactions (cal- 
culated as the sum of hydrogen and meth- 
ane) was only about 30% of the total conver- 
sion rate (calculated from the sum of 
primary products and paraffins). 

The conversion rate of neopentane was 
much lower on H-Y(8.1) than that of isobu- 
tane. In addition to methane, isobutane was 

CD 

0.4  

C tO~-. ._o,. 
0 .2  

0 ~0 A 0 

Time on stream, minutes 

FIG. 1. Percent conversion of isobutane (open sym- 
bols) and neopentane (solid symbols) over catalyst LZ- 
210(6.0)[0.1] at 330°C (©, O) and 430°C (A, A) as a 
function of time on stream; 400 mg of catalyst was used; 
F/W = 5.7 × l0 -6 tool g-i  s- i  

the single largest product. With isobutane, 
good agreement was again found for the con- 
version rates calculated by the two methods 
(A and B); in the case of neopentane, how- 
ever, such agreement could not be expected 
because the paraffins produced are not 
equivalent to neopentane molecules reacted 
by H -  transfer. In contrast with the data 
given in Table 2, conversion levels calcu- 
lated by Method A were about twice those 
calculated by Method B, suggesting that a 
considerable amount of carbon remained on 
the catalyst. Particularly notable was the 
small amount of C4 olefins produced, rela- 
tive to the methane formed. In this respect 
the present results, which were obtained in 
the steady-state flow mode, differed mark- 
edly from those from the pulse mode (3) for 
this catalyst. 

Very little extra-lattice aluminum was 
present (Table 1) in zeolite LZ-210 
(12.0)[0.1]. 3 On this catalyst the conversion 
rate and turnover frequencies for isobutane 
were much higher (Table 3) than those for 
H-Y(8.1). With increasing conversion, the 
contribution of primary reactions dropped 
to 8% of the total. Because of the relatively 
high percentage conversion (18.5%), a close 
agreement between the conversion rates (A 

3 The (SIO2/A1203) ratio is given in parentheses and 
the [% Na20] in brackets. 
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TABLE 3 

Rates of Product Formation from Reaction of Isobutane or Neopentane over 
H-Y(8.1) and LZ-210(12.0)[0.1] Zeolites at 430°C ~ 

Cataly st: H-Y(8.1 ) LZ-210(12.0) [0.1 ] 
Reactant: 

Isobutane Neopentane Isobutane Neopentane 

H 2 25.1 0 66.9 3.0 
CH4 19.4 35.1 85.6 131.0 
C2H 6 0 0 3.6 1.0 
C2H 4 1.3 1.9 33.2 9.5 
C3H 8 23.8 0.6 533.7 5.5 
c3n  6 14.6 4.6 74.0 14.2 
i-C4Hl0 R 15.1 R 62.1 
n-C4Hl0 57.5 0 756.5 0 
i-C4H 8 22.0 3.0 43.6 6.5 
n-C4H 8 14.2 3.9 41.9 7.6 
i-CsHI2 24.2 0 412.4 3.7 

(H 2 + CH4) 44.5 35.1 152.5 134.0 
X25 (Paraffins) 105.5 15.7 1706.2 72.3 
Conversion A b 150.0 50.8 1858.7 206.3 
Conversion B c 158.3 28.4 1699.3 106.9 
TOF B a 37.1 15.6 713.0 44.9 
% Conversion 2.79 0.5 18.5 1.2 
% Primary e 30 - - f  8 - - f  

Rates are given as 10-9 mol g-t s-l; 400 mg of each catalyst was used; the flow 
rate, F/W, was 5.7 × 10 -6 mol g-I S-I. 

b Conversion A = (H 2 + CH4) + ~ paraffin. With isobutane it could be assumed 
that the second term evaluates the rate of reaction by transfer of its tertiary hydrogen 
to form paraffins, e.g., by Reactions (2) and (3). With neopentane this is inappropriate 
as residue furnishes the hydrogen for paraffin formation. Nevertheless the calculation 
was carried out to emphasize the different behavior of the two molecules. 

c Conversion B = (l/n) X{jCi, where n = 4 for isobutane and n = 5 for neopentane, 
and j is the number of carbon atoms in each of the i products. 

d TOF B is given as 10 -6 molec. AI~ 1 s -I. 
e Percentage primary reaction was calculated as: [(H 2 + CH4)/Conversion A] × 

100. 
f The paraffins produced cannot be taken as equivalent to neopentane reacted by 

H-~ transfer. Hence the secondary reactions cannot be approximated as the sum of 
the paraffins produced. 

and  B) was  no t  expec ted  because  s e c o n d a r y  
c rack ing  of  o l igomer  and  surface  res idue  has 
d i s tor ted  the p roduc t  d i s t r ibu t ion .  The  rate 
of  n e o p e n t a n e  c rack ing  did no t  inc rease  as 

dras t ica l ly  on  this ca ta lys t  [ compared  with 
H-Y(8.1)]  as did that  o f  i sobu tane .  He re  
again  the largest  single p roduc t  in add i t ion  
to m e t h a n e  was  i sobu tane .  

