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The monomolecular conversion of light n-alkanes (propane
to n-hexane) over H-ZSM-5 was investigated between 723 and
823 K. The rates and energies of activation of the individual
reactions were determined and a kinetic model for the conver-
sion is presented. The results suggest that carbonium ions are
intermediates for all primary reactions. Depending upon the
nature of the carbonium ion in the transition state, three parallel
primary reactions were identified, leading to hydrogen ex-
change, dehydrogenation, and cracking. With increasing size
of the n-alkane, the rate of reaction increases due to the increase
in the adsorption constant of the hydrocarbon. The true ener-
gies of activation are independent of the hydrocarbon chain
length and the position of the carbon-carbon bond to be

cleaved. © 1995 Academic Press, Inc.

INTRODUCTION

Because of its vital importance in the petroleum indus-
try, cracking of hydrocarbons has been of remarkable inter-
est in the academic and the industrial communities over
the past decades. This is well documented in several review
articles (e.g., 1-6). The characterization of the active com-
ponents of cracking catalysts, the understanding of the
complex reaction network occurring during cracking of
industrial feed stocks, and the use of test reactions for
the evaluation of catalyst performance were the focus of
interest. The use of small alkanes as probe reactants for
the evaluation of catalytic properties of cracking catalysts
has been hotly debated (7-11) and quite strong disagree-
ment as to the best suited molecule still exists. It was
thus our aim to compare the detailed kinetics of catalyzed
reactions of light n-alkanes (propane to n-hexane), i.e.,
cracking, dehydrogenation, and hydrogen exchange, in or-
der to prove the possibilities and limitations of these reac-
tions with respect to catalyst characterization. In this com-
munication, we will mainly focus on cracking and discuss
hydrogen exchange reactions and dehydrogenation only
as needed to explain the possible product distributions.

Two pathways of acid-catalyzed cracking of saturated
hydrocarbons are commonly accepted: (i) the classical bi-
molecular carbenium ion chain mechanism (3-cracking)

which involves the activation of the n-alkane via hydride
transfer to a surface-bound carbenium ion followed by 8-
scission of this newly formed carbenium ion (10-14) and
(i) the monomolecular (protolytic cracking) pathway
which involves the formation of pentacoordinated carbo-
nium ions (6, 11) and cleavage of the carbon—carbon bond
adjacent to the carbon atom bearing the positive charge.
In the first case, the rate-determining step of the reaction
is concluded to be the hydride transfer following the initial
generation of the carbenium ion; in the latter case the rate
is determined by carbonium ion formation (generated by
addition of protons to the saturated hydrocarbons) or their
subsequent decay. The prevalance of one of the two mecha-
nisms is governed by the reaction temperature and the
surface concentration of the reactants (determined by tem-
perature, reactant pressure, and the concentration of acid
sites) (11).

For the present study, the reaction conditions were cho-
sen so that monomolecular reactions prevailed for the pri-
mary conversion of the hydrocarbons. The individual pri-
mary reaction steps and the contribution of the secondary
reactions will be discussed. A reaction scheme of n-alkane
cracking over H-ZSM-5 and the energetics of the observed
processes will be presented.

EXPERIMENTAL

H-ZSM-5 (obtained from Mobil) with a Si/Al ratio of
35 and an average particle size of 1 um was used for the
present investigation. The concentration of Brgnsted acid
sites was determined to be 4.2 X 107 mol/g by tempera-
ture-programmed desorption of pyridine and ammonia.
The experimental conditions for these measurements and
detailed information about the physicochemical properties
are documented in Ref. (15). All acid sites were found to
be accessible for reactant molecules as probed by in situ
IR measurements of the sorption of linear alkanes (C;—Cg)
at 300 K. The BET surface area of the material was 300
m?/g, and the micropore volume was 0.06 cm*/g. The ZSM-
5 sample did not contain detectable amounts of extra lattice
alumina species (determined by Al NMR) or Na* cations
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(determined by EDAX). The phase purity of the material
was checked by XRD.

