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The selectivity and kinetics of catalytic cracking of a range of paraffin feedstocks are explained 
by assuming that cracking occurs only at Bronsted sites. We propose that the cracking reaction is 
initiated through the formation of a pentacoordinated carbonium ion and that subsequent events 
parallel the reaction of the same paraffin in liquid superacid media. For linear- paraffins in the range 
C6&Z16, direct bond cleavage of the initial carbonium ion produces a gas phase paraffin and an 
adsorbed carbenium ion which can desorb as an olefin. Rearrangement of the carbonium transition 
state before cracking is postulated to produce branched paraffins as initial products. Hydride 
transfer between an adsorbed carbenium ion and a feed molecule leads to the cracking of that feed 
molecule via p-scission of the resulting carbenium ion. This constitutes a kind of chain mechanism. 
However, this process is slower than the direct cracking of linear paraffins via protolysis. The 
reaction of linear paraffins is inhibited by the competitive adsorption of product olefins, which also 
enhance the chain mechanism route but not enough to cause an overall acceleration in cracking rate 
when olefins are added to a linear paraffin during cracking. For short-chain branched paraffins such 
as 2-methylpentane, 3-methylpentane, and 2,3-dimethylbutane, C-H bond cleavage to produce 
molecular hydrogen occurs in parallel with C-C cleavage. In contrast to linear ions, the carbenium 
ion formed by hydride ion abstraction from a branched feed molecule via the chain process under- 
goes p-scission more rapidly than does the cleavage of the branched feed molecule through protoly- 
sis. Thus the addition of small amounts of olefin to some small branched paraffins produces a 
significant acceleration in cracking rate. The kinetic model which applies to the reactions of linear 
paraffins on HY is therefore not valid for these branched paraffins which are prone to acceleration 
of cracking by adsorbed carbenium ions. 0 1989 Academic Presc. Inc. 

INTRODUCTION 

The mechanism of the cracking reactions 
of paraffins on solid acid catalysts is still 
under debate. Most recent studies have fo- 
cussed on mechanisms of hydrocarbon re- 
actions on zeolites, reflecting the commer- 
cial importance of these catalysts, both in 
the refining of gas oils, and, more recently, 
in processes such as MTG. It has been pro- 
posed that initiation of paraffin cracking 
can occur at either Bronsted or Lewis acid 
centres (Z-5) on the catalyst surface. Inter- 
action of a paraffin with a Bronsted site can 
result in cracking of the saturated molecule 
via protolysis (I, 2, 5), after initial forma- 
tion of a pentacoordinated carbonium ion. 
This leads to a smaller paraffin molecule 
and an adsorbed carbenium ion at the active 
site. Alternatively, evolution of molecular 
hydrogen may occur (I), leading to a carbe- 

nium ion, which may then undergo cracking 
via /3-scission. In both cases, the cracking 
process is initiated by a mechanism which 
leads to the formation of a carbenium ion at 
the Bronsted site. Once this is formed, the 
cracking process may be propagated by a 
chain reaction (2) involving hydride ion 
transfer from a paraffin feed molecule to the 
adsorbed ion, leading to a product paraffin 
molecule and a new carbenium ion, which, 
in turn, can undergo cracking. However, 
the extent of this propagation sequence is 
not known; it is also possible that desorp- 
tion of the residual ion as an olefin occurs 
after each cracking event, so that the origi- 
nal Bronsted site is reconstituted (5) with- 
out any chain of reactions involving resid- 
ual carbenium ions. Notice that in the chain 
process the carbenium ion can act as a 
Lewis site or as a Bronsted site. 

It has been suggested (6) that cracking 
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reactions of paraffins are initiated via ther- 
mal cracking of the feed to produce olefins. 
Adsorption of these unsaturated product 
molecules at Bronsted sites would then en- 
able cracking to proceed totally via a chain 
reaction. Support for this proposal is pro- 
vided by certain experiments which show 
that addition of small traces of olefin to a 
saturated feed can produce a significant ac- 
celeration in the rate of paraffin cracking 
(7-9). However, other studies have found 
that little or no influence can be detected 
when an olefin is introduced (IO-12), while 
kinetic studies have provided evidence for 
inhibition by unsaturated product species 
(13, 14). 

Initiation of reactions of paraffins on zeo- 
lite catalysts may also occur through hy- 
dride ion extraction at preexisting Lewis 
acid sites connected with the lattice of the 
catalyst (2). Although it seems clear that 
this process does occur on various catalysts 
leading to skeletal isomerization of the sat- 
urated molecule (15), the evidence for this 
mechanism as the dominant mode for 
cracking of paraffins on zeolites is less con- 
vincing. 

