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Abstract

Reaction kinetics data were collected for the conversion of isobutane over H-mordenite andβ-zeolite, under conditions where reacti
was initiated primarily by addition of isobutylene to the feed and where stable catalyst performance was achieved. We successfull
our kinetic model, previously developed to describe the conversion of isobutane over USY, to describe the reaction kinetics d
present study. Catalyst performance for isobutane conversion is controlled primarily by composite activation energies, defined
of the energies of transition states relative to gas-phase reactants. The composite activation energies of monomolecular activ
are lower by about 20–25 kJ mol−1 over H-mordenite andβ-zeolite compared to USY. In addition, the composite activation energie
hydride transfer and oligomerization/β-scission steps are lower by about 20–30 kJ mol−1 over H-mordenite andβ-zeolite compared to
USY. This result suggests that the same zeolitic interactions responsible for stabilizing the transition states for monomolecular
are also important for stabilizing the transition states for hydride transfer and oligomerization/β-scission reactions. Our results also sugg
that the heats of adsorption of olefins are more exothermic on H-mordenite andβ-zeolite compared to USY, again implying that the sa
interactions responsible for stabilizing the transition states for monomolecular and bimolecular reactions are also important in s
adsorbed reaction intermediates.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Studies of reactivity trends exhibited by hydrocarbons
solid acid catalysts have contributed significantly to und
standing factors that control catalytic activity and selec
ity during catalytic cracking [1–24]. Among the differe
probe reactions that have been studied, the conversio
isobutane is particularly useful because the product di
bution provides information about the relative contributio
of monomolecular and bimolecular reaction pathways
served during the cracking of light paraffins [25–28]. R
cently, we developed a kinetic model to describe the re
tion kinetics of isobutane conversion over a USY cata
for a wide range of reaction conditions [29]. This model
scribed a complex product distribution in terms of a li
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f

ited number of kinetic parameters and used reaction s
from various families of reactions involved in the crac
ing process: adsorption/desorption of olefins and paraffin
oligomerization/β-scission, isomerization, hydride transf
and monomolecular activation or initiation reactions. T
model allowed us to obtain composite activation barriers
kinetically significant steps and to perform sensitivity ana
ses to probe the degree of rate control for all steps in
model [29]. In the present paper, we report reaction ki
ics data for the conversion of isobutane over H-morde
andβ-zeolite. While these zeolites are not used comm
cially for catalytic cracking, various studies in the liter
ture have compared the catalytic properties of these zeo
with USY for monomolecular cracking, with the aim of el
cidating the factors that control catalyst performance.
cordingly, we have conducted our study of isobutane c
version over H-mordenite andβ-zeolite to determine how
the rates of monomolecular activation, oligomerizatio/
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β-scission, and hydride transfer reactions over these zeo
compare to those over USY.

Various researchers [18,20,24,30] have studied mono
lecular activation of light alkanes at elevated temperatu
over USY, H-mordenite, andβ-zeolite and have shown th
catalytic activity may be related to the nature of the p
and its size [20,22,31]. In the present study, we have ca
out isobutane conversion at temperatures� 573 K, where
the reaction is initiated primarily by the addition of isob
tylene to the alkane feed. Accordingly, these data prov
information about the rates of oligomerization/β-scission
and hydride transfer, thereby permitting us to determine
extent to which pore size and type, that are known to con
monomolecular activation, affect the rates of bimolecu
reactions. As before [29,32], we also conduct sensiti
analyses with respect to rate constants for monomolec
and bimolecular reactions to show the degree to wh
certain relationships control catalyst performance un
different reaction conditions.

2. Experimental

Table 1 shows the properties of the H-mordenite
β-zeolite catalysts used in this study. The Brønsted
Lewis acidity were determined by Fourier transform infra
spectroscopy with pyridine as the probe molecule. The F
experiments were carried out with a Perkin-Elmer 17
spectrometer operating in the diffuse reflectance mode, u
a Spectra Tech controlled-environment cell, as descr
elsewhere [33]. The numbers of Brønsted acid sites foβ-
zeolite and H-mordenite are similar and are lower than th
for the USY sample used in our earlier study [29]. T
number of Lewis acid sites forβ-zeolite is significantly
higher than that of the USY catalyst, whereas no Lewis a
sites were detected for H-mordenite.

We carried out our experiments using a combinat
of two quartz flow reactors connected in series, accord
to the procedure described in our study with USY [2
The feed to the first reactor consisted of different fracti
of isobutane (AGA, research grade, 99.99%) hydro
(Praxair, 99% purity), and helium (Praxair, 99% purity) a
total pressure of 1 atm. Hydrogen was purified via a De

Table 1
Physical properties of the zeolite catalysts

Properties Catalyst

USY a H-Mordeniteb β-Zeoliteb

SiO2/Al2O3 3.5c 20 25
Total surface area (m2 g−1) 668 419 563
Unit cell size (Å) 24.549 – –
Brønsted acid sites (µmol g−1) 662 403 377
Lewis acid sites (µmol g−1) 105 0 498

a Ref. [29].
b Zeolist International.
c Si/Al framework= 4.8.
Unit (Engelhard) followed by a bed of molecular sieve
77 K, helium was purified by an activated molecular sie
bed at 77 K, while isobutane, with a total hydrocarb
impurity level below 20 ppm, was used without furth
purification. The total flow rate of feed to the reactor w
60 cm3(NTP)/min. We adjusted the temperature of the fi
reactor, loaded with 1.0 g of a Pt–Sn/L-zeolite catalyst,
between 473 and 573 K to vary the dehydrogenati
hydrogenation equilibrium of the isobutane/H2 gas mixture,
and thus control the isobutylene concentration of the f
to the second reactor. The second reactor was loaded
0.023 g of H-mordenite or 0.022 g ofβ-zeolite. We diluted
both catalysts with 0.057 g of pelleted fumed silica
avoid reactor channeling and, before collecting kinetic d
calcined the catalysts at 773 K for 4 h in dry O2 at a flow of
200 cm3(NTP)/min.