The  d e p e n d e n c e  of the pe rcen tage  con-  
ve r s ion  of  these  two paraff ins wi th  t ime  
on  s t ream is shown  in Fig. 1 for LZ-  

210(12.0)[0.1] at two t empera tu re s .  The  per-  

cen tage  c o n v e r s i o n  of  i sobu t a ne  inc reased  

with t ime on  s t ream;  at 430°C the inc rease  

was  s teady even  af ter  4 h in spite of  the  
re la t ively  high c o n v e r s i o n  level .  In  con t ras t ,  
the pe r cen t age  c o n v e r s i o n  of  n e o p e n t a n e  
d ropped  qu ick ly  wi th  t ime on  s t r eam at bo th  
t e m p e r a t u r e s  as the  ca ta lys t  l ined  out.  This  
sugges ted  that  rapid coking  had occur red  
with n e o p e n t a n e  bu t  no t  wi th  i sobu tane .  In  
mos t  cases ,  af ter  r eac t ion  of  i sobu t a ne  there  



CRACKING OF NEOPENTANE AND ISOBUTANE 479 

T A B L E  4 

Rates  o f  Convers ion  o f  I sobutane  on M-46 and N-631-L Amor-  
phous  S i l i ca -Alumina  Pretreated at Different Tempera tu res  (Reac- 
tion Tempera tu re  was  500°C a) 

Catalyst:  M-46 N-63 I-L 

Pre t rea tment  temp.:  500°C 650°C 500°C 650°C 

H 2 19.3 10.7 22.0 16.1 
CH 4 4.8 2.4 9.8 4.0 
C2H 6 0 0 0 0 
C2H 4 0 0 0 0 
C3Hs 0 0 0 0 
C3H 6 4.1 2.0 7.7 4.0 
n-C4Hl0 0 0 0 0 
i-C4H 8 17.4 10.0 17.6 15.9 
n-C4H 8 1.2 0 3.9 0 
C5H12 0 0 0 0 

(H2 + CH4) 24.1 13.1 31.8 20.1 
E~ Paraffin 0 0 0 0 
Convers ion  A b 24.1 13.1 31.8 20.1 
Convers ion  B c 22.9 12.1 29.7 19.9 
T O F  B d 5.09 2.69 3.56 2.39 
% Convers ion  0.20 0.11 0.27 0.18 
% (Primary) e 100 100 100 100 

a Rates  are given as 10 -9 mol g-1 s - i ;  400 mg  of  each catalyst  was 
used;  the flow rate, F/W, was 1.1 x 10 -5 mol g-1 s - i  

b Convers ion  A = (H 2 + CH4) + ~ paraffin. 
c Convers ion  B = ¼ ~,~jCi, w h e r e j  is the number  of  carbon a toms  

in each  of  the i products .  
d T OF  B is given as 109 molec,  cm -2 s -1. 
e % Primary react ion was calculated as: [(H 2 + CH4)/Conversion 

A] x 100. 

was no or only slight coloration of the cata- 
lyst, whereas after reaction of neopentane 
the catalyst was always more or less dark. 
Coke formation on this catalyst after 4 h on 
stream at 430°C was determined for both 
reactants by combustion and measurement 
of the combustion products (4, 5). From the 
CO2 and H20 formed it was determined that 
32 mg of coke (H/C = 1.2) had been re- 
moved from 400 mg of catalyst after the 
reaction of neopentane, but only 2.5 mg 
(H/C = 1.5) after reaction ofisobutane. The 
much larger quantity of hydrogen-deficient 
coke formed from neopentane affords an ex- 
planation for the rapid decay of the catalyst 
activity in neopentane. 