We have recently undertaken a series of 
studies on reactions of paraffins on HY zeo- 
lite, in which both selectivity and kinetic 
phenomena have been examined in detail 
(12, 13, 16). Although we have said that 
initiation via a carbonium ion mechanism at 
Bronsted sites provides a plausible expla- 
nation for our selectivity results (.5), we 
have, until now, left unspecified the de- 
tailed description of the reaction mecha- 
nism. 

THEORY 

Selectivity 

For each reaction product, the time-aver- 
aged yield sampled from t = 0 to tf, the run 
duration, can be plotted against xR, the in- 
tegral conversion of feed. These plots can 
be enveloped by a single curve, the opti- 
mum performance envelope (OPE), which 
describes the selectivity behaviour of prod- 

% CONVERSION OF FEED 

FIG. 1. Theoretical optimum performance envelope 
(OPE) curves of various products. The OPEs shown 
refer to the products: (1) stable primary product, (2) 
stable primary plus secondary product, (3) unstable 
primary product, (4) unstable primary plus secondary 
product, (5) stable secondary product, and (6) unstable 
secondary product. 

ucts to be described by characteristic 
curves, illustrated in Fig. 1. The initial se- 
lectivity of a product, given by the slope of 
the OPE at zero conversion is nonzero for a 
primary product and zero for secondary or 
subsequent products. 

Kinetics 

We have shown (13) that reactions of n- 
paraffins on HY at 400°C can be described 
by 
dX (1 + Gt)-NA(l - X)/(1 + EX) -= 
dr 1 + B(l - X)/(1 + &X) ’ (1) 

where 

X is the fractional conversion of the 
paraffin, 

7 is the feed contact time, 
t is the time on stream, 
E is the volume expansion coefficient, 
G and N are aging parameters, and 
A and B are constants related to the 

rate constant for reaction, and the 
Langmuir adsorption constants for reactant 
and products. 

The constants A and B are defined by the 
expressions 
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c kiK[Col 

and 

A = 1 +iC Kjnj[Co] 
(2) 

j 

K - C Kjnj 
B = [Co] 

1 + 2 ;C,nj[CrJ' 
(3) 

.i 
where 

ki are the individual rate constants for 
the i parallel modes of conversion of the 
feed, 

K and Kj are Langmuir adsorption con- 
stants for the feed C and each product Pj, 
respectively, 

nj is a stoichiometric factor accounting 
for the number of product molecules of 
type j formed from the feed molecule, and 

[CO] is the initial concentration of the 
reactant. 

RESULTS AND DISCUSSION 

Initiation in Linear Paraffins 

The kinetic model presented in the the- 
ory section is based on the assumption that 
only one type of site on the catalyst surface 
is active during this catalytic process. Fig- 
ure 2 shows that for reaction of n-paraffins 
on HY in the temperature range 400-500°C 
experimental results are well fitted by this 
model. Optimum values of kinetic parame- 
ters are given in Table 1. Under these con- 
ditions, cracking is found to be the domi- 

nant process accounting for >95% of the 
initial selectivity, with skeletal isomeriza- 
tion and coke formation accounting for the 
remainder. 

In the development of our model, it is 
assumed that the active sites have uniform 
decay and adsorption characteristics. As 
the catalyst decays, activity is lost due to 
loss of active sites, so that only some frac- 
tion of the original sites remains after a 
given time on stream (23, 17-19). Table 1 
shows significant consistency in the magni- 
tudes of the aging parameters (N and G) 
obtained for different linear paraffin feed- 
stocks. We note that all the linear paraffins 
show a B value of -1 and that as chain 
length increases the value of m, the order of 
the decay reaction with respect to active 
site concentration, increases. The first we 
interpret as being a sign of severe competi- 
tion by products for adsorption on active 
sites. The second indicates increasing in- 
volvement of pore blockage in the decay of 
catalyst activity. A Langmuir type adsorp- 
tion process was assumed for this kinetic 
model, and we have shown (13) how the 
magnitude of parameter B is related to the 
Langmuir adsorption constants for reactant 
and products. 