The catalytic conversion of the linear hydrocarbons be-
tween 723 and 823 K was carried out in a tubular flow
reactor with an inner diameter of 5 mm operated under
stationary conditions. Typical catalyst weights varied from
0.005 t0 0.05 g. For catalyst weights exceeding 0.02 g, quartz
was applied as dilutant to minimize the pressure drop over
the catalyst bed. The catalyst was activated in a stream of
air by increasing the temperature (10 K/min) to 873 K and
maintaining this temperature for 1 h. Then, the sample
was cooled to reaction temperature in a stream of He. The
reactants were used either premixed with the carrier gas
(propane 10%, and n-butane 2% in He 5.0) or added to
the He carrier stream via a saturator or a syringe pump (n-
pentane and n-hexane). The partial pressures were varied
from 0.1 to 10 kPa. Flow rates were adjusted between 10
and 100 ml/min to maintain differential reaction condi-
tions.

Data reported here correspond to steady state values
taken between 15 and 60 min time on stream. Catalyst
deactivation did not take place under the experimental
conditions chosen, as shown by the transient response tech-
nique (see Ref. 16).

Correlation coefficients of linear dependencies reported
in the present communication (E 4, dr/dp) were in all cases
better than 0.99. The energies of activation have a maxi-
mum standard deviation of 7%.

The products were separated by means of gas chroma-
tography (HP-5890 1I) using an Al;O3/KCl capillary col-
umn and analyzed with a flame ionization detector and a
mass spectrometer (HP-5971A). The absence of thermal
cracking was confirmed with blank experiments.

REACTION PATHWAYS

In order to establish the rates of the different reaction
pathways, the individual stoichiometric reactions of the n-
alkanes were quantitatively evaluated. Although monomo-
lecular reactions prevailed in our experiments, we also
considered the minor contributions of bimolecular path-
ways in order to fully close the mass balance.

Monomolecular a-cracking of n-alkanes leads to one
paraffin molecule and one adsorbed carbenium ion (11).
The surface-bound carbenium ion might (i) desorb as ole-
fin, (ii) abstract a hydride ion from another saturated hy-
drocarbon (12, 14, 17-21), or (iii) react further by oligo-
merization and/or secondary B-cracking (12, 14, 19). If the
carbenium ion desorbs as olefin, the paraffin to olefin (P/
Q) ratio in the products will be one. The formation of
isoparaffins indicates hydride transfer, because the rate of
isomerization of the olefins is high. In contrast, a P/O
ratio smaller than one suggests secondary cracking of the
carbenium ion to yield an olefin and a smaller carbenium
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ion. Because seconadary cracking of propene and butene
requires primary carbenium ions, the probability of under-
going secondary cracking increases with the chain length
of the olefin. Therefore, the P/O ratio decreases with in-
creasing molecular weight (17). The concentration of ole-
fins in the product stream is thus markedly influenced by
the rate of secondary reactions.

At differential conversion, the rates of production or
consumption r; and the total rate r,, (carbon balance) are
described by
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X;, V mca. n, and x denote the individual conversion,
the volumetric flow rate of the feed (mol/sec), the mass
of the catalyst (g), the number of carbon atoms in the feed
molecule, and a positive integer (denoting an increase in
chain length). respectively. Four assumptions were made
to account quantitatively for the reactions described above:
(1) The rate of an individual primary cracking reaction
(cleavage of one of the carbon—carbon bonds) is equal to
the rate of formation of the corresponding alkane. The
produced alkanes do not react further. The excess of the
corresponding alkene was attributed to other reactions
(e.g.. B-cracking). (ii) The total rate of primary cracking
is the sum of the individual reaction rates. (iii) The rate
of dehydrogenation is equal to the rate of formation of
the olefin with the same carbon number as the feed mole-
cule plus the concentration of the olefins resulting from
secondary cracking of these dehydrogenated products (i.e..
the excess of olefins described under (i)). (iv) The sum
of the rates of the different reaction pathways (cracking,
dehydrogenation) equals the total rate.