We conducted kinetics measurements over H-morde
at 523 and 573 K. Feed compositions consisted of 1
hydrogen with 20, 40, or 80% isobutane in helium;
used isobutylene feed levels nominally equal to 50, 1
and 150 ppm. We studiedβ-zeolite over the temperatur
range of 473–573 K, using feed compositions of 1
hydrogen with 20 or 80% isobutane in helium, and w
isobutylene feed levels nominally equal to 20, 35, 50,
and 100 ppm. We analyzed all products in the effluent
stream with a gas chromatograph (Hewlett-Packard 58
equipped with a flame ionization detector and a 13-f
Alltech column packed with 80/100 mesh 0.19% picric aci
on Graphpac-GC.

3. Results

3.1. Effect of temperature on monomolecular activation

We first evaluated the effects of temperature on the ra
isobutane conversion over H-mordenite andβ-zeolite with
the temperature of the first reactor maintained at 300
where the equilibrium for isobutane dehydrogenation
unfavorable. No isobutylene was detected in the prod
stream exiting the first reactor, and the feed to the sec
reactor consisted of only 10% H2 with 20 or 80% isobutane
in helium. We monitored the formation of reaction produ
from the second reactor while increasing the tempera
from 373 K in 25 K intervals.

Over H-mordenite we observed no detectable cata
activity in the absence of feed olefins at temperatures be
473 K. Activation of isobutane initially detected at 473
with 80% isobutane in the feed led to the formation
methane, isobutylene,n-butane, propane, and isopenta
For experiments conducted with 20% isobutane in
feed, we obtained measurable rates of formation of th
products at 573 K. Overβ-zeolite we detected products
temperatures above 498 K for isobutane feed concentra
of 20 and 80%. Our results for H-mordenite agree with th
reported by Fogash et al. [34], who did not detect activ
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for isobutane conversion in the absence of feed ole
on H-mordenite at 473 K. These results in the abse
of feed olefins show that isobutane activation beco
measurable at lower temperatures over H-mordenite anβ-
zeolite compared to over USY where temperatures ab
600 K are required [29].

3.2. Product distributions

The main products observed for the conversion of iso
tane over H-mordenite andβ-zeolite were propane,n-bu-
tane, and isopentane. We obtained small amounts on-
butenes (mostlytrans-2-butene) under all reaction co
ditions, and detected only trace amounts of propyl
(ca. 5 ppm) for both catalysts. Forβ-zeolite, we detecte
propylene only at higher temperatures (523–573 K)
20% isobutane feed concentration. Additionally, the to
amount of heavier hydrocarbons (i.e., species heavier
pentane), when observed, was usually less than 50 ppm
H-mordenite and 10 ppm forβ-zeolite. We detected methan
over H-mordenite andβ-zeolite at 573 K, but did not not
any formation of ethane or aromatics under the condit
of this study.

The rate of alkane production over H-mordenite andβ-
zeolite was similar under the same reaction conditions
significant effect of isobutane feed concentration was
served for the rate of production of propane and isop
tane; however, a slight effect was found for the rate ofn-bu-
r

tane production overβ-zeolite. More importantly, the rat
of alkane formation over H-mordenite andβ-zeolite was
markedly higher than the rate of alkane production p
viously observed over USY under similar reaction con
tions [29]. As an example, Figs. 1a and 1b show the
of n-butane production over USY andβ-zeolite at 523 and
573 K, respectively. We report all rates as turnover frequ
cies (TOF), where we assume the number of active site
be equal to the number of Brønsted acid sites (Table 1)
experiments conducted with 80% isobutane feed conce
tion, the rates over H-mordenite andβ-zeolite were abou
20 to 45 times higher than the rates over USY. As show
Figs. 1a and 1b, the difference for the rate ofn-butane pro-
duction betweenβ-zeolite and USY became even larger
experiments with 20% isobutane feed concentration.

In line with high rates of paraffin production, we fou
the paraffin/olefin (P/O) ratio to be significantly highe
for H-mordenite andβ-zeolite compared to that of USY
Figs. 1c and 1d show the P/O ratio for USY andβ-zeolite
under various reaction conditions. In general, the P/O ratios
for β-zeolite were larger than those of USY by about
and 10 times, for experiments conducted at 523 and 57
respectively. In addition, H-mordenite exhibited a sligh
larger P/O ratio thanβ-zeolite for experiments with 20%
isobutane in the feed. Our results agree with those repo
by others for the conversion of isobutane over H-morde
[9,34–36], and HY or USY zeolites [26,27,35,37–42].
ts
Fig. 1.n-Butane TOF and paraffin/olefin ratio as a function of initial isobutylene concentration for USY (squares) andβ-zeolite (triangles). Kinetic experimen
were conducted with a feed composition of 20% (open symbols) or 80% (full symbols) isobutane, 10% H2, and He as balance.
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3.3. Reaction conditions for stable catalytic performance

Hydrocarbon reactions over solid acid catalysts are
ically accompanied by catalyst deactivation over time.
have therefore tried to carry out experiments under co
tions where there is little or no observed deactivation
agreement with our previous kinetic study on USY ca
lyst [29], and others [39,42], low fractional conversions
isobutane favor stable performance. In the present stud
maintained the fractional isobutane conversion below
Fig. 2 shows the rates of paraffin production, as eviden
by the formation ofn-butane, as a function of time o
stream over H-mordenite. Typically, the outlet concentra
of isobutylene in the effluent gas and the rates of para
production reached steady state after 30 min, and cat
performance remained stable thereafter for at least 150
Fig. 2a shows that at low temperature (523 K) and low iso
tane feed concentration (20%), a higher isobutylene con
tration led to a more significant decrease in the catalytic
tivity of H-mordenite with time on stream. However, Fig. 2
shows that this initial decrease in activity was less p
nounced at higher isobutane feed concentrations. We be
that the stabilizing effect of isobutane is due to the incre
in the rate of hydride transfer reactions over oligomeriza
reactions, and consequently a decrease in the surface c
age of precursor coke species. For most of the reaction
ditions used for H-mordenite, the steady-state concentra
t
.

r-
-

of isobutylene in the effluent was equal to about 30–40%
the isobutylene feed concentration. The extent of isobuty
consumption decreased at higher temperature (573 K), a
was practically not affected by isobutane feed concentra
In addition, the extent of isobutylene consumption over
mordenite at low temperature (523 K) and low isobutyle
feed level (below 100 ppm) was higher than that previou
observed for USY under similar reaction conditions [29].