Extensive recent studies (2-4) of the re- 
action of n-heptane on HY, and other zeo- 
lites have lead to the opposite conclusion, 
that two distinct types of sites-Bronsted 
sites and Lewis sites-are active during ini- 
tial cracking. The evidence for this is based 

TABLE 1 

Kinetic Parameters for Reactions of Paraffins on HY ZeoliteO 

Paraffin Temp. A B N G 
(“Cl (mol/g cat/min) (min-I) 

n-Octane 400 0.22 -0.994 0.80 1.11 
n-Dodecane 400 0.66 -0.996 0.88 1.43 
n-Hexadecane 400 1.72 -0.998 0.42 1.52 
n-Hexane 500 1.36 -0.900 I .07 0.88 
2,2,4-Trimethylpentane 300 12.6 -0.630 0.96 42.1 
2,2,4-Trimethylpentane 400 287.0 -0.998 0.81 2011 

a All reactions were carried out at 1 atm pressure. 
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on consideration of initial selectivities, 
combined with the application of a “one- 
site” model for fitting kinetic data. It seems 
on reflection to be unlikely that two differ- 
ent types of sites, having distinct adsorp- 
tion and aging characteristics, will have a 
sum of their two Langmuir expressions, 
one for each site type, reduce to the simple 
“one-site” form of Eq. (1). We therefore 
propose to examine the consequences of 
the postulate that only one type of site is 
active for the cracking of linear paraffins on 
HY. 

There is significant evidence that crack- 
ing reactions of paraffins on zeolites occur 
on Bronsted sites. Several studies have 
shown that the cracking activity of zeolites 
is strongly dependent on catalyst pretreat- 
ment temperature (20, 22). Activity is gen- 
erally found to decline as pretreatment tem- 
perature is increased above 5Oo”C, corre- 
sponding to the conversion of Bronsted sites 
into Lewis sites, as the catalyst undergoes 
dehydration (20, 21). A recent study has 
shown that for n-octane cracking on penta- 
sils, there is a direct relationship between 
the number of Bronsted sites present and 
catalytic activity (22). The same study also 
concluded that Lewis acid sites were rela- 
tively unimportant during the cracking re- 
action. It has also been reported (23) that it 
is the strong Bronsted sites which are ac- 
tive in cracking of n-heptane on HY at 
45O”C, from studies of aging and coke for- 
mation during the cracking reaction. 

It would appear reasonable therefore to 
assume that if only one type of site is active 
during cracking reactions of n-paraffins on 
HY, these must be Bronsted sites. This 
proposal is in keeping with the recent inter- 
est in the idea that reactions of paraffins can 
be initiated at Bronsted sites via formation 
of a pentacoordinated carbonium ion (I, 2, 
5). Such protonation of saturated molecules 
to give carbonium ions has been exten- 
sively studied at low temperatures in super- 
acid media (24, 25). At the same time it is 
becoming apparent that there is a great deal 
of similarity in product distributions of re- 

actions in superacids and those on zeolites. 
This suggests that similar intermediates are 
involved in both systems. For example, if 
we compare the product distribution for re- 
action of n-octane in the superacid FS03H/ 
SbFs at 25°C (24,25) with the initial product 
distribution for reaction on HY at 400°C 
(16) C3, Cd, and Cs, fragments are domi- 
nant in both cases, while Cl, C2 and molec- 
ular hydrogen are either absent or formed 
as very minor products. Our recent studies 
have shown that the similarity between the 
two reaction systems also applies to 
branched paraffins and cycloparaffins (26, 
27). Supporting evidence for the possibility 
of a carbonium ion intermediate during par- 
affin cracking has been provided by theoret- 
ical studies (2, 28). Using molecular orbital 
calculations, it has been found that for the 
cracking of n-heptane, bond cleavage via 
formation of a protonated intermediate is 
energetically more favourable than through 
the formation of a carbenium ion, produced 
by hydride ion extraction at a Lewis acid 
site. The involvement of Lewis sites in 
cracking reactions of n-paraffins is there- 
fore in doubt. 

A recent series of studies of reactions of 
n-heptane on various zeolites concluded 
that both Bronsted and Lewis acid sites are 
active during the initiation of the cracking 
process (2-4). This conclusion was reached 
by considering initial product selectivities, 
particularly the initial ratios of paraffimole- 
fin formed, as well as the presence of 
branched species in the primary products. 
We must therefore reconcile initial selec- 
tivity results with the proposal that only 
Bronsted sites are involved in initiating 
cracking in paraffins. 

We have recently examined the initial 
cracking selectivities for n-octane and n-do- 
decane on HY at 400°C (16). Initial selec- 
tivity values for reaction of n-dodecane are 
shown in Table 2. In that work we find that 
the initial ratios for paraffimolefin are not 
unity. However, two important factors 
must be considered before making any 
mechanistic conclusions. First, more than 
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TABLE 2 