RESULTS

The Rates of Hydrocarbon Conversion and the Order of
Reaction

The rates of product formation are compiled in Table
1 for all hydrocarbons investigated. The rates of the indi-
vidual reaction networks are listed in Tables 2—4. Please
note that all rates were normalized to the corresponding
partial pressures and are expressed in terms of mol - s™' -
g ' - bar '. Turnover frequencies were calculated by nor-
malizing these values to the concentration of strong
Brgnsted acid sites.
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TABLE 1

Individual Rates of Product Formation for the Conversion
of the Linear Hydrocarbons over H-ZSM-5 at 773 K (Rates x
10¢ (mol/g s bar))

Propane n-Butane n-Pentane n-Hexane
Methane 1.1 37 94 17
Ethane 36 20.9 54
Ethene 1.1 38 16.3 28
Propane Feed 7.2 42
Propene 0.6 3.6 29.8 120
n-Butane Feed 1.1 13
Butene isomers 27 84 56
n-Pentane Feed 09
Pentene isomers 32 4
n-Hexane Feed

The orders of the observed cracking reactions were unity
for all hydrocarbons, indicating that monomolecular reac-
tions prevailed under the experimental conditions applied.
This is exemplified for n-pentane in Fig. 1. It should be
especially emphasized that neither the selectivity nor the
apparent energies of activation changed in the pressure
interval reported. At higher pressures small amounts of
isoparaffins indicated minor contributions of bimolecular
reactions.

The dependence of the rates on the chain length is shown
in Fig. 2. The rate of cracking increased exponentially from
1.1 X 1078 for propane to 1.27 X 10~* for n-hexane at 773
K. Similarly, the rates of dehydrogenation increased from
6.1 X 1077 for propane to 4.1 X 10°° for n-hexane. For all
hydrocarbons the rate of cracking exceeded the rates of
the other reactions.

The rates for the individual dehydrogenation reactions

NARBESHUBER, VINEK, AND LERCHER

TABLE 3

Reaction Network for the Conversion of n-Pentane over
H-ZSM-5 at 773 K

TOF x 10°

Rates X 10° (molecules/

No. Reaction (mol/g s bar) site s bar)
R1 CsHy; —» C; + C%’ 94 22.4
R2 CH;; —» G + CF 209 49.8
R3 C5H12 R C3 + C%_ 72 17.1
R4 CsHy; — Hy + G5 12.3 29.3
RS Ci -G + CY 9.1 217
TCracking (2 Rla sz R3) 375 89.3
7Dehydrogenation (R4) 123 29.3
rCracking + I'Dehydrogenation 49.8 118.6
rroal {Carbon balance) 49.8 118.6

(i.e., the formation of propene from propane, butene from
n-butane, etc.) are also compiled in Tables 1-4. The appar-
ent selectivity to dehydrogenation decreased with increas-
ing chain length of the hydrocarbon. This is primarily due
to the increasing reactivity of olefins with higher molecu-
lar weight.

The apparent energies of activation for cracking de-
creased with increasing chain length of the hydrocarbon
(see Table 5 and Fig. 3). In parallel, the heats of adsorption
increased, indicating a constant true energy of activation
for all alkanes. The selectivities observed for the cleavage
of central and terminal carbon-carbon bonds (see below)
did not change as a function of temperature, indicating the

TABLE 4

Reaction Network for the Conversion of n-Hexane over
H-ZSM-5 at 773 K

TABLE 2
TOF x 10°
Reaction Network for the Conversion of n-Butane over Rates X 10° (molecules/
H-ZSM-5 at 773 K No. Reaction (mol/g s bar) site s bar)
TOF X 10° R1 C¢Hyy — C, + C}+ 17 41
Rates % 10° {molecules/ R2 CeHyy — C, + C3 54 129
No. Reaction (mol/g s bar) site s bar) R3 CHiq — C; + C§ 42 100
R4 CGHN b C4 + C;ZV 13 31
R1 C:Hyy—~ C + C} 37 88 RS CeHis — H, + C&- 32 76
R2 CHyy— G + C5 36 8.6 R6 C: - C3 + CY 32 76
R3 CHyy— H, + C} 2.8 6.7 R7 Ct -G + G} 14 33
R4 Cr—-2CF 0.1 0.2
Femeking (2 R1, R2, R3, 126 300
TCracking (2 R1, R2) 7.3 174 R4)
I'Dehydrogenation (RB) 28 6.7 I'Dehydrogenation (RS) 32 76
rCracking + rDehydrogenalion 10.1 24.1 T'Cracking + I'Dehydrogenation 158 376
rroat (Carbon balance) 10 23.8 rTota {Carbon balance) 161 383
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FIG. 1. Reaction order for cracking and dehydrogenation of n-pen-
tane over H-ZSM-5 at 773 K.

