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Cracking and isomerization of n-hexane, 2-methylpentane, 2,4-dimethylpentane and isooctane:
have been studied at 250 °C and 400 °C on hydrogen-mordenite and 0.6% platinum-hydrogen-
-mordenite.

On hydrogen-mordenite, at 400 °C, no isomerization is observed and the selectivities are
roughly those expected from a classical carbonium ijon mechanism in which the adsorption-de-
sorption of the alkanes constitutes the rate-determmmg step. At 250 °C, products from cracking are
mainly saturated hydrocarbons with very small quantities of C,, C; but comparatively large amounts
of C,, C; resulting from bimolecular reactions among the products. -

Isomerization -occurs on platmum—hydrogen-morden1te at both temperatures, but only at
250 °C on hydrogen-mordenite. Hence it is suggested that the rate-limiting step is no longer the forma-
tion and desorption of carbonium ions but rather their isomerization and g-scission.

Introduction

Cracking and isomerization of hydrocarbons constitute the major industrial
application of zeolite catalysis in petroleum chemistry [1]. Synthetic mordenites in
particular are known to be very active in this field [2—4] and their use will probably
become more and more widespread in the near future.

Carbonium ions are the .most commonly proposed intermediates for the acid
catalyzed isomerization and cracking of alkanes [4, 5] according to the mechanism
presented in Fig. 1. The most frequent ways of forming carbonium ions from alkanes,
(reactions (1) and (4)), are: direct cracking of alkanes by protons, hydride abstrac-
tion by Lewis acid sites or protons of Bronsted acid sites, or intermolecular hydride
transfer from the alkane to a preadsorbed carbonium ion. These carbonium ions can
then undergo what PoutsMA calls “‘three basic reactions™ [4]: intermolecular
rearrangements (2), f-scission (3,3”) and hydride transfer.

Our objective was to study the main factors that can affect the formation and
transformation of carbonium ions and, therefore, change the selectivities of the
reaction. The effect of the structure of the reactant itself was studied by using 4 alka-
nes: n-hexane, 2-methylpentane, 2,4-dimethylpentane and isooctane. The influence
of the reaction temperature was investigated by comparing the results obtained at
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400 °C and 250 °C. Finally, the effect of the addition to the mordenite, of a metal
.component which can dehydrogenate the alkane into alkenes (reactions (1”) and (4")),
and hence facilitate the formation of carbonium ions, was studied by using a plati-

num-hydrogen-mordenite catalyst.
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Fig. 1. Carbonium ion mechanism for n-hexane cracking and isomerization:
n normal; i isomeric; Cg hexane; O, hexene; C* carbonium ion 1=a=4

Experimental part

All the reactants were Fluka pure grade reagents percolated through alumina
before use.

The 900-H zeolon hydrogen- mordemte (H-M) was purchased from Norton.
Each sample was preheated overnight at 500 °C under hydrogen. The platinum-
~hydrogen-mordenite (Pt-H-M) was obtained by impregnation of the hydrogen-
~-mordenite with an aqueous solution of H,PtCls and reduced overnight in hydrogen
at 500 °C. The H,—O, gravimetric titration of the 0.2, 0.6 and 1 w% Pt-H-M gives
respectively a metal surface area of 0.37, 0.6 and 1.0 m? per gram of catalyst (Pt
«dispersion 80%, 42% and 36% respectlvely)

- All the results were established in a dynamic flow reactor with 0.1 atmosphere
hydrocarbon pressure and 0.9 atmosphere hydrogen pressure. -

Table I
Activities (Mole hr—*g=") of Hydrogen-Mordenite (H—M ) and 0.6% -

Platinum—Hydrogen—Mordeniie (0.6% Pt—H-—M ) after 20 min reaction
time (a.,) and after deactivation extrapolated at zero conversion (a,)

Isooctane n-Hexane
Catalysts - 10%as | 10%a, 10%(ap)o " 104GE ), ~@polade .
(cracking) (Isomerization) (cracking)
H—M 400 °C . 45 5.5 0.05 22 0.02
250 °C 10—15 1.5 0.6 0.75 0.8
0.6% : .400 °C 1200 400 160 200 0.8
Pt—H—M  250°C 55 15 10 1.5 6.6
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The analysis of the reaction mixture was performed on a Perkin-Elmer F—20
gas-chromatograph equipped with a S. C. O. T. capillary column of squalane.