Product Types and Initial Weight Selectivities for 
Reaction of n-dodecane on HY 

Product 

Ethane 
Ethylene 
Propane 
Propylene 
n-Butane 
Isobutane 
Trans-2-butene 
Cis-2-butene 
Isobutene 
n-Pentane 
2-Methylbutane 
Trans-2-pentene 
Cis-2-pentene 
3-Methyl-I-butene 
2-Methyl-I-butene 
2-Methyl-2-butene 
I-Pentene 
n-Hexane 
2-Methylpentane 
3-Methylpentane 
2,3-Dimethylbutane 
C6 olefins 
n-Heptane 
2-Methylhexane 
3-Methylhexane 
2,3-Dimethylpentane 
2,4 Dimethylpentane 
C, olefins 
Methylcyclohexane 
Dimethylcyclopentanes 
n-Octane 
2-Methylheptane 
3-Methylheptane 
4-Methylheptane 
2,3-Dimethylhexane 
2,CDimethylhexane 
2,5-Dimethylhexane 
Dimethylcyclohexanes 
Trimethylcyclopentanes 
Toluene 
Cs aromatics 
Cp aromatics 
Cl0 aromatics 
Cl0 + C,, paraffins 
Cu (skeletal isomerization) 
Coke 

Type” 

2s 

(:“+ 2)s 
1u 
(1 + 2)s 
(1 + 2)s 
1u 
IU 
1U 
(1 + 2)s 
(1 + 2)s 
1u 
1u 
2u 
1u 
1U 
IU 
1U 
(1 + 2)s 
(1 + 2)s 
2s 
1u 
IS 
(1 + 2)s 
(1 + 21s 
(1 + 2)s 
(1 + 2)s 
1u 
T 
T 

:l”+ 21s 
(1 + 21s 
2s 
2s 
2s 
2s 
T 
T 
2s 
2s 
2s 
2s 
2s 
IU 
(1 + 21s 

- 

Initial 
selectivity 

- 
- 

0.0180 
0.0753 
0.0321 
0.0753 
0.0527 
0.0316 
0.1205 
0.0210 
0.0853 
0.023 1 
0.0141 

- 
0.0271 
0.0597 
0.0073 
0.0210 
0.0452 
0.0228 

- 
0.0916 
0.0110 
0.0251 
0.0191 
0.0073 
0.0085 
0.0339 

- 
- 
- 

0.0080 
0.0091 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

0.0361 
0.0169 
0.9987 

a 1 = primary; 2 = secondary; S = stable; U = 
unstable; T = trace amounts detected by CC/MS. 

one olefin may be produced from each feed 
molecule, particularly when long chain par- 
affins are used as feedstock. This results 
from the sequential cracking of the carbe- 
nium ion produced after the first cracking 
event, rather than desorption of a long 
chain olefin. Second, hydrogen transfer re- 
actions resulting in unsaturated species 
such as aromatics and coke must be consid- 
ered, if these species are produced initially. 
In the absence of irreversible hydrogen 
transfer from the catalyst itself, an overall 
stoichiometric balance for hydrogen in the 
feed and in the initial products must be 
maintained. This means that, for initial 
cracking of n-paraffins such as n-heptane 
and n-octane, where simple cleavage into a 
paraffin and an olefin is the dominant pri- 
mary process, any deviation from unity for 
the initial paraffimolefin ratio must first be 
corrected for the effects of hydrogen trans- 
fer processes leading to aromatics and 
coke. We have reported, for example, that 
for reaction of n-hexadecane on HY (29), 
the paraffimolefin ratio is significantly 
higher at 300°C than at 400°C. This was 
fully accounted for by a complete mass bal- 
ance showing that the formation of unsatu- 
rated coke and aromatics is much higher at 
the lower reaction temperature and is ac- 
companied by the saturation of some of the 
product olefins, leading to a high paraffin/ 
olefin ratio. 

The second issue which must be exam- 
ined is the appearance of branched species 
as primary products. The initial formation 
of these has been used as evidence of the 
participation of Lewis acid sites during the 
initiation of paraffin cracking (4). This pro- 
posal comes from the view that if cracking 
is initiated at Bronsted sites alone then the 
linear feed molecule which undergoes pro- 
tolysis will produce a smaller linear paraffin 
as an initial product species, leaving a re- 
sidual carbenium ion at the Bronsted sites. 
If this ion has four or more carbon atoms, 
rearrangement to a branched structure 
prior to desorption is favoured as it will 
result in a more stable carbenium ion, 
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which can then desorb as a branched olefin. 
There is thus no difficulty in explaining the 
appearance of branched olefins as primary 
products, branched paraffins are another 
matter. 

The appearance of branched paraffin spe- 
cies as initial products via the protonation 
of a linear feed molecule requires more de- 
tailed consideration. For reactions of linear 
paraffins in superacid media, detailed initial 
product distributions, including the relative 
proportions of all isomers, have unfortu- 
nately not been reported (24, 25). It also 
appears that in considering the cracking 
mechanism of linear paraffins by a carbo- 
nium ion intermediate, the possibility of re- 
arrangement of the transition state has not 
been carefully considered. It is tacitly as- 
sumed that protonation of a linear paraffin 
can only result in a linear product paraffin 
as the first product of protolysis (4). 