same energy of activation for the protolytic cracking of all
carbon—carbon bonds (see Fig. 4).

Reactions of Propane

Methane and ethene and hydrogen and propene were
determined to be the primary products. This was concluded
from the positive initial slopes of these products in a yield
vs conversion plot. In addition, traces of ethane were
found. Hydrocarbons with more than three carbon atoms
were not detected. The sum of the rates of primary cracking
and dehydrogenation equals the total rate, indicating that
the mass balance was closed. Thus, the reaction products
and rates observed can be well explained by protolytic
cleavage of propane into methane and ethene as well as
propene and hydrogen with nearly complete absence of
hydride transfer and/or secondary cracking of the propene.
It should be noted that the rates of formation of methane
and ethene were higher than that for propene (sec Table
1) and that these differences increased with temperature.

Ln (rate)
B - -
|
-10‘
Cracking
[ ]
12 Dehyrog. \
e ]
1 2 3 4 5 6 7

Carbon chain length

FIG. 2. Rates of cracking and dehydrogenation of linear hydrocar-
bons over H-ZSM-5 at 773 K vs the carbon chain length.
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TABLE 5
Heats of Adsorption, Apparent and True Energies of
Activation, Paraffin/Olefin Ratios and Cracking/

Dehydrogenation Ratios for the Conversion of the n-Alkanes
over H-ZSM-$§ at 773 K

Heat of C x 100

adsorption  Ea app Cracking  EA true Cracking —_—

Reactant  (kJ/mol) (kJ/motl) (kJ/mol) P/O (C + D)
Propane 43 155 198 0.7 65%
n-Butane 62 135 197 0.7 2%
n-Pentane 74 120 194 0.7 5%
n-Hexane 92 105 197 0.6 80%

The apparent energies of activation for cracking and dehy-
drogenation were 155 and 95 kJ/mol, respectively.

Reactions of n-Butane

The individual reaction pathways and their rates over
H-ZSM-5 at 773 K are compiled in Table 2. The conver-
sion of n-butane yielded methane and propene, and ethane
and ethene in approximately equimolar amounts. Addi-
tionally, hydrogen and butene were formed. All these prod-
ucts were determined to be primary.

Ethene was observed in a small excess of ethane. This
excess was quantitatively attributed to secondary cracking
of butene isomers via formation of primary carbenium ions.
The excess formation of ethene increased with increas-
ing temperature. Formation of ethene via cracking of
(di-)oligomerized butene is excluded, because propene was
not observed in excess of the expected stoichiometric con-
centration and Cs hydrocarbons were not detected.

As in the case of propane, cracking of n-butane exceeded
the rate of dehydrogenation. However, cracking proceeded
at approximately twice the rate of dehydrogenation, indi-
cating a decrease in the importance of dehydrogenation
compared to propane. The selectivities of the two individ-

Ln (rate)
14 - . -
r ! Propane
‘ | oo
-16 105 kJimol ! n-Butane
B \'\-\-\‘\”:ﬂm ’ n-Pentane
—~B—
: 135 kdimol n-Hexane
.20 -
\ 156 kJmot
22|
L_.
1.2 1.25 1.3 1.35 1.4
10001K™")
FIG. 3. Arrhenius plot for protolytic cracking of the n-alkanes.
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FIG. 4. Cracking selectivities upon conversion of n-pentane over
H-ZSM-5 as a function of temperature.