The activity of all the catalysts decreased very rapidly during the first 2 hours
of use, then became stable. For isooctane cracking, the activity after 20 minutes
reaction time (a,,) of the hydrogen-mordenite is approximately 10 times the extra-
polated activity after deactivation (a,), while on platinum-hydrogen-mordenite
4,2 3a, (Table I). The product distribution was determined after deactivation of the
catalyst and at a very low conversion (less than 5%).

Results and discussion
Hydrogen-mordenite

At 400 °C, the main products are those expected from carbonium ion f-scission
(Tables II and III). The distribution is almost the same as on silica-alumina [6]:
n-hexane and 2-methylpentane give mainly C; products, 2,4-dimethylpentane mainly
C;and C, products and isooctane C, products. However, if one looks at the product
distribution in detail, it appears not to correspond exactly to a primary crackmg of
carbonium ions resulting from the reactant.

The amounts of C; and C, are always larger than the amounts of the comple-
mentary heavy products: one finds 4.4% C, and 16.6% C, from n-hexane while the
corresponding amounts of C; and C, are only 0.5% and 10.5% respectively (Table II).

* Table II

Cracking of n-hexane and 2-methylpentane. Product composition (mole % )

Starting . Catalysts H—M 06% Pt—H—M

material Products

400 °C 250 °C 400 °C 250 °C

Methane 4.4
Ethylene 12
Ethane 4.6
Propene 28.5
Propane 3
n-Hexane Isobutene
Isobutane
n-butane
2-butene
Isopentane
n-pentane
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Table I

Cracking of 2,4-dimethylpentane and isooctane. Product composition (mole % )

H—M 0.6% Pt—H-—M

Starting Catalysts
material Products 400 °C 250 °C 400 °C 250 °C

H

Methane
Ethylene
Ethane
Propene
Propane
2,4-dimethyl- Isobutene
-pentane Isobutane
n-butane
2-butene
Isopentane
n-pentane
Hexanes
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This implies that the alkenes or carbonium ions formed in reactions (3) and (3%)
undergo a secondary cracking before desorption.

The quantity of alkenes is in every case smaller than the amount of alkanes.
This result is generally supposed to be due to hydrogen transfer with formation of
aromatics or coke [7]. No aromatics are detected here, but the catalyst is deactivated
by coke formation (Table I).

Another observation is that 2,4-dimethylpentane yields isobutane and propane
(Table 111) instead of propane and isobutene according to:

i + + '
c—C+C—-C—C - C—C—C + C—-C=C
. |
C C C
ThlS indicates that a reaction of proton transfer (reaction (5)) takes place very
readily on the surface:
(
C—C—C + C=C-C = C—C=C + C—C—C )
l I
C ' C
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No isomers' of the starting material are detected but one observes an unexpected
formation of i-C, from n-hexane (Table 11) and n-C, from isooctane and 2,4-dimethyi-
pentane (Table 111). The fact that no isomers of the starting material are observed
means that (1) and (4) or (2) are slow compared to (3) and (3’). Since isomeric frag-
ments are found among the products, reactions (2) and (2°) must take place at an
appreciable rate. Moreover it is known that butanes are much more difficult to iso-
merize than larger alkanes [8—9]. Thus, the principal way in which the isomeric
fragments are formed is probably (2) followed by (3’). One must then conclude that
the carbonium ion formation and desorption are rate-determining.

At 250°C, the selectivities differ markedly from what is observed at 400°C
and one notices especially that isomerization now accompanies cracking except for
isooctane.

The light products are formed in very small quantities but the C,, C; and C;

products are found in rather large amounts (Tables 11 and 111). For example, no C, .

and C, are formed from n-hexane whereas one finds respectively 16% and 39% of
C; and C,. However, no products heavier than the reactant are found. All the pro-
ducts are mainly saturated and very few alkenes are found. The large amount of
heavy products (C,, C; and Cg) can only be accounted for by supposing that a bimole-
cular intermediate is formed, either between two molecules of reactant, or one mole-
cule of reactant and one molecule of product, or between two molecules resulting
from a primary cracking of the reactant. The primary products of cracking (alkenes
and carbonium ions) are highly reactive and may interact together very readily through
alkylation which is the reverse reaction of f-cracking of carbonium ions. This reaction
will occur very rapidly especially if small, unstable, primary carbonium ions are in-
volved [10], with a consequent decrease in the amount of light hydrocarbons and
alkenes and an increase in the amount of heavier products. The formation of a dimer
of the rather unreactive starting alkane [11] is unlikely without its previous transfor-
mation into alkenes. Moreover this should lead to products heaviér than the reactant,
but this is not observed.