Isobutane cracking experiments were car- 

fled out on the two silica-alumina catalysts 
pretreated in flowing dry 02 overnight at 
either 500 or 650°C. As shown previously 
(20), treatment at higher temperatures re- 
sulted in further dehydroxylation of cata- 
lyst, resulting in a decrease in the BrCnsted/ 
Lewis acid site ratio. As shown in Table 4, 
the conversion of isobutane was lower on 
both catalysts after pretreatment at 650°C 
than after 500°C treatment. When the cata- 
lyst pretreated at 650°C was contacted with 
air at room temperature and then again given 
the 500°C pretreatment, the resulting cata- 
lyst returned to its initial activity. These two 
silica-aluminas from two very different 
sources behaved similarly. Dehydrogena- 
tion ofisobutane was favored over demetha- 
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TABLE 5 

Rate of Isobutane Conversion at 430°C on LZ- 
210(6.0) Zeolite with Different Concentrations ofNa20~ 

Na20 (wt %) 2.03 0.45 0.02 
Na/A1 0.17 0.04 0.002 

TABLE6 

Rates of Product Formation from the Reaction of 
Isobutane at 430°C and 2.33% Overall Conversion 
Level on LZ-210(6.0); Effects of Different 
Concentration of Na20; the Conversion was 
Maintained Constant by Varying F/W '~ 

H 2 8.2 22.7 41.3 
CH 4 12.8 34.8 54.0 
C2H 6 0 0 0.4 
C2H 4 0 1.2 5.2 
C3H 8 7.9 24.4 73.8 
C3H 6 8.8 16.9 32.1 
n-C4Hl0 10.5 51.5 167.9 
i-C4H 8 5.1 20.3 32.6 
n-C4H8 0 9.5 32.9 
i-CsHI2 0 6.7 48.6 

(H 2 + CH4) 21.0 57.5 95.3 
Y~ Paraffin 18.4 82.6 290.1 
Conversion A b 39.4 140.1 385.4 
Conversion B C 31.3 135.0 389.6 
TOF B d 9.93 37.0 102.5 
% Conversion 0.28 1.21 3.48 
% (Primary) e 53 41 25 
Chain length f 0.9 1.4 3.0 

Rates are given as 10-9 mol g - ~ s - t; 400 mg of each 
catalyst was used; the flow rate, F/W, was 1.1 × 10 -5 
mol g-i s- l .  

b Conversion A = (H2 + CH4) + ~ paraffin. 
c Conversion B = ¼ Y,~jCi, where j is number of 

carbon atoms in each of the i products. 
d TOF(B) is given a s  10 -6 molec. (AIF -- Na÷) -l s -1. 
e Percentage primary reaction was calculated as: [(H 2 

+ CH4)/Conversion A] × 100. 
Y Molecules reacted by H -  transfer/molecules re- 

acted by BrCnsted sites (primary reaction). 

nation. The rate of H2 formation approxi- 
mately equaled the sum of the rates of 
formation of the butenes, and the methane 
formation rate was in fair agreement with 
that of propene. No paraffin formation was 
observed with these catalysts; i.e., only the 
primary reaction occurred, suggesting that 
the intermediate carbenium ions were not 
stabilized long enough for secondary reac- 
tions to occur. 

Cracking of isobutane was studied on LZ- 
210(6.0) with different amounts of residual 
sodium. The results obtained at 430°C are 
presented in Table 5. As reported previously 

Na20 (wt %) 2,03 0.45 0.02 
Na/A1 0,17 0.04 0.002 

F/W(mol g-t  s-i) 0,12 1.0 8.2 
X 106 

H 2 0.3 2.3 18.7 
CH 4 0.4 3.0 24.4 
C2H 6 0 0 0 
C2H4 0 0.3 2.7 
C3H 8 0.5 4.0 32.7 
Call 6 0.2 1.7 13.7 
n-C4Hi0 1.2 10.3 84.5 
i-C4H s 0.3 2.2 17.7 
n-C4H8 0.3 2.3 19.1 
i-C5H12 0.4 3.3 27.3 

(H 2 + CH4) 0.7 5.3 43.1 
Y~ Paraffin 2.1 17.6 144.8 
C o n v e r s i o n  A b 2.8 22.9 187.9 
Conversion B c 2.8 23.l 191.1 
TOF B d 0.89 6.33 50.2 
% Conversion 2.33 2.33 2.33 
% (Primary) ~ 25 23 23 
Chain length y 3.0 3.3 3.4 

Rates are given as  10 -9 mol g-i  s - l ;  600 mg of each 
catalyst was used. 

b Conversion A = (H 2 + CH4) + ~ paraffin. 
1 5 "  c Conversion B = ~ ~dCi, where j  is the number of 

carbon atoms in each of the i products. 
d TOF B is given as 10 -6 molec. (Al F - Na+) -1 s -l. 
e Percent primary reaction was calculated as :  [(H 2 + 

CH4)/Conversion A] × 100. 
Y Molecules reacted by H-  transfer/molecules re- 

acted by BrCnsted sites (primary reaction). 