ual cracking pathways, i.e., the formation of (i) methane
and propene and (ii) ethane and ethene, did not change
with temperature, indicating identical apparent energies
of activation for the cleavage of all carbon—carbon bonds.
However, the selectivity to dehydrogenation decreased
with increasing temperature, indicating a lower energy of
activation for dehydrogenation than for cracking. The ap-
parent energies of activation were 135 kJ/mol for crack-
ing and 115 kJ/mol for dehydrogenation. Hydrogen—
deuterium exchange experiments indicated that the rate
of protonation—deprotonation exceeds all other rates by
at least one order of magnitude. The apparent energy of
activation for this reaction was approximately 80 kJ/mol
(16, 21).

The concentrations of the butene isomers were close to
their thermodynamic equilibrium values, suggesting fast
double bond, cis/trans, and skeletal isomerization. Propane
and i-butane were observed in negligible concentrations
between 723 and 823 K, indicating that hydrogen transfer
plays only a minor role.

Reactions of n-Pentane

The individual reaction pathways of n-pentane conver-
sion over H-ZSM-5 at 773 K and the corresponding rates
are compiled in Table 3 and in Fig. 5. As for propane and
n-butane, the product distribution could be well explained
by monomolecular cracking. Methane and butene, ethane
and propene, ethene and propane, and hydrogen and pen-
tene were the primary reaction products.

While methane and butene were found in approximately
equimolar concentrations, an excess of ethene over pro-
pane and of propene over ethane was detected. This was
attributed to secondary cracking of pentene formed via
dehydrogenation. The sum of the rate of pentene forma-
tion and the rates of excess alkene formation amounted
to 25% of the total reaction rate. Thus, compared to pro-
pane and n-butane, a smaller contribution of the dehydro-
genation to the overall conversion was observed.

NARBESHUBER, VINEK, AND LERCHER

Above 710 K, neither i-pentane nor i- and/or n-butane
were detected in appreciable quantities, suggesting the ab-
sence of hydride transfer reactions. Below 710 K, the for-
mation of i-pentane, and n- and i-butane was observed. In
combination with the sudden absence of methane in the
products, this indicates a rapid transition from the mono-
molecular to the bimolecular cracking mechanism (e.g.,
19).

The selectivities within the cracking products did not
change as a function of temperature, indicating the same
energy of activation for the cleavage of all carbon-carbon
bonds (see Fig. 4). The apparent energy of activation for
cracking was determined to be 120 kJ/mol. Similar to the
conversion of n-butane, the pentene isomers were detected
in their equilibrium concentrations.

Reactions of n-Hexane

As for the smaller alkanes, the conversion of n-hexane
over H-ZSM-5 between 723 and 803 K is fully explained
by monomolecular reactions. The individual reaction path-
ways and the corresponding rates at 773 K are compiled
in Table 4. Five major elementary reactions were consid-
ered to describe the reaction network of the n-hexane
conversion: (i) Formation of methane and pentene isomers.
The latter can desorb or crack further into ethene and
propene. (ii) Formation of ethane and butenes in equimo-
lar amounts. Under all experimental conditions, the bu-
tenes were present in their equilibrium composition. (iii)
Formation of propene and propane. An excess of propene
was formed, which was attributed to secondary cracking
of pentyl- and hexyl-carbenium ions. (iv) Formation of
ethene and n-butane. The excess of ethene over n-butane
is attributed to the decomposition of the pentyl-carbenium
ion into ethene and propene. Hexyl-carbenium ions de-
compose primarily to propene. (v) Dehydrogenation of n-

(CH,=CH, + CH,=CH-CH, ,
Secondary cracking

_9x10* |

Dehydrogenation

| CH,- CH,-CH,-CH,~ CH, |

Primary cracking [9.4x10° | [2.1a0°] [72x0°]
| 7240

CH,~CH,+ CH,=CH - CH,_

FIG. 5. Reaction network for n-pentane conversion over H-ZSM-5
at 773 K. Rates in mol/g s bar.
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hexane to hexene, which is instantaneously cracked fur-
ther, so that only traces of hexene were observed.