Fig. 3 shows, as an example, the rate ofn-butane pro-
duction as a function of time on stream overβ-zeolite. At
high temperatures (573 K),β-zeolite showed negligible de
activation even with 20% isobutane in the feed, irrespec
of isobutylene feed concentration. Fig. 3a illustrates the
that lower temperatures (523 K and below) required an
duction time to reach steady activity for all isobutylene fe
concentrations. In this case, a high concentration of iso
tane in the feed (80%) favored more stable production
n-butane. As with H-mordenite, we noted significant co
sumption of isobutylene under most reaction conditions
β-zeolite.

In summary, we identified conditions where isobuta
conversion over H-mordenite andβ-zeolite is initiated
primarily by feed olefins and where steady-state data ma
collected in the absence of deactivation. For H-morden
we collected steady-state data at 523 and 573 K, w
isobutane feed concentrations of 20, 40, and 80%, and
isobutylene feed concentrations from 50 to 150 ppm. Foβ-
en,
Fig. 2.n-Butane TOF as a function of time on stream for kinetic studies conducted over H-mordenite. (a) Feed included: 50 (Q), 100 (2), or 150 (") ppm of
isobutylene; (b) feed included: 20 (P), 40 (1), or 80% (!) isobutane. In all experiments, 10% of H2 was added and He was used as balance in the feed.

Fig. 3.n-Butane TOF as a function of time on stream for kinetic studies conducted overβ-zeolite with a feed consisting of 20% isobutane, 10% hydrog
and isobutylene feed concentration of 20 (P), 35 (1), 50 (!), 70 (E) and 100 ppm (×). He was used as balance.
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zeolite, we collected steady-state data with 20% isobu
feed concentration at 473–573 K, and with 80% isobut
feed concentration at 473–523 K. In each case, we va
the isobutylene feed concentration from 20 to 100 ppm.

3.4. Steady-state rates of formation of alkanes

Over H-mordenite at 523 and 573 K, an increase
isobutylene feed concentration increased the rates of al
formation for all isobutane feed concentrations (20, 40,
80%). This effect was more prominent at the higher tem
ature. For example, at 523 K and 40% isobutane feed
centration, the rate ofn-butane production increased fro
5.9 to 8.6 h−1 when the isobutylene feed level was rais
from 50 to 150 ppm. At the same isobutane and isob
lene feed concentrations but 573 K, the corresponding
of n-butane production increased from 7 to 23.5 h−1. In ad-
dition, for a given isobutylene feed level, the rates of alk
formation were essentially independent of the isobutane
concentration. As an example, the rate ofn-butane produc
tion at 573 K and 100 ppm of isobutylene feed concentra
changed from 18.1 to 16.6 h−1, when the isobutane feed co
centration increased from 20 to 80%, respectively. We n
similar trends for the rates of propane and isopentane
duction.

Over β-zeolite, increasing isobutane feed concentra
increased the rates of propane andn-butane production con
siderably (for isobutylene feed levels higher than 40 pp
but had a negligible effect on the rate of isopentane for
tion. For example, at 498 K and 100 ppm of isobutyle
feed concentration, the rate ofn-butane production increase
from 4.5 to 11.6 h−1 when the isobutane feed level increas
from to 20 to 80%. Conversely, for the same reaction co
tions, the rates of isopentane production varied only fro
to 3.5 h−1. Increasing isobutylene feed concentration led
higher rates ofn-butane, propane, and isopentane produc
for experiments with 80% of isobutane feed concentra
for the whole temperature set used in this study. Howe
for experiments with 20% of isobutane in the feed, the r
of production of all alkanes were markedly increased by
isobutylene feed concentration only at 573 K. At 523 K a
below, the rates ofn-butane production were almost const
for experiments with more than 40 ppm of isobutylene in
feed.

4. Formulation of the kinetic model

To compare the catalytic properties of H-mordenite
β-zeolite with those of USY, we have analyzed the exp
mental data obtained in the present study for isobutane
version over H-mordenite andβ-zeolite using the kinetic
model that we previously used to describe the kinetic
isobutane conversion over USY [29]. We outline the ess
tial aspects of the kinetic model in this section.
e

-

4.1. The reaction scheme

The kinetic model includes steps for monomolecular
tivation or initiation (we use the terms interchangeably
isobutane to produce hydrogen or methane and the c
sponding alkoxy species [43]. The reaction scheme con
of oligomerization/β-scission, isomerization processes,
dride transfer steps which form paraffins, and deso
tion of adsorbed alkoxy species to form olefins. Ole
adsorption/desorption steps are reversible, with adso
tion steps initiating reactions and desorption steps te
nating surface reactions. The reaction scheme for is
tane conversion over H-mordenite andβ-zeolite consists
of 2 activation steps, 106 oligomerization/β-scission steps
78 isomerization steps, 88 hydride transfer steps, an
adsorption/desorption steps. The reaction scheme inclu
a total of 190 species, with 93 olefins, 89 surface spe
6 paraffins (with all paraffins having 6 or more carbon ato
grouped as one specie), and hydrogen. We have desc
in detail elsewhere the procedure to generate this rea
scheme [29].

4.2. Thermodynamic properties

We obtained absolute entropies and enthalpies of for
tion for gaseous olefins and paraffins in their standard s
(i.e., at 1 atm and the reactor temperature) from handb
for hydrocarbons with fewer than 7 carbon atoms and
heavier hydrocarbons estimated them using Benson’s g
contribution methods [44–47]. The thermodynamic pr
erties of all surface species are calculated based on
dard entropy changes and enthalpy changes of adsorptio
gaseous olefins.

We define the enthalpy of formation for a surface spec
Hsurface, in terms of the enthalpy of formation of th
corresponding gaseous olefin,Holefin, by

(1)H ◦
surface=H ◦

olefin +�H ◦
3 + αH(Nc − 3),

whereH ◦
surface andH ◦

olefin are the enthalpies of formatio
of the surface species and the corresponding olefin, res
tively, �H ◦

3 is the enthalpy change of adsorption for p
pylene,Nc is the number of carbon atoms in the surfa
species, andαH is the slope of the linear variation of th
adsorption heat with carbon number. We determine�H ◦

3
from the analysis of the reaction kinetics data. We setαH
equal to−0.54 kJ mol−1, the value we used in the US
model [29], because a similar variation of the adsorption h
with carbon number is expected for H-mordenite,β-zeolite,
and USY [48,49].