(21), decreasing the sodium content in- 
creased the percentage conversions (and the 
rates of formation of all of the products) 
much more effectively than could be ac- 
counted for by the incremental increase in 
the number of BrCnsted sites (taken as the 
lattice A1 concentration). The turn-over fre- 
quencies increased by approximately an or- 
der of magnitude. This behavior was remi- 
niscent of the effects of poisoning with N H  3 
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T A B L E 7  

Rates  of  Product  Format ion  from the React ion of  
I sobutane  at 2.33% Overall  Convers ion;  Effects  of  
Different Concent ra t ions  o f  Na20;  F/W = 1.1 × 10 -5 
mol g-1 s - i  on LZ-210 (6.0) a 

Na20 (wt%) 2.03 0.45 0.02 
Na/A1 0.17 0.04 0.002 

Temp  (°C) 480 442 415 

H 2 78.8 40.2 25.9 
CH 4 91.4 52.9 33.7 

C2H 6 0 0 0 
C2H 4 3.2 3.7 0 
C3H8 31.5 43.8 45.2 
C3H 6 66.2 32.4 18.9 
n-C4Hl0 47.3 91.3 116.9 
i-C4H 8 47.3 34.7 24.5 
n-C4H s 53.6 36.5 26.4 
i-CsH12 6.3 21.9 30.2 

(H 2 + CH4) 170.2 93.1 59.6 
Y~ Paraffin 85.1 157.0 192.3 
Convers ion  A b 255.3 250.1 251.9 
Convers ion  B c 261.0 261.0 261.0 
TOF  B d 82.8 71.5 68.7 
% Convers ion  2.33 2.33 2.33 
% (Primary) e 67 37 24 
Chain length y 0.5 1.7 3.1 

a Rates  are g iven as 10-9 mol g -  1 s - i; 400 mg of  each 
catalyst  was used;  the  flow rate, F/W, was 5.7 × 10 -6 
mol g - i  s - i  

b Convers ion  A = (Hz + CH4) + Y~ paraffin. 
c Convers ion  l = ~ 5 • 4 EiJCi, w h e r e j  is the  number  of  

carbon a toms  in each of  the i products .  
d T O F  B is g iven as 10 -6 molec.  (Al E - Na+) -I s - l .  
e Percentage  pr imary reaction was calculated as: [(H E 

+ CH4)/convers ion (A)] × 100. 
f Molecules  reacted by H -  t ransfer /molecules  react° 

edby BrCnsted sites (primary reaction). 

(8, 9). Thus, as the poisoning was removed, 
the acid strength of the catalyst increased 
along with a concomitant increase in the 
total conversion and an increase in the selec- 
tivity for formation of paraffins. The chief 
products in each case were n-butane and 
propane. Pentane formation (oligomeriza- 
tion) became important and, when present, 
was exclusively isopentane; its concentra- 
tion was always lower than that of propane. 

At constant temperature an increasing 

conversion will increase the partial pressure 
of all intermediate species. This should lead 
to a higher probability for secondary reac- 
tions and this factor should be at least partly 
responsible for the observed effects. In or- 
der to test this point, the total conversion 
level was maintained constant at 2.33% over 
the same catalyst at 430°C by increasing the 
space velocity, and the results are presented 
in Table 6. Interestingly the same large in- 
creases in rate and TOF were observed, but 
without a change in selectivity. The percent- 
age primary reaction remained constant as 
did the length of the carbenium ion chains. 

The results of Tables 5 and 6 may be com- 
pared with those of Table 7 where the con- 
version was maintained constant at constant 
flow rate by changing the temperature. In 
these experiments the yield of each product 
was plotted against the total conversion ob- 
tained at temperatures required to overlap 
2.33%. The values presented in Table 7 were 
interpolated from curves corresponding to 
this conversion. The remarkable feature of 
these results was that while the absolute 
rates of the primary reactions decreased 
with lowering the temperature (in spite of 
the increasing acidity) the absolute rates of 
reaction of isobutane by H-  transfer actu- 
ally increased, leading to higher paraffin 
concentrations in the products. Similar be- 
havior has been observed previously (8, 18). 