More detailed information on product 
distributions from linear paraffins in liquid 
superacid media, particularly with regard to 
distribution of isomers, would be helpful at 
this point, and we are currently undertaking 
such studies. Theoretical calculations must 
also be done. However, if we compare the 
proposed mechanisms for cracking and for 
alkylation in superacid media (30), we see 
that the first process is the reverse of the 
second, with a common transition state, 
comprising a three centre complex between 
two carbon atoms and the proton. For 
cracking, separation of this complex leads 
to the formation of a carbenium ion and a 
smaller saturated fragment. during alkyla- 
tion, the same complex is formed as a car- 
benium ion is approached by a saturated 
molecule. It seems possible that during the 
cracking process, as the carbenium ion and 
the saturated fragment begin to separate, 
realkylation can occur. If this occurs at the 
same carbon atom, the original protonated 
linear species is reconstituted. If it occurs 
at another carbon atom, a protonated 
branched isomer is produced, and subse- 
quent cracking will yield branched paraf- 
finic fragments. 

We have previously suggested the possi- 
bility of rearrangement of carbonium ions 
produced by protonation of linear paraffins 
at Bronsted acid sites on zeolite catalysts 
(5) on the basis of other experimental 
results. It was observed that in cracking a 
mixture of linear paraffins, linear paraffins 
are produced preferentially on HZSM-5 
whereas branched paraffins were favoured 
on HY. We explained this by assuming that 
rearrangement of the carbonium ion formed 
by initial protonation of the linear paraffin 
was much more difficult within the narrow 
pore structure of HZSM-5. It has been sug- 
gested in other work that isomerization of 
n-paraffins is caused by protonation of a 
paraffin on solid superacid polymers with 
proton donor strengths comparable to those 
of liquid superacid media (10). 

Chain Reactions in Linear ParafJins 

Consider now the cracking mechanism 
for linear paraffins on HY after initiation 
has occurred. It has been proposed by some 
investigators (2-4) that reaction may pro- 
ceed via a chain mechanism. One way this 
process may proceed is by a hydride ion 
transfer to a surface carbenium ion from 
another feed molecule. The new parent car- 
benium ion will then release and take the 
place of the now saturated surface fragment 
and undergo normal cracking via p-scis- 
sion, etc. In this way a chain is established. 
Evidence for this is provided by the obser- 
vation that addition of small traces of olefin 
to paraffin feedstocks can in certain cases 
produce a significant acceleration of paraf- 
fin cracking. This effect has been reported 
for reaction of n-octane on HY (9), butane 
on mordenite (8), and for cracking of n- 
hexadecane on amorphous silica alumna 
(7). However, we have been unable to de- 
tect such an effect (12) when a small 
amount of I-hexene was added to n-hexane, 
for reaction on HY at 500°C (Fig. 3). Our 
observation is similar to reports for addi- 
tion of isobutene to n-heptane during crack- 
ing on a rare-earth-exchanged Y zeolite 
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TIME ON STREAM (8) 

FIG. 3. Curves for catalytic conversion of n-hexane on HY zeolite at 500°C with experimental points 
for n-hexane feed after addition of 1% 1-hexene. Catalyst/reactant ratios correspond to those in Fig. 
2b. 

(II) and for addition of I-butene to n-butane 
for reaction on a solid superacid (II). 

From our kinetic model, we find that the 
reaction of n-paraffins on HY in the range 
400-500°C is inhibited (13) as product ole- 
fins are formed. A similar conclusion was 
reached for n-hexadecane on silica-alu- 
mina (14). We believe that, for linear paraf- 
fins, reaction on HY proceeds via protona- 
tion of feed molecules on catalyst sites even 
after initiation has occurred and that this 
process is inhibited by competition for ad- 
sorption at the same Bronsted sites by 
product olefins whose concentration in- 
creases with conversion (28). It is difficult 
in such a case to assign any importance to 
the chain mechanism in relation to direct 
protolysis. 