The entropy of formation for a surface species is defi
as

(2)

Ssurface= Floc

{(
S◦

gas− Strans,3D
) +R ln

(
2nsurface

σsurface

)

−R ln

(
2ngas

σ

)}
,

gas
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where S◦
gas is the absolute entropy of the correspond

gaseous species under the standard state conditions,Strans,3D
is the gaseous translational entropy under these condit
andn andσ refer to the number of chiral centers and t
symmetry numbers of “surface” and “gas” species, resp
tively. The parameterFloc scales the symmetry-correcte
value obtained from the corresponding gas-phase spe
and because the adsorbed species involved in the rea
scheme are the same for all catalysts, we set it equal to
the value obtained from the USY study [29].

4.3. Rate constants

We use the aforementioned thermodynamic value
obtain equilibrium constants for all reactions. Since
equilibrium constant for an elementary step is equal to
ratio of the forward to the reverse rate constants for
step, we can parameterize the model in terms of ei
rate constant. Table 2 summarizes the rate constants fo
various reactions included in the model and indicates
direction of parameterization.

The adsorption/desorption steps are parameterized in
adsorption direction. In our previous study over USY,
found that the activation energy for adsorption,Eads, was
kinetically insignificant. Therefore, we use a 30 kJ mo−1

value from DFT calculations [50–52] for H-mordenite a
β-zeolite so that these steps remain quasiequilibrated.

We calculate the rate constants for the monomolec
activation or initiation steps,kinit , using collision theory in
the forward direction. Monomolecular activation of isob
tane produces hydrogen or methane and the corresp
ing alkoxy species. Accordingly, we consider two activ
tion energies:Einit,H2 andEinit,CH4. Experimental data fo
the steady-state concentration of methane, measured for
catalysts under different reaction conditions, allow the e
uation ofEinit,CH4 (since methane can only be produced
activation of isobutane). Results of our study with USY sh
that the activation energies for the two steps of isobutane

Table 2
Definition of the different rate constants for the kinetic model

Step Parameterization Rate equation
direction

Adsorption/
desorption

Adsorption kads= exp
(−Eads

RT

)
√

2πmAkBT
Asite

Monomolecular
activation(initiation)

Reaction with
site proton

kinit = exp
(−Einit

RT

)
√

2πmAkBT
Asite

Oligomerization/
β-scission

β-Scission kβ = 1013exp
(− Eβ

RT

)
Isomerization Any kiso = 1013exp

(−Eiso
RT

)

Hydride transfer
Reaction

with isobutane
kH = exp

(
�S‡
R

−EH
RT

)
√

2πmAkBT
Asite

k, rate constant;E, activation energy, kJ mol−1; S, entropy, kJ mol−1 K−1;
R, gas constant;T , temperature;kB, Boltzmann’s constant;mA, mass of
reactant gas-phase molecule;A, area occupied per site, 10−15 cm2 site−1

(typical molecular cross-sectional area).
,

,
n
,

e

-

h

tivation are not very different [29]. Consequently, we co
strain both activation energies to the same value.

We parameterize oligomerization/β-scission steps in
terms of theβ-scission rate constant and set the preex
nential factor equal to a typical value of 1013 s−1, which
corresponds to the entropy of the activated complex b
equal to that of the adsorbed reactant species. The ac
tion energy ofβ-scission,Eβ , depends on the nature
theβ-scission process. We consider three differentEβ val-
ues:Eβ,ss, the activation energy forβ-scission of a sec
ondary species to form another secondary species,Eβ,st,
corresponding to theβ-scission of a secondary species
form a tertiary species orβ-scission of a tertiary species
form a secondary species; andEβ,tt, corresponding to theβ-
scission of a tertiary species to form another tertiary spec
With USY [29], we found the following trend ofEβ values:
Eβ,ss=Eβ,st>Eβ,tt.

We found in our previous study with USY [29] und
reaction conditions similar to those used here that n
branching and branching isomerization steps were qu
equilibrated. Accordingly, we set the values of the acti
tion energies for these kinetically insignificant, nonbran
ing and branching isomerization steps equal to the value
used for USY, 80 and 110 kJ mol−1, respectively, for both H
mordenite andβ-zeolite.

We parameterize hydride transfer steps in the directio
the reaction with isobutane. The rate constant includes
activation energy for hydride transfer,EH, and an entropy
change related to the formation of the activated comp
�S

†
Hydride. If �S†

Hydride is equal to zero, then the expressi
for the rate constant is given by the collision rate of isobut
molecules on the acid sites times the probability that th
collisions surmount the activation energy barrier. In vi
of the narrow temperature range used in the kinetic stu
for H-mordenite andβ-zeolite, we set�S†

Hydride equal to

−24.3 J mol−1 K−1, the value obtained from our study wi
USY [29].

In summary, based on our previous studies of isobu
conversion over USY, we described the reaction kine
over H-mordenite andβ-zeolite using only 6 paramete
that are kinetically significant, namely:�H3,Eβ , EC3, EC4,
EC5, andEC>5. We assumed that the reactor operated
a plug-flow reactor and determined the fitted kinetic pa
meters along with the corresponding 95% confidence in
val by using Athena Visual Workbench [53]. According
we solved 100 differential equations, corresponding to
gaseous molecular flow rates of paraffins (6), olefins (
and hydrogen versus reactor length. We combined th
equations with 89 steady-state equations for the fracti
surface coverage by adsorbed species, and 1 site-ba
equation.

4.4. Sensitivity analyses

Sensitivity analyses facilitate the identification of kin
ically significant steps in a complex multipathway proc
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such as the conversion of isobutane over zeolite catal
and thus help determine which reactions control the ove
process. In addition, these analyses indicate how the ki
significance of one step with respect to another change
a function of reaction conditions. A useful tool to assess
netically significant steps is Campbell’s degree of rate c
trol [54], XRC,i , which for stepi is defined as

(3)XRC,i =
(

∂r

∂ki,for

)
Keq,i,kj

ki,for

r
=

(
∂r

∂ki,rev

)
Keq,i,kj

ki,rev

r
,

where each partial derivative represents the change in
overall rate,r, with respect to a change in the forward
the reverse rate constant for stepi, ki,for or ki,rev, keeping
the equilibrium constant for stepi, Keq,i , and all other rate
constantskj constant. In the above expression, the ove
rater is given by the consumption of isobutane. Importan
the sum of the values ofXRC,i for all of the steps is equa
to unity for a reaction scheme that leads to a single ove
reaction [55]:

(4)
∑
i

XRC,i = 1.