At this temperature, cracking is only 3 to 4 times slower than at 400 °C (apparent
activation energy: 5 kcal mole~?!) whereas isomerization is up to 10 times faster at
250 °C than at 400 °C (Table 1). The existence of isomerization shows that at 250 °C
the cracking of carbonium ions (3 and 3°) is no longer infinitely faster than their de-
sorption (4) as it is the case at 400 °C. Adsorption-desorption of alkanes is no longer
rate-limiting. Moreover, the peculiar enhancement of the overall isomerization rate
(Table 1) leads one to suppose that the formation and desorption of the carbonium
ions (1 and 4) themsélves occur at a higher rate than at 400 °C. This phenomenon can
easily be accounted for by assuming that these reactions involve intermolecular
hydride transfer between alkanes and carbonium ions at the surface. This exchange
would be more important at a lower temperature because of a larger concentration
of adsorbed species on the catalyst.

Platinum-hydrogen-mordenite

At 400 °C the fact that platinum, has been deposited on the mordenite has an effect
similar to a lowering of the reaction temperature: disappearance of alkenes among
the products and also a decrease in the amount of C,, C, products and an increase
in that of C,, C; and C, (Tables 11 and I11). But the main point is that the cracking

14
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activity is ccnsiderably increased and that an important isomerization activity appears
(Table 1). The isomerization to cracking ratio in the case of n-hexane increases in
the same way as when the reaction temperature is lowered on hydrogen-mordenite.
The effect of platinum content (Figure 2) or metal area on the activity is typical

of a bifunctional behaviour: the activity

first increases proportionally to  platinum

content, then remains constant. For n-

hexane a metal area of approximately 0.4

" m2g-1 (0.2 w% Pt) is sufficient to obtain the
maximum level of activity. On the catalysts

with ‘high platinum content (metal area

» 7 >0.4 m?g~1) the carbonium ion formation
occurs readily through dehydrogenation of
the reactant into alkenes (1”). The limiting
step for the cracking reaction becomes the
f-cracking of the carbonium ions (3 and 3)
while (2) is the limiting step for isomeriza-
tion. This effect of platinum demonstrates
that an increase in the rate of carbonium
ton formation improves the selectivity in
isomerization as opposed to cracking, and
this provides good evidence for our interpre-
tation of the effect of lowering the reaction

o e 17

0,25 5 0.75 1 %Pt

Fig. 2. Influence of platinum content on

the activity of platinum-hydrogen-mor- temperature.
denite at 400 °C: - cracking of isooctane; At 250°C the effect of platinum is

O crackingof n-hexane; -+ isomsrization much less pronounced than at 400°C. The

of n-hexane. activity for n-hexane cracking only doubles

while the isomerization activity is muiti-

plied by 15 (Table 1).- Thus, the ratio of isomerization to cracking is highly increased.

One can again assume that the rate of adsorption-desorption of the alkane is increased

by adding (1) and (4’) to (1) and (4). The weakness of the effect of platinum deposit

is probably due to the fact that at this temperature the metal area is not sufficient
to attain the equilibrium between the alkanes and corresponding alkenes.

f

Conclusion
3.

The classical mechanism involving carbonium ions as intermediates can explain
the results of cracking and isomerization of alkanes on hydrogen-mordenite and
platinum-hydrogen-mordenite. At 400 °C, the formation and desorption of carbonium
ions is rate-determining for cracking. Isomerization does not take place because the
desorption of isomeric carbonium ions is slow compared to their f-scission. A decrea-
se in reaction temperature or an addition of platinum to the hydrogen-mordenite
improves the rate of adsorption and desorption of carbonium ions and consequently
favors isomerization compared to cracking. The alkenes and carbonium ions resulting
from cracking react together. This reaction is faster at 250 °C because of the larger
concentration of adsorbed species.
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