The effects of olefins on the cracking of 
isobutane and on the product distribution 
were studied by addition of small amounts 
of olefins to the feed (olefin/isobutane = 
0.006). The results of experiments carried 
out over LZ-Y82 at 370°C are given in Table 
8. The data showed a continuous utilization 
of the olefin added, and this increased in the 
sequence C 2 H  4 ~ c 3 n  6 < i - C 4 H  8. The rate 
of hydrogen formation was not significantly 
influenced by olefin addition, although the 
rate of methane formation was diminished. 
Ethylene addition decreased the percentage 
conversion, but propene and i-butene addi- 
tion increased it. With the latter two, much 
of the added olefin appeared as the corre- 
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FIG. 2. Dependence of the rate of formation of n- 
butane on time on stream over LZ-Y82 at 370°C; the 
feed rate of/-butane was 5 x 10-6 real g- i s-  1 and that 
of added olefin was 3 × 10 -8 mol g- i  s- l  

sponding paraffin, but the formation of n- 
butane and isopentane was also enhanced. 
Thus, the olefins influenced the product dis- 
tribution in different ways. Without addi- 
tives, propane and i-pentane formed in ap- 
proximately equimolar quantities. Ethylene 
suppressed, while i-butene accelerated, i- 
pentane formation more significantly than 
propane formation. Propylene, however, 
understandably enhanced propane forma- 
tion more than i-pentane formation. As can 
be deduced from the data of Table 8, the 
increase in rate of propane formation was 
higher than the net rate of propene con- 
sumption. Similar conclusions can be 
reached with i-butene, but the opposite ef- 
fect was found with ethylene. Ethylene low- 
ered the percentage conversion of isobu- 
tane, but had little effect on the percentage 
primary reaction. The other two olefins very 
much enhanced the activation of isobutane 
by H-  transfer. Similar effects have been 
reported recently (22) for methylpentanes. 

Figure 2 shows the dependence of the n- 
butane yield on time on stream with and 
without olefin additives. Similar results 

were obtained for propane. The presence of 
olefins in the feed decreased the time re- 
quired to line out the catalyst into a steady- 
state conversion. 

On catalysts where paraffin formation 
was low, dehydrogenation always exceeded 
demethanation; on catalysts where signifi- 
cant paraffin formation occurred, the re- 
verse was true. This could not be attributed 
to utilization of H 2 by direct hydrogenation 
of olefins. In an experiment carded out un- 
der otherwise identical conditions with 1% 
propene in excess hydrogen over LZ- 
210(6.0)[0.02], no indication of propane for- 
mation was found. 

DISCUSSION 

Since isobutane has a tertiary hydrogen 
while neopentane does not, it was antici- 
pated that the former would establish carbe- 
nium ion chain reactions in the secondary 
chemistry while neopentane could not. This 
was established experimentally. The data 
presented in Tables 2 and 3 were obtained 
under comparable conditions. At low con- 
versions over the weak acids (Table 2) very 
little secondary reaction occurred; the rates 
of formation of Call 6 and C4H8 from isobu- 
tane corresponded fairly well with those of 
CH 4 and H2, respectively. Conversion A 
agreed fairly well with Conversion B, and 
the contribution of the primary reactions ap- 
proached 100%. Paraffin formation was 
small and no C 5 products were observed, 
confirming that contributions from second- 
ary reactions were negligible. 

Similarly the i-C4H a produced from neo- 
pentane agreed fairly well with the CH 4 for- 
mation, and no paraffins or C5 isomers were 
detected. There was, however, one signifi- 
cant difference: the rate, Conversion B, sig- 
nificantly exceeded Conversion A, and this 
corresponded to the extra n-C4H s which 
must have resulted from reactions of neo- 
pentane which did not produce CH 4 (as did 
the production of CEH 4 and C3H6). It is tenta- 
tively suggested that reactions involving 
surface residue, perhaps with CH 3 transfer, 
are responsible for this extra conversion. 
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TABLE 8 

Rates of Product Formation from Isobutane over LZ-Y82 at 370°C 
with Different Olefins Added to the Feed (Flow Rates were 5 x 
10 -6 mol/-Butane g-l  s - l  + 3 x 10 -8 mol Olefin g-I s-la 

Additives None C2H 4 C3H 6 i-C4Hlo 

H 2 1.4 1.4 1.3 1.3 
CH4 5.6 2.4 2.4 2.4 
C2H6 0 0 0 0 
C2H 4 0 ( -  1.0) 0.8 0.8 
C3H8 4.7 3.3 40.5 29.5 
C3H 6 1.2 0.7 ( -  12.4) 8.3 
n-C4Hl0 24.3 14.1 50.3 60.6 
i-C4H 8 2.9 1.8 8.3 ( -  14.5) 
i-C4H8 0 0 1.4 1.5 
2-C4Hs 0 0 4.9 6.2 
i-CsHI2 4.6 0 24.2 37.3 
n-CsHI2 0 0 1.0 1.4 