In general, a sum ofXRC,i greater than unity indicates th
existence of multiple reaction pathways for consumption
the reactant [32]. We note that as conversion approa
100%, the rate of consumption of the reactant is contro
by the flow rate to the reactor, rather than by values
the rate constants, therefore, the sum of values ofXRC,i
approaches zero at 100% conversion.

5. Discussion

5.1. Predictions from the kinetic model

Table 3 summarizes values of the kinetic parame
used to describe the reaction kinetics data with H-morde
and β-zeolite, including 95% confidence intervals for t
kinetically significant parameters and compares them
those found previously with USY [29]. Importantly, w
find only six parameters to be kinetically significant for
mordenite andβ-zeolite, and the other kinetic parameters
therefore fixed at constant values.

Values of�H3 for H-mordenite andβ-zeolite are simi-
lar, indicating that the heat of adsorption of alkenes on b
catalysts is nearly the same;�H3 for H-mordenite andβ-
zeolite is more exothermic by 31.2 and 32 kJ mol−1, respec-
tively, compared to that for USY. Since surface coverage
USY was very low under all reaction conditions (< 1%),
�H3 for this catalyst was kinetically insignificant and w
fixed at a reasonable value of−90 kJ mol−1, as explained
in Ref. [29], with the remaining kinetic parameters adjus
to fit the data. However, the kinetic model predicts hig
surface coverages by hydrocarbon species on H-mord
(5 to 52%) andβ-zeolite (9 to 63%) under the same react
conditions used for USY. Therefore, the value of�H3 may
be estimated from the reaction kinetics data. At 523–57
,

s

s

Table 3
Values of the kinetic parameters for isobutane conversion over va
zeolites

Parameter USY* H-MOR β

αH −0.54 −0.54a −0.54a

Floc 1.17± 0.01 1.17a 1.17a

�H3 −90.0d −121.2± 0.9 −122.2± 0.5
Einit,H2 156.5± 0.5 134.5b 129.5b

Einit,CH4 154.3± 0.5 134.5c 129.5c

Eβ,tt 102.2± 5.8 120.1± 0.7 119.2± 0.4
Eβ,st 115.1± 5.7 120.1± 0.7 119.2± 0.4
Eβ,ss 115.1± 5.7 123.1± 3.2 119.2± 0.4
EC3 64.3± 1.4 77.4± 1.2 78.5± 0.5
EC4 76.5± 1.4 82.8± 0.7 84.7± 0.3
EC5 62.2± 1.7 70.0d 75.0± 1.0
EC>5 62.2± 1.4 72.1± 2.1 71.5± 0.6

�S
‡
Hydride −24.3± 2.2 −24.3a −24.3a

Activation energies andαH are given in kJ mol−1, entropy changes
in J mol−1 K−1, and Floc is dimensionless. 95% confidence interval
indicated next to the parameter value.

* Values from Ref. [29].
a Value constrained to that for USY.
b Value constrained to that ofEinit,CH4.
c Value constrained to match methane concentration in effluent.
d Not kinetically significant.

the most abundant surface species over H-mordenite i
n-butyl species for 20% isobutane feed concentration,
the isobutyl species for 80% isobutane. Other species
significant surface concentration at both isobutane feed
els are propyl and isopentyl species. In addition, the frac
of H-mordenite surface covered by heavier adsorbed sp
is negligible (below 10−3). Results onβ-zeolite are simi-
lar, with slightly higher adsorbed species fractions than
mordenite at 523 K.

Table 3 shows that the activation energies for mono
lecular activation of isobutane are equal to 129.5 kJ mo−1

for β-zeolite and 134.5 kJ mol−1 for H-mordenite; and thes
values are lower that those for USY [29]. Monomolecu
activation of isobutane becomes relevant at a lower tem
ature forβ-zeolite (498 K for 20 and 80% isobutane in t
feed), and H-mordenite (473 K for 20% or 573 K for 80
isobutane), as compared to USY (> 600 K for both isobu-
tane feed concentrations).

The values ofEβ,ss, Eβ,st andEβ,tt are similar for H-
mordenite andβ-zeolite, and are higher than those
USY. However, the values ofEβ for USY are linked
to the kinetically insignificant values of�H3. Therefore,
comparison of the values ofEβ will be discussed later in
terms of composite activation energies, where we include
value of�H3.

The trends in the various activation energies for hyd
transfer steps over H-mordenite andβ-zeolite are similar to
those for USY;EC4 in each case is the highest. We found
value ofEC5 over H-mordenite to be kinetically insignifica
and fixed it at 70 kJmol−1, the value at which it become
kinetically significant (that is, the value above which
affects the prediction of the kinetic model). Activatio



M.A. Sanchez-Castillo et al. / Journal of Catalysis 218 (2003) 88–103 95

nes fo

Fig. 4. Paraffin TOFs and isobutylene outlet concentration over H-mordenite as a function of isobutylene feed concentration. (a and b)n-Butane, (c and d)
propane, (e and f) isopentane, and (g and h) isobutylene. Predictions of the kinetic model are given by solid lines for the full model and dotted lir the
simplified model.
than

ki-

n of
di-
en-
to

bu-
energies for hydride transfer overβ-zeolite are closer to
those for H-mordenite, and in both cases are larger
those for USY by more than ca. 10 kJ mol−1.