In accordance with the trend of decreasing importance
of dehydrogenation with increasing size of the hydrocarbon
the ratio of cracking to dehydrogenation was the highest
for hexane compared to the other hydrocarbons studied.
Again changes in the selectivities of the cracking products
over the temperature range were not observed, suggesting
an identical energy of activation for the cleavage of all
carbon bonds. The apparent energy of activation for crack-
ing was 105 kJ/mol.

DISCUSSION

The Reaction Mechanism

The product selectivities and the first-order pressure de-
pendence indicate that alkane conversion can be described
by monomolecular reactions. Although the contribution
of primary reactions dominated, secondary cracking of the
carbenium ions increased with alkane chain length. Hy-
dride transfer was observed to set in only below 710 K.

The material studied did not show measurable concen-
trations of Lewis acid sites. Thus, strong Brgnsted acidic
hydroxyl groups are concluded to be the active sites. These
hydroxyl groups interact with the alkanes via hydrogen
bonding and generate pentacoordinated carbonium ions
(11, 22-24) in the transition states.

Subsequently, three reactions are possible: (i) donation
of the proton back to the zeolite (hydrogen exchange), (ii)
cleavage of two carbon-hydrogen bonds to form hydrogen
and a secondary carbenium ion (dehydrogenation), and
(iii) breaking of a carbon-carbon bond to form an alkane
and a primary carbenium ion (cracking). The apparent
energies of activation increased in the sequence hydrogen
exchange < dehydrogenation < cracking. The rates of
these reactions increased, however. in the sequence dehy-
drogenation < cracking < hydrogen exchange. We think
that all three processes occur in a concerted manner, in-
volving little charge separation. A schematic sketch of the
transition state and the energetic pathways for n-butane
is given in Fig. 6 (see also ref. (24)).

The adsorbed, hydrogen bonded n-alkane represents the
common reaction precursor for all these primary processes.
The protolytic cleavage of the carbon—carbon bonds ini-
tially leads to the formation of primary carbenium ions,
while secondary carbocations are formed during dehydro-
genation. Thus, the lower energy of activation for dehydro-
genation may be explained by the Evans—Polanyi relation
(25) correlating the higher enthalpies of primary carbe-
nium ions with the higher energy of activation. The low
selectivity to dehydrogenation then implies that the preex-
ponential factor and thus the transition state entropy is
lower for dehydrogenation than for cracking. This may be
caused by the fact that the structure of the transition state
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is closer to the more tightly bound carbenium ion in alkane
dehydrogenation than in cracking. Note that this strictly
holds only for the light hydrocarbons (propane and butane)
while the larger hydrocarbons undergo complex secondary
reactions, causing a much higher energy of activation.

The highly endothermic nature of the formation of the
carbonium ions suggests that they exist only as activated
complexes in the transition state. Theoretical calculations
(26-28) indicated it to be rather unlikely that these ions
are stabilized as intermediates in the zeolite pores. The
different energies of activation imply, therefore, separate
reaction pathways for hydrogen exchange. cracking, and
dehydrogenation. We conclude that protonation and bond
cleavage occur in concerted steps (schematically depicted
in Fig. 6). Whatever the absolute energy barrier may be
for the two processes, we conclude that it is the transition
state entropy and not the transition state enthalpy or the
lifetime of the carbonium ion which determines the differ-
ences in the rates.

The Role of the Alkane Chain Length

As compiled in Table 5, the apparent energies of activa-
tion of cracking decreased with increasing chain length
of the hydrocarbon. In the same sequence, the heats of
adsorption (15) increased (see Fig. 7). This suggests a con-
stant true energy of activation for the conversion of n-
alkanes, independent of their chain length.

It was shown that the adsorption of n-alkanes on H-
ZSM-5 can be described by a set of Langmuir isotherms
(15). At high temperatures, low alkane coverages prevail.
Under these conditions the adsorption can be described
by a Langmuir isotherm in its reduced form, i.e., 6 =
K - p. Then, the apparent rate constants of the hydrocarbon
reactions may be expressed as the product of the adsorp-
tion constant and the rate constant of the corresponding
process.