H2 + CH4 7.0 3.8 3.7 3.6 
~25 Paraffin 3.6 17.4 116.0 128.8 
Conversion A b 40.6 21.2 119.7 132.4 
Conversion B c 38.8 19.6 118.6 131.5 
TOF B d 14.6 1.4 44.8 49.6 
% Conversion 0.78 0.39 2.38 2.63 
% (Primary) e 17 18 3.1 2.7 
C3Hs/~CsHI2 1.02 ~ 1.61 0.76 

a Rates are given as 10 -9 mol g-i  s-  l; 400 mg of catalyst was used. 
b Conversion A = (H 2 + CH4) + ~ paraffin. 
c Conversion B = ($) Y,~jCi, wherejis  the number of carbon atoms 

in each of the i products. 
d TOF B is given as l0 -6 molec. Al~ 1 s -l. 
e Percentage primary reaction was calculated as: [(H 2 + CH4)/ 

Conversion A] = 100. 

Over more active Y-zeolite catalysts (Ta- 
ble 3), the overall conversion rates of isobu- 
tane were much higher than those of Table 
2, even at much lower temperature. Never- 
theless, similar underlying trends were de- 
tected and these were dominated by second- 
ary H -  transfer processes. The two largest 
single products were now n-C4Hl0 and C3H8. 
The former resulted from isomerization of 
the t-butyl to the sec-butyl cation followed 
by H -  transfer from the parent isobutane, 
thus establishing a carbenium ion chain re- 
action [see' Eq. (3)]; C3H8 was formed simi- 
larly by H -  transfer to the isopropyl cation 
formed either in the primary step or as a 

product of cracking of a C8 oligomer. With 
neopentane these processes did not occur 
because the primary hydrogens of this mole- 
cule are inactive for H -  transfer, even 
though the same t-butyl ion was formed in 
the initiation step. 

With these catalysts isopentane was an 
important product of the isobutane reac- 
tions. This suggested that oligomerization 
followed by skeletal isomerization and 
cracking occurred and that the lifetime of 
the metastable carbenium ions was suf- 
ficient to make these bimolecular pro- 
cesses possible. Interestingly, comparable 
amounts of C3 products were produced 
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when account was taken of that formed as 
a result of the primary reaction (measured 
by CH4). 

The results with neopentane as reactant 
were quite different. The products were 
mainly C4-hydrocarbons together with small 
amounts of C3. Conversion B was only 
about half Conversion A measured by the 
c a  4 produced. This suggested that a consid- 
erable portion of the i-C4H 8 formed in the 
primary reaction was retained by the cata- 
lyst as a surface residue. This was confirmed 
by the data of Fig. 1, which shows the rapid 
decay in catalytic activity in the flow reactor 
(and the much higher coking rate recorded) 
when neopentane was the feed in contrast 
with the nearly stable activity and much 
lower coking rate with isobutane. A small 
amount of H E was produced in the reaction 
over the most active LZ-210(12.0)[0.1]. This 
was approximately balanced by isopentane. 
Olah et al. reported that the isopentyl ion 
and HE resulted from reaction of neopentane 
in magic acid (16). 

Some years ago, the effects of pretreat- 
ment temperature on the rates of isomeriza- 
tion of cyclopropane and the n-butenes (20) 
were investigated over Catalyst M-46. The 
rates fell by about an order of magnitude as 
the catalyst was dehydroxylated, i.e., as the 
hydrogen content was reduced. Since the 
mechanisms of these reactions require 
BrCnsted protons, it was concluded that the 
surface concentrations of these were dimin- 
ished by dehydroxylation. In the present 
work, we have used this approach in the 
study of the cracking of isobutane. The re- 
suits presented in Table 4 responded as be- 
fore, thus supporting the view that the pri- 
mary decomposition of isobutane is 
catalyzed by BrCnsted acids. This additional 
evidence should be added to the reasons 
already presented (7) in support of this 
chemistry. 