The solid lines in Fig. 4 show the predictions of the
netic model for the rates of formation of propane,n-bu-
tane, and isopentane, as well as the outlet concentratio
isobutylene, over H-mordenite for various reaction con
tions. In general, the kinetic model describes the experim
tal trends for all the paraffins. The kinetic model begins
underpredict the rates of paraffin production at lower iso
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)
or 80% (full
implified
Fig. 5. Paraffin TOFs and isobutylene outlet concentration overβ-zeolite as a function of isobutylene feed concentration. (a and b)n-Butane, (c and d
propane, (e and f) isopentane, and (g and h) isobutylene. The experiments were conducted with a feed composition of 20% (open symbols)
symbols) isobutane, 10% H2, and He as balance. Predictions of the kinetic model are given by solid lines for the full model and dotted lines for the s
model.
uty-
low
d to

e da

er-
he
as
ious
per-
tane feed concentrations (i.e., below 40%) and high isob
lene feed levels (i.e., above 100 ppm), particularly at
temperature (i.e., 523 K and below). These conditions lea
high surface coverages by adsorbed species, and thes
are not shown in Fig. 4.
ta

The predictions of the kinetic model for isobutane conv
sion overβ-zeolite are shown as solid lines in Fig. 5 for t
rates of formation of propane,n-butane, and isopentane,
well as the outlet concentration of isobutylene, under var
reaction conditions. The kinetic model describes the ex
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imental trends for all the paraffins and isobutylene for m
of the reaction conditions. We find deviations from expe
mental data only at low temperature and high isobutane
isobutylene feed concentrations. For instance, at 473 K
100 ppm of isobutylene in the feed a difference of ab
40% between the observed and the predictedn-butane TOF
is found for experiments conducted with 80% isobutane
the feed. Predictions of the model at this low tempera
indicate that the surface ofβ-zeolite is highly covered by
adsorbed species. We suggest that the kinetic model ma
come unreliable at these high coverages (> 70%).

5.2. Comparison of H-mordenite and β-zeolite with USY

Various groups have compared activation energies
monomolecular activation of light alkanes over acidic zeo
catalysts [3,30,31]. These comparisons use the comp
activation energy (Ecomp), which is the sum of the heat o
adsorption of the alkane (�Hads) and the intrinsic activation
energy (Eintr), as initially suggested by Haag [3]:

(5)Ecomp=�Hads+Eintr.

Accordingly, the value of the composite activation ene
represents the energy of the transition state for monom
cular activation relative to the gaseous alkane reactant
recently used this approach to elucidate the difference
activity and selectivity of USY catalysts during the conv
sion of isobutane and 2-methylhexane [29,32]. We now
low a similar approach to compare the catalytic performa
of H-mordenite andβ-zeolite with that of USY.

Table 4 shows composite activation energies for
three catalysts. We obtain the composite barriers for
oligomerization/β-scission steps and the hydride trans
steps by adjusting the actual barriers by�H ◦

3 , in accord with
Eq. (5). These composite activation energies represen
energies of the transition statesrelative to gaseous reactants.
Since activation barriers for monomolecular activation

Table 4
Values of composite activation energies. All composite activation ene
are given in kJ mol−1

Composite Catalyst

energy USYa H-M β �(USY,H-M) �(USY,β) �(H-M,β)

Ett +�H3 12.2 −1.1 −3.0 13.2 15.2 1.9
Est +�H3 25.1 −1.1 −3.0 26.2 28.1 1.9
Ess+�H3 25.1 1.9 −3.0 23.2 28.1 4.9
EC3 +�H3 −25.7 −43.9 −43.7 18.2 18.0 −0.1
EC4 +�H3 −13.5 −38.4 −37.5 24.9 24.0 −0.9
EC5 +�H3 −27.8 – −47.2 – 19.4 –
EC>5 +�H3 −27.8 −49.1 −50.7 21.3 22.9 1.6
Einit,H2 156.5 134.5 129.5 22.0 27.0 5.0
Einit,CH4 154.3 134.5 129.5 19.8 24.8 5.0

Last three columns indicate the difference between the composite activ
energy values for USY and H-mordenite,�(USY,H-M); USY andβ-zeo-
lite, �(USY,β); and H-mordenite andβ-zeolite,�(H-M,β).

a From Ref. [29].
-

isobutane are already defined with respect to the gas p
no further adjustment is required for these barriers.

Table 4 shows that the activation energies for monom
cular activation of isobutane over H-mordenite are low
than those over USY by about 20 kJ mol−1. This result
agrees with previous findings in the literature. For exam
Babitz et al. [20] reported a difference of 20 kJ mol−1 be-
tween the composite activation energies for monomolec
activation ofn-hexane over H-mordenite and H-USY ca
lysts. Activation energies for monomolecular activation
isobutane overβ-zeolite are lower than those of USY b
about 26 kJ mol−1. This result agrees with previous fin
ings of Kotrel et al. [30], who reported a difference of abo
21 kJ mol−1 between the apparent activation energies
monomolecular activation of hexane over H-β and H-Y ze-
olite catalysts.

Haag et al. [3] and Narbeshuber et al. [31] have s
gested that differences in the composite activation ener
for monomolecular activation over zeolites are related to
ferences in the heats ofn-alkane adsorption. In concert wit
this idea, when we compare H-mordenite andβ-zeolite to
USY, we find that differences of composite activation en
gies for monomolecular activation of isobutane are in ag
ment with differences in the heats of alkane adsorption
these zeolites. For example, Denayer et al. [49] reported
the adsorption ofn-pentane was stronger by 19 kJ mol−1

for H-mordenite compared to Y-zeolite, and the heat ofn-
hexane adsorption was stronger by 23 kJ mol−1. Similarly,
Kotrel et al. [30] reported that the heat ofn-hexane adsorp
tion was stronger by 20 kJ mol−1 overβ-zeolite compared
to Y-zeolite.