As shown in Fig. 2, the rates of cracking and dehydroge-
nation followed an exponential increase with the chain
length of the hydrocarbon. The corresponding adsorption
equilibrium constants for the n-alkanes taken from Ref.
(15) also showed an exponential increase with the chain
length of the hydrocarbon. Thus, we conclude that it is
primarily the sorption constant which influences the varia-
tion of the reaction rate.

The Selectivity of the Carbon—Carbon Bond Cleavage

The selectivity to cleave central carbon-carbon bonds
increases with increasing chain length (see Tables 1-4).
Because the selectivities to the cracked products were inde-
pendent of the temperature (and hence the apparent energ-
ies of activation for the cleavage of central and terminal
carbon—carbon bonds are identical) this is unlikely to be
explained by weaker inner C—C bonds. Thus, we propose
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FIG. 6. Energy scheme for H/D exchange, monomolecular cracking, and dehydrogenation.

that the entropy of the sorbed state of the reactant and/
or the transition state entropy control the selectivity. The
tendency to crack the alkane in such a way that the largest
possible carbenium ion is formed upon decomposition of
a given carbonium ion supports this, as the larger carbe-
nium ion will have a higher entropy in the transition state.

Secondary Reactions

Under the reaction conditions employed, skeletal isom-
erization and cracking of the olefins are secondary reac-
tions. The contribution of the latter increased strongly with
increasing chain length of the carbenium ion. The increased
reactivity of the sorbed alkene is caused by two factors:
(i) the increasing true residence time of the alkenes with
increasing chain length (which is due to stronger interac-

Energy [kd/mol]
250

1= consta—ntl

200

150

100

50

Propane n-Hexane

FIG. 7. Heats of adsorption and energies of activation for cracking
of n-alkanes over H-ZSM-5.

tions with the zeolites (26)) and (ii) the lower apparent
energy of activation for the larger alkenes that can crack
via secondary carbenium ions.

CONCLUSIONS

The high-temperature conversion of light n-alkanes over
H-ZSM-5 proceeds through two monomolecular reac-
tions, i.e., cracking and dehydrogenation. In parallel, rapid
protonation/deprotonation (H/D exchange) may occur,
which does not lead to further reaction. The extent of
secondary cracking depends upon the size of the carbenium
ion, formed in the primary process, as well as upon the
concentrations of the olefins present.

The true energy of activation for carbon-carbon bond
cleavage is independent of (i) the chain length of the hydro-
carbon and (ii) the position of the carbon—carbon bond.
Therefore, the transition state entropy or the differences
in sorption entropy must account for the different prod-
uct selectivities.

The reaction rates for cracking and dehydrogenation
increased exponentially with increasing carbon chain
length. The same dependence was found for hydrocarbon
sorption which led us to conclude that the activity depends
primarily upon hydrocarbon adsorption. For all alkanes
investigated, the rate of dehydrogenation was significantly
smaller than the rate of cracking. The lower dehydrogena-
tion activity compared to that of cracking suggests a sig-
nificantly lower transition state entropy for the former
reaction, i.e., an activated complex which is more tightly
bound to the surface.

The importance of the secondary reactions was found
to critically depend upon the type of carbenium ion in-
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volved as intermediate in the corresponding process. When
primary carbenium ions need to be formed for cracking,
low rates were observed (as for propene and butene).
When secondary carbenium ions can participate in the
reaction route for cracking, higher secondary conversions
were observed.

The observed results together with theoretical calcula-
tions suggest that the carbonium ions should be rather seen
as transition states than as stable, high-energy intermedi-
ates (24, 26-28). In contrast, the carbenium ions are as-
sumed to be formed as stable intermediates. Their surface
concentration determines the extent of bimolecular reac-
tions. The temperature, the size of the hydrocarbons, and
the nature of the bonds involved in the stabilization of
the carbocations will determine the residence time of the
hydrocarbon on the acid site.
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