Alternative ways to reduce the acidity of 
zeolites include replacement of BrCnsted 
sites with Na ÷ or NH~ cations. It is already 
known (8, 9, 21) that this lowers catalytic 

activity much more than expected from the 
change in the extensive factor of the acidity 
(BrCnsted sites/g). In the present work the 
effect of residual Na ÷ was studied further 
to document effects on selectivity. These 
experiments were carried out in three differ- 
ent ways. As expected, in all cases the activ- 
ity increased markedly as the Na ÷ concen- 
tration was lowered. When the temperature 
and flow rate were held constant (Table 5), 
the percentage conversion and TOF in- 
creased by about an order of magnitude as 
the Na/AI ratio was decreased from 0.17 to 
0.002, i.e., as the last 17% of the sites were 
freed. The rates of both the primary and 
secondary processes increased, the former 
by a factor of about 5 and the latter by a 
factor of 15; the fraction reacted by the pri- 
mary reaction pathway fell from 53 to 25%. 
These huge rate increases cannot be ex- 
plained by the modest 17% increase in the 
extensive factor alone; the intensive factor 
must also have increased, either by increas- 
ing the strength of all of the sites or by creat- 
ing a small fraction of hyperactive sites as 
claimed by Fritz and Lunsford (21). Thus, 
it might be concluded that not only were 
chains being initiated faster, but also that 
the resulting t-butyl carbenium ions became 
more stable (longer lived) as the residual 
Na ÷ content was decreased. Another aspect 
must be considered, however, viz., that be- 
cause the percentage conversion increased, 
higher concentrations of all reactive species 
were present and this may have enhanced 
the rates of the secondary reaction pro- 
cesses. This was substantiated by the results 
of experiments carded out at the same tem- 
perature, but with the conversion held con- 
stant at 2.33% by varying F/W. The results 
(Table 6) showed that while the overall con- 
version rates increased by nearly two orders 
of magnitude, the fraction reacted in the pri- 
mary process, and the length of the carbe- 
nium ion chains remained constant. Indeed, 
the individual products all were formed in 
about the same proportion on all three cata- 
lysts. Presumably this is the result of a 
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nearly constant gas-phase composition over 
the catalysts brought about by adjusting the 
space velocity to maintain a constant per- 
centage conversion. It follows, therefore, 
that removal of Na + greatly increased both 
the rates of chain initiation (the primary for- 
mation of the t-butyl and isopropyl cations) 
and the rates of the secondary reactions 
(isomerization, hydride transfer, and oligo- 
merization). The acidity was enhanced by 
the removal of Na ÷ and its strength was 
increased, but this was not reflected by an 
increase in carbenium ion stability. When 
the gas-phase composition was not held con- 
stant, the contribution of secondary pro- 
cesses varied with the conversion level (see 
% Primary, Table 5.) In all of these experi- 
ments, n-butane was the single largest prod- 
uct and usually more C3H 8 than C3H 6 was 
formed. These two paraffins accounted for 
the major portion of the H -  transfer ac- 
tivity. 

Experiments were made in which the 
same 2.33% conversion was maintained at 
constant flow rate by varying the tempera- 
ture and these results are presented in Table 
7. Under these conditions the overall con- 
version rate was constant [Conversions A 
and B], but the selectivity changed. As the 
catalyst activity increased corresponding to 
the removal of Na ÷, lower temperatures 
were required and the contribution from 
secondary reactions increased. These 
changes probably reflected increasing sta- 
bility of the intermediate carbenium ions at 
lower temperature, and vice versa, because 
the rates of the primary reaction (H 2 + CH4) 
decreased as expected as the temperature 
was lowered. This decrease was, however, 
almost exactly compensated by an increase 
in the rates of reaction by hydride transfer 
and in chain length, both of which increased 
together with decreasing temperature (n- 
C4H10 and C3H8) as did oligomerization 
(CsHI2). These reactions between gas mole- 
cules and carbenium ions would be acceler- 
ated by an increased lifetime of individual 
carbenium ions at lower temperature. Thus, 
the selectivity for the primary monomolecu- 

lar step increased with temperature as re- 
ported previously (8, 18). The Na ÷ poison- 
ing experiments confirm and amplify the 
related findings of Fritz and Lunsford (21) 
for n-hexane cracking. Moreover, it now 
seems evident that poisoning the catalyst 
with small amounts of NH3 (which reacts 
with BrCnsted sites forming NH~-) is another 
manifestation of the same phenomenon. The 
result is a weakening of the remaining BrCn- 
sted sites with a concomitant decrease in the 
rates of the primary monomolecular initia- 
tion reaction and in the resulting steady- 
state concentration of metastable carbe- 
nium ions. 