Fig. 6 further illustrates the comparison of the comp
ite energies for monomolecular activation and propaga
steps (i.e., hydride transfer or oligomerization/β-scission)
shown in Table 4. As an example, Fig. 6 shows schem
representations of the composite barriers for monomol
lar activation of isobutane and the hydride transfer reac
between propyl species and gas-phase isobutane for
USY (solid lines) and H-mordenite (dotted lines). Fig.
shows that the composite energy for monomolecular ac
tion of isobutane over H-mordenite is 19.8 kJ mol−1 lower
than that of USY. Similarly, Fig. 6b shows that the co
posite energy (i.e., with respect to gas phase) for the
dride transfer reaction over H-mordenite is 18.2 kJ mo−1

lower than that of USY, as indicated in column�(USY,H-M)
of Table 4. In general, the composite activation energ
for oligomerization/β-scission (neglectingEtt) and hydride
transfer steps over H-mordenite are generally lower by
20 kJ mol−1 compared to those over USY (Table 4). F
β-zeolite, the values are generally lower by a range of
20–28 kJ mol−1 with respect to those for USY. Thus, th
differences of the composite activation energies found
β-scission and hydride transfer are similar to the aforem
tioned differences in the composite activation energies
monomolecular activation steps. Importantly,this result sug-
gests that the same interactions responsible for stabilizing
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(a) (b)

Fig. 6. Schematic diagram for comparison of composite activation energies for USY (full line) and H-mordenite (dotted line): (a) initiation step; (b) hydride
transfer of isobutane and C3∗ species. Enthalpy of adsorption and all energies values are given in kJ mol−1.
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the transition states for monomolecular activation over zeo-
lites are also important in stabilizing the transition states for
β-scission and hydride transfer. These interactions are mo
likely caused by van der Waals and electrostatic forces
tween the hydrocarbon moieties and the micropore wal
the zeolite.

As noted earlier, the value of�H3 is kinetically insignifi-
cant for USY, because surface coverage by adsorbed sp
is low under all reaction conditions. In contrast, the va
of �H3 can be estimated from reaction kinetics meas
ments over H-mordenite andβ-zeolite because these ca
alysts operate at higher surface coverages. Adsorptio
olefins (related to�H3) is more exothermic on H-mordeni
and β-zeolite compared to USY.This result suggests that
the same interactions responsible for stabilizing the tran-
sition states for monomolecular activation, β-scission, and
hydride transfer are also important in stabilizing the ad-
sorbed surface alkoxy reaction intermediates.

5.3. Sensitivity analyses

Using Eq. (3), we calculated Campbell’s degree of r
control,XRC,i , for each step in the reaction scheme for
mordenite andβ-zeolite, identified the kinetically significan
steps, and thus built a smaller kinetic model by combin
these steps with a limited number of quasiequilibra
steps to interconnect quasiequilibrated intermediates.
results show that the same steps are kinetically signifi
over both H-mordenite andβ-zeolite, although the degre
of significance of each step is slightly different for ea
catalyst. The simplified reaction scheme over H-morde
and β-zeolite shown in Fig. 7 is similar to the simplifie
scheme developed for USY [29]. The predictions of t
simplified model for each catalyst are indicated by das
lines in Fig. 4 for H-mordenite and in Fig. 5 forβ-zeolite,
and agree with the predictions of the full kinetic mod
s

f

Importantly, no further adjustment of the kinetic parame
was required after the sensitivity analysis. Thus, the sam
of kinetic parameters was employed for the extended an
simplified kinetic models.

Fig. 8 shows the sum of the absolute values of Ca
bell’s degree of rate control,

∑ |XRC,i |, for monomolecu-
lar activation, hydride transfer, andβ-scission, as a functio
of isobutylene feed concentration at two different tempe
tures, 473 and 573 K, and isobutane feed concentration
and 80%. We conducted these simulations using the s
site velocity for all three catalysts (i.e., the same flow rat
isobutane per acid site); therefore, since the composite
vation energies for USY are higher, the conversion of iso
tane is lower for USY compared to that for H-mordenite a
β-zeolite. We also give in Fig. 9 the corresponding stea
state net rates calculated at the exit of the plug flow
actor for monomolecular activation, hydride transfer, a
β-scission steps. Results of the sensitivity analysis foβ-
zeolite at 573 K and 80% isobutane were calculated by
trapolation of the reaction conditions used for the kine
analysis.

Since trends of
∑ |XRC,i | for all three reaction familie

for H-mordenite are the same as forβ-zeolite, we will
compare only the latter to results over USY. Fig. 8 sho
that trends for each reaction family vary as a funct
of reaction conditions differently for USY andβ-zeolite.
For USY,

∑ |XRC,i | for monomolecular activation step
is negligible at 473 K, and becomes noticeable only
573 K and isobutylene feed concentration below 100 p
For hydride transfer andβ-scission on USY,

∑ |XRC,i |
depends on isobutane feed concentration. For 20% isob
concentration,

∑ |XRC,i | for hydride transfer steps is high
than forβ-scission steps over the whole range of reac
temperatures and isobutylene feed concentrations. For
isobutane feed concentration and isobutylene levels betw
150 and 200 ppm, the higher degree of rate control s
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Fig. 7. Simplified reaction scheme for isobutane conversion over H-mordenite andβ-zeolite catalysts.
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from β-scission to hydride transfer. Fig. 9 shows that
net rates ofβ-scission and hydride transfer are similar
each other, and they are higher overβ-zeolite compared
to USY for all reaction conditions. At 473 K, the rate
monomolecular activation over USY is smaller by as mu
as 5 orders of magnitude than the rates ofβ-scission and
hydride transfer. However, at 573 K, and 80% of isobuta
this difference narrows significantly; below 50 ppm
isobutylene in the feed, the rate of monomolecular activa
becomes only 1 order of magnitude smaller than the rate
β-scission and hydride transfer.

Fig. 8 shows that
∑ |XRC,i | for the monomolecular ac

tivation steps overβ-zeolite are negligible at 473, partic
ularly at 20% isobutane feed concentrations. Howeve
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Fig. 8. Sum of the absolute values ofXRC,i as a function of isobutylene feed concentration over USY (full symbols, solid lines) andβ-zeolite (open symbols,
dotted lines). Symbols: (!) sum of initiation steps, (1) sum of hydride transfer steps, (P) sum of oligomerization/β-scission steps.