The Inj?uence of Chain Length on the 
Rate of Cracking 

From the optimum values for kinetic pa- 
rameters in Table 1 for reaction of n-oc- 
tane, n-dodecane, and n-hexadecane on 
HY at 4OO”C, we can now draw some con- 
clusions regarding the average rate con- 
stant for cracking and the influence of chain 
length on its value. From inspection of Eq. 
(2), it is clear that the parameter A is a func- 
tion of all adsorption terms as well as of the 
rate constants ki, which can be expressed 
for the reactant as 

2 ki = $ . 2 . (-xnj) 
i 

on the assumption that K G K,. 
It has been shown that heats of adsorp- 

tion for paraffins on zeolites increase ap- 
proximately linearly with chain length (31). 
For lack of comparable information for che- 
misorption we assume that the energy of 
chemisorption of K for n-octane, n-dode- 
cane, and n-hexadecane is also propor- 
tional to the length of the hydrocarbon 
chain. It can also be seen that the major 
contribution to product adsorption is due to 
short chain olefins in the range C3-C6, 
which probably have similar chemisorption 
constants Kj (32). If this is so, then the val- 
ues of CKjnj will be KoZnj and proportional 
to the initial molar selectivity for olefins in 
each n-paraffin (Table 3). From Eq. (4), we 
can now calculate the relative values for Cki 
as shown in Table 3. Finally, we divide 
those values by the number of “crackable 
bonds,” ZCbi, leading to fragments of Cj or 
larger. The values of EkiiZbi can be identi- 
fied with ki in the mechanism shown in Fig. 
4, showing that this value increases with 
chain length. A similar trend can be seen 
for reactions of n-paraffins in the range CJ- 
Cr., on a rare-earth-exchanged X zeolite at 
900°F (33). These results indicate that inter- 
nal bonds in a linear paraffin are more sus- 
ceptible to cracking than those closer to the 
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TABLE 3 

Calculation of Cracking Rate per Bond in n-Paraffins 

n-Octane n-Dodecane n-Hexadecane 

AIB 0.221 0.663 1.723 
% 0.88 1.5 1.9 
K 1 1.64 2.12 
Bk, 0.195 0.606 1.203 
=b, 3 7 11 
Zk,lCb, 0.065 0.087 0.109 
Normalized rate per bond 1 1.24 1.69 

ends of the chain. It is not clear why this 
phenomenon persists so far into the mole- 
cule or how much further it may persist. 

Branched Parafjns 

We have studied reactions of 2-methyl- 
pentane, 3-methylpentane, and 2,3-di- 
methylbutane on HY at 500°C. Figure 5 
shows plots of experimental cumulative 

PH@ 
c-c-c-c-c-c- ------b 

linear oaraffin 

conversions for these branched paraffins as 
a function of time on stream. It is immedi- 
ately apparent that these sets of curves dif- 
fer from those presented in Fig. 2 for the 
linear paraffins. The curvature of the lines 
in Fig. 2 is always monotonic, and our sim- 
ple kinetic model can be applied, as we 
have previously described (13). For the 
branched paraffins, however, the plots of 

paraffin carbenum ion 

feed molecule 

-c-c-c-c-c-c- 

/ 

+ C-C-C- 

paraffin 

‘0 

cracking products 

FIG. 4. Reaction mechanism for cracking of a linear paraffin on HY zeolite. 
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FIG. 5. Conversion of branched C6 paraffins on HY at 500°C as a function of time on stream (a) 3- 
methylpentane, (b) 2-methylpentane, and (c) 2,3-dimethylbutane. Catalyst/reactant ratios: (0) 0.0385, 
(A) 0.0154, (0) 0.0077. 

conversion against time on stream at each on a zeolite catalyst, and the simple kinetic 
level of catalyst/reactant exhibit “induc- model successfully applied in the case of 
tion periods,” i.e., regions where the cur- linear paraffins is no longer valid. 
vature is obviously concave. We have not Initial selectivities for reaction of 2- 
observed this type of phenomenon previ- methylpentane on HY at 500°C (26) show 
ously in any reaction of a pure hydrocarbon that cracking to produce two C3 fragments 
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is the dominant initial process and that mo- 
lecular hydrogen is an initial product. As 
we have shown previously (26) molecular 
hydrogen appears to be produced during 
initial reaction of a paraffin on HY when the 
molecule contains a hydrogen ion attached 
to a tertiary carbon atom. Its formation can 
be accounted for by interaction of the feed 
molecule with a Bronsted site as shown in 
Fig. 6. A carbonium ion is produced which 
can either undergo C-H bond cleavage to 
produce hydrogen and a carbenium ion (I), 
or C-C bond cleavage to produce propane 
and a carbenium ion (1). From the presence 
of initial selectivity for hydrogen, it can be 
seen that both these processes must take 
place (26) even if initiation of cracking oc- 
curs on Brgnsted sites alone. 