The data presented in Tables 5-7 provide 
food for further thought. As described 
above, each set of data is internally consis- 
tent and the observations are as expected. 
Problems arise, however, when cross-com- 
parisons of these data are made to further 
delineate the mechanism. For example, for 
e a c h  catalyst at fixed temperature X F / g  = 
constant in the limit of differential reaction 
conditions (X--* 0). Values of 3.1, 13.3, and 
38.3 × 10 -8 mol g-i  s-1 may be deduced 
for the catalysts of Table 5 containing 0.17, 
0.04, and 0.002 Na/AI, respectively. The 
corresponding values from Table 6 are 0.3, 
2.3, and 19.0 mol g-  1 s- 1. The disagreement 
is accentuated when it is recalled that the 
latter values were obtained at lower flow 
rates than that used for the experiments of 
Table 5, i.e., longer contact times producing 
lower rates. Further, if the gross kinetics are 
first order for the primary initiation steps, 
R I = klPiC4Hlo, and second order for the sec- 
ondary (mainly H -  transfer) reactions, R 2 
= k2Pic,H~o, then it follows that R 2 / R  1 -~ con- 
stant in the limit of low conversion, indepen- 
dent of space velocity. Values deduced from 
Table 5 are 0.85, 1.6, and 3.1 while from 
Table 6, 3.0, 3.3, and 3.4 are obtained. 
Clearly, further study will be necessary to 
clarify these points. 

Recently Abbot and Wojciechowski (22) 
reported on the effects of small amounts of 
added olefins on the cracking of both linear 
and branched chain paraffins. The reaction 
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of linear paraffins was found to proceed via 
protonation of the feed molecules on BrCn- 
sted sites. Such molecules have only pri- 
mary and secondary hydrogens and so H -  
transfer is slow. As a consequence, the reac- 
tion was inhibited by the competition for the 
same sites by olefin molecules. Branched 
chain hydrocarbons, on the other hand, con- 
tain tertiary hydrogens and once the reac- 
tion has been initiated by the protonation on 
BrCnsted sites, the resulting carbenium ions 
can act as hydride acceptor sites for the 
reactant paraffin. Thus, during the subse- 
quent course of the reaction, cracking of the 
branched feed molecules occurred predomi- 
nantly by the classical carbenium ion chain 
mechanism. Related results for isobutane 
are presented in Table 8 and may be simi- 
larly interpreted. Both C3H 6 and i-C4H8 en- 
hanced the conversion of isobutane, but 
C2H 4 inhibited it slightly. The former two 
olefins are readily protonated and the result- 
ing carbenium ions can accept hydride ions 
from isobutane as discussed above. This 
then forms the dominant pathway with the 
percentage primary reaction falling to about 
3% (from 17%). This did not occur with 
C2H4, which is not easily protonated. Inter- 
estingly, carbenium ions formed on BrCn- 
sted centers may be regarded as Lewis acid 
sites and hydride transfer may then be re- 
garded as H -  abstraction by this Lewis acid. 
This is the only case where convincing evi- 
dence exists for this process. 

In the present work these ideas were 
pushed to the extreme by comparison of the 
reactions of isobutane, which has a facile 
tertiary hydrogen, with those of neopen- 
tane, which has only inactive primary hy- 
drogens. The former behaved as expected, 
as did the latter in the primary step in which 
methane and the same t-butyl cation were 
produced. Since the latter had no ready 
source of H - ,  desorption of olefins would 
seem inevitable. This occurred with sil- 
ica-alumina. However,  olefins are not eas- 
ily released from the surfaces of stronger 
acids such as HY and HM. With these the 
products obtained were rich in paraffins, 

isobutane being the single largest product. 
Our data suggest that the olefins retained by 
the zeolites have undergone oligomerization 
and reactions leading to a hydrogen-defi- 
cient conjunct polymer. The way this pro- 
cess leads to the formation of relatively large 
quantities of isobutane has been described 
previously (9). This surface residue both 
furnishes the hydrogen required for release 
of the paraffins and forms the coke which 
rapidly poisons the BrCnsted sites. When 
isobutane is the reactant, its tertiary hydro- 
gen acts to keep the surface clean from this 
strongly held "poison."  

In the present work catalyst TT-HY con- 
tained more extra lattice than lattice AI 
atoms. It was relatively inactive compared 
with H-Y(8.1) which was prepared from it 
by acid extraction to remove extraneous 
alumina. This was contrary to the results of 
Haag (23) and of Beyedein et al. (3), who 
reported that extra-lattice aluminum en- 
hanced catalytic activity. Evidently more 
than one kind of extra-lattice aluminum ex- 
ists and generalizations cannot be made. 
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