The possibility of C-H bond cleavage of 
the carbonium ion formed from 2-methyl- 
pentane, in parallel with C-C bond cleav- 
age, does not, however, explain the ob- 
served kinetic phenomena. This can be 
explained by assuming either an increase in 
the number of active sites after initiation of 
the cracking reaction has occurred, or that 
the existing sites are modified by product 
formation in such a way that activity is en- 

hanced. The model we have applied suc- 
cessfully to the reactions of linear paraffins 
allows only for a decrease in the number of 
active sites due to aging and for a reduction 
in available sites due to competitive adsorp- 
tion of product species (13). It does not al- 
low for the possibility that the number of 
sites increases after initiation, nor for the 
possibility that sites can be modified so that 
their activity is promoted. 

It appears unlikely that more active sites, 
identical to those initially present, can be 
introduced during reaction (16). This leaves 
the modification of the original Bronsted 
sites through interaction with a product 
species as a plausible explanation. In the 
above discussion of linear paraffin cracking 
we argued that during the cracking of a lin- 
ear paraffins, adsorption of product olefins 
to produce a carbenium ion at a Bronsted 
site causes inhibition. We believe that for 
linear paraffins rP > rp on Fig. 4, so that 
adsorption or retention of product olefin at 
a Bronsted site causes inhibition of crack- 
ing. For the branched paraffins, the reverse 
appears to be true, i.e., rp + rp, so that 
hydride ion abstraction followed by crack- 
ing of the branched C6 carbenium ion oc- 

C, olefin 
C3 + C3 

desorptio\ J sciwon 

c 

C 

c-~-c-c-c 

c-d-c-c-c 
8 

PH@ f 
Carbenium Ion 

- c-c~c-c-c 

c-c 

H 

Carbonium Ion 
c-c-c + 

c 
a$ 

\ 

propane b 
Carbemum Ion 

FIG. 6. Initiation of cracking for a branched paraffin at a Bronsted site. 
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FIG. 7. The influence on conversion of adding 1.5% 1-hexene to 2,3-dimethylbutane for reaction on 
HY at 500°C. 

curs more rapidly than cleavage of the feed 
molecule via direct protolysis at a Brensted 
site. 

It seems that this difference between the 
linear paraffins and the branched paraffins 
is due to the relative ease of removal of the 
tertiary hydride ion, leading to the forma- 
tion of a tertiary carbenium ion. It is known 
that removal of a tertiary hydride ion in a 
paraffin occurs very much more easily than 
removal of a secondary hydride (28). If this 
interpretation of the observed kinetic effect 
is correct, we would expect that addition of 
small traces of olefin to branched paraffins 
will cause an acceleration of the cracking 
reaction. Figure 7 shows the effect of intro- 
ducing 1.5% I-hexene to the 2,3-dimethyl- 
butane feed. It is clear that the cracking 
reaction is significantly enhanced by the ini- 
tial presence of the olefin. Thus, in contrast 
to the linear paraffins, the branched paraffin 
reaction appears to proceed mainly via a 
chain reaction involving surface carbenium 
ions acting as Lewis acids forming carbe- 
nium ions on feed molecules by hydride ion 
abstraction. If the surface carbenium ions 
were to act as Brgnsted sites, it is hard to 
visualize how they could be so effective as 
catalytic sites, if the original Bransted sites 
on the catalyst were not. 

We note at this point that the reaction of 
2,2,4-trimethylpentane on HY at 300 and 
400°C (26) shows kinetic behaviour typical 
of linear paraffins. Figure 8 shows that the 
curves representing conversion at different 
catalyst to reactant ratios are similar to 
those for linear paraffins in Fig. 2 and there 
is no evidence of any “induction” period 
typical of the C6 branched paraffins (Fig. 4). 
Table 2 also shows that the value of the 
parameter B for reaction of 2,2,4-trimethyl- 
pentane on HY at 400°C is close to - 1, so 
that the kinetic behaviour of this branched 
molecule is similar to that of the linear par- 
affins. This is an unexpected result at first 

0 200 400 600 800 ,000 

TIME ON STREAM (S) 

FIG. 8. Theoretical curves and experimental points 
for reaction of 2,2,4-trimethylpentane on HY at 300°C. 
Catalyst/reactant ratios: (V) 0.0148, (A) 0.0350, (0) 
0.106,(O) 0.360. 
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sight, especially since we also find that mo- 
lecular hydrogen is not observed as an ini- 
tial product of this reaction on HY at 400°C. 
This however agrees with observations in 
liquid superacid media, where it was shown 
that for highly substituted molecules, C-H 
bond cleavage to produce molecular hydro- 
gen is no longer a facile process even 
though the molecule contains a tertiary hy- 
drogen in the structure (24, 25). Steric con- 
straints may effectively “shield” access to 
the tertiary hydrogen, so that product dis- 
tributions obtained for highly substituted 
paraffins are more typical of linear paraffins 
than of the monomethyl paraffins (24, 25). 
At the same time conversion proceeds by a 
protolytic mechanism similar to that of lin- 
ear paraffins. 

Skeletal Isomerization of ParafJins 

Although we propose the existance of di- 
rect skeletal isomerization of carbonium 
ions formed on paraffins, there is also some 
evidence that skeletal isomerization of par- 
affins occurs on Lewis acid sites, via hy- 
dride ion extraction and the rearrangement 
of the resulting carbenium ion. For exam- 
ple, with the superacid systems PzOs/A1203 
and AIC13/A120j, Lewis acid sites are 
thought to be responsible for the catalytic 
activity which promotes skeletal isomeriza- 
tion of n-alkanes at low temperatures (34, 
35). Studies of skeletal isomerization of 
paraffins on the solid superacid SbFj-SiOz- 
A1203 (36, 37) have shown that reaction oc- 
curs via hydride ion extraction at Lewis 
acid centres. However, as pointed out re- 
cently (38) one cannot be sure that all 
traces of water have been completely elimi- 
nated from these catalysts, so that 
Bronsted sites may still be present and pro- 
duce the observed catalytic activity. It 
would therefore seem reasonable to suggest 
that the observed skeletal isomerization of 
n-paraffins on HY (Table 2) also occurs on 
Bronsted sites through rearrangement of 
the carbenium ion. 

CONCLUSIONS 

In summarizing our findings on the prod- 
uct distributions and the kinetics of conver- 
sion of a variety of linear and branched par- 
affins, we come to the following 
conclusions. On HY zeolite at 400-500°C 
linear paraffins are mainly (above 90% or 
so) converted on one type of site. This site 
is capable of both cracking the feed mole- 
cule and isomerizing the initial paraffin 
product. Lewis acid sites would also be ca- 
pable of carrying out both processes. How- 
ever, there is much evidence to show that 
Bronsted acids are vitally important to cat- 
alytic cracking. We are therefore forced to 
choose between the two and conclude that 
the dominant active site in linear paraffin 
cracking is a Bronsted site. Furthermore, 
we must take it that the pentacoordinated 
carbonium ion formed on a Bronsted site by 
a linear paraffin will not yield molecular hy- 
drogen by hydride ion elimination but will 
permit isomerization of the leaving moiety 
before its elimination as a paraffin. These 
are not obvious conclusions and need to be 
examined both by experiment and by MO 
calculation. 

Branched molecules containing an un- 
shielded tertiary hydrogen react on two 
types of sites. One is present on the original 
catalyst and leads to the production of ini- 
tial molecular hydrogen and to cracking. 
The same Bronsted sites proposed as 
agents of linear paraffin cracking could play 
the necessary role. The reason for the ap- 
pearance of molecular hydrogen as an ini- 
tial product is no doubt connected with the 
ease of extraction of a hydride ion when a 
tertiary hydrogen is present in a molecule. 
This same ease of hydride extraction is re- 
sponsible for the appearance of the second 
type of site active in the cracking of 
branched paraffins. The second type of site 
is a carbenium ion, sitting on a Bronsted 
site, and acting as a Lewis acid toward a 
feed molecule. This leads to a chain mecha- 
nism wherein a branched feed molecule ap- 
proaches a surface carbenium ion, gives up 
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a hydride ion, allows the desorption of the 
surface moiety as a paraffin and takes its 
place as a carbenium ion. This ion then 
isomerizes, cracks, and eventually may de- 
sorb or undergo a subsequent chain propa- 
gating reaction. 

The difference between linear and 
branched paraffin cracking reactions is 
therefore that whereas surface carbenium 
ions occupy Bronsted sites and inhibit the 
cracking of linear paraffins, they do not in- 
hibit but in fact promote the cracking of 
branched paraffins. This is made obvious 
by the effect of added olefins to the two 
types of feeds. Small amounts of olefins 
added to linear paraffins have no effect on 
reaction rate, large amounts inhibit the re- 
action. In contrast, small amounts of olefins 
added to branched paraffins speed up the 
reaction, as does the accumulation of prod- 
uct olefins as conversion increases. We 
conclude that carbenium ions on Bronsted 
sites are even more effective in catalyzing 
the cracking of branched paraffins than the 
preexisting Bronsted sites of the catalyst it- 
self. 

Finally, we note that branched paraffins 
can contain shielded tertiary hydrogens. In 
these molecules the reaction proceeds by 
the same mechanism as in linear paraffins. 
That is to say no molecular hydrogen is 
present in the initial products of the reac- 
tion and only one type of site is involved in 
the cracking reaction. 
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