Fig. 9. Sum of the net rates as a function of isobutylene inlet concentration over USY (full symbol, solid line) andβ-zeolite (open symbol, dotted line).
Symbols: (!) sum of initiation steps, (1) sum of hydride transfer steps, (P) sum of oligomerization/β-scission steps.
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573 K,
∑ |XRC,i | for monomolecular activation becom

significant for a feed containing less than 100 and 200 p
of isobutylene, for isobutane feed concentrations of 20
80%, respectively. For hydride transfer andβ-scission steps
over β-zeolite, temperature plays an important role.
473 K,

∑ |XRC,i | for hydride transfer is higher than forβ-
scission over the whole range of isobutylene and isobu
feed concentrations. As we increase the reaction temp
ture to 573 K in experiments with 20% isobutane,

∑ |XRC,i |
for monomolecular activation andβ-scission steps becom
equally dominant for feeds containing less than 50 ppm
isobutylene, and the

∑ |XRC,i | for hydride transfer is dom
inant for higher isobutylene feed concentrations. For
periments with 80% isobutane in the feed, the domin∑ |XRC,i | is also a function of isobutylene feed concent
tion. As this concentration increases,

∑ |XRC,i | for hydride
transfer steps become progressively dominant. Fig. 9 i
cates that, similar to USY,β-scission overβ-zeolite shows
the highest sum of net rates under all reaction condit
used. At 473 K, the net rate of monomolecular activat
is smaller than the rates of other processes by ca. 4 o
of magnitude. This difference decreases to about 1 orde
magnitude at 573 K, 80% of isobutane, and below 50 p
of isobutylene in the feed. Importantly, the higher rate
β-scission overβ-zeolite and H-mordenite, and to a less
extent over USY, suggests the existence of more than
β-scission cycle per cycle of the other steps.

Our simulations indicate that the relative dominance∑ |XRC,i | for hydride transfer overβ-scission is higher fo
β-zeolite and H-mordenite than for USY. In addition, t
differences between the net rates ofβ-scission and hydride
transfer steps ofβ-zeolite and H-mordenite are always larg
than for USY. These differences in the relative net rate
hydride transfer andβ-scission steps account for differenc
observed in catalyst selectivity. One important difference
observe is that H-mordenite andβ-zeolite give much highe
paraffin/olefin ratios than USY. We discuss this in det
below.

Consider, for example, the formation of a paraffinn
from the corresponding olefin, C=n . The gaseous olefin i
in quasiequilibrium with the corresponding adsorbed alk
species, Cn∗,

(6)C=
n + ∗

Keq,n

� Cn∗,
whereKeq,n is the equilibrium constant. The adsorbed Cn∗
species undergoes hydride transfer with isobutane to giv
corresponding paraffin plus an adsorbed isobutyl specie

(7)iC4 + Cn∗ kH→ Cn + iC4∗,
wherekH is the rate constant. This step is shown as be
irreversible because the pressure of the paraffin Cn is
much lower than that of isobutane under our experime
conditions. The rate of formation of the paraffin,r̄Cn , is
therefore equal to

(8)r̄Cn = kHKeq,nPiC4PC=(∗),

n

-

s

where(∗) is the concentration of active sites. The turno
frequency,rCn , in the limit of low coverage is therefore

(9)rCn = kHKeq,nPiC4PC=
n
.

The partial pressure of the product paraffin,PCn , may be
calculated from the rate of formation of the paraffin by
expression

(10)rCn = PCn

Ptotal
Ftotal,

wherePtotal is the total pressure (1 atm),Ftotal is the total
gaseous flow rate expressed as molecules per site per s
(s−1), and the rate,rCn , is a turnover frequency. From
Eqs. (9) and (10), the paraffin/olefin ratio is given by

(11)
PCn

PC=
n

= kHKeq,nPiC4

Ftotal
.

According to transition state theory,kH may be expressed a
a quasiequilibrium between the reactants of the step (7)
the transition state for hydride transfer, HT†, as given by

(12)iC4 +Cn∗
K

†
H

� HT†,

with an equilibrium constantK†
H. The rate constantkH is

equal to the product ofK†
H and a frequency factor,υ†, and

Eq. (11) may be written as

(13)
PCn

PC=
n

= υ†K
†
HKeq,nPiC4

Ftotal
.

Thus, the paraffin/olefin ratio is controlled by the gas flo
rate per acid site,Ftotal, and the value ofK†

HKeq,n. For the
more activeβ-zeolite and H-mordenite,Ftotal will be higher
than for USY to obtain the same conversion. Hence forβ-
zeolite and H-mordenite, the higherFtotal will make the
ratio in Eq. (13) lower. However, this effect is more th
compensated by the termK†

HKeq,n which corresponds to a
equilibrium constant for the following combined step:

(14)iC4 + C=
n + ∗

K†Keq,n

� HT†.

Importantly, the temperature dependence of the termK
†
H ×

Keq,n is controlled by the energy of the transition state r
ative to the reactants in the gas phase, i.e., the com
ite activation energy barrier as defined earlier. The h
paraffin/olefin ratios observed over H-mordenite andβ-
zeolite are thus primarily due to the lower values of
composite activation energy barriers for hydride transfer
about 20–30 kJ mol−1) over these zeolites compared to US

6. Concluding remarks

We have successfully extended our kinetic model pr
ously developed for the conversion of isobutane over U
to describe reaction kinetics data over H-mordenite andβ-
zeolite under conditions where the reaction is initiated
marily by the addition of isobutylene to the feed, thou
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monomolecular activation steps become important at lo
temperatures for these two catalysts than for USY. Com
ite activation energies, defined in terms of the energie
transition states relative to gas-phase reactants, contro
alyst performance for isobutane conversion. The higher
alytic activity of H-mordenite andβ-zeolite with respect to
that of USY is due to lower composite activation energies
monomolecular activation steps as well as for hydride tra
fer and oligomerization/β-scission. The composite activ
tion energies of monomolecular activation steps are lowe
about 20–25 kJ mol−1 over H-mordenite andβ-zeolite com-
pared to USY, and this difference matches the difference
the heats of adsorption of alkanes on these zeolites obta
via calorimetric measurements [30,49].

Importantly, the composite activation energies of hydr
transfer andβ-scission/oligomerization steps are lower b
about 20–30 kJ mol−1 over H-mordenite andβ-zeolite com-
pared to USY. We conclude that the same interactions
sponsible for stabilizing the transition states for monom
cular activation over zeolites are also important in stab
ing the transition states for the other reactions. Furtherm
the heats of adsorption of olefins are more exothermic
H-mordenite andβ-zeolite compared to USY, again indica
ing that the same interactions responsible for stabilizing
transition states for all monomolecular and bimolecular
actions are also important in stabilizing the adsorbed
face alkoxy reaction intermediates. These zeolitic inte
tions that seem to be common to several critical steps
be van der Waals forces engendered by the shape, n
size, and chemical composition of the zeolite walls and c
ities. These forces may stabilize transition states and in
ence the adsorption–desorption equilibrium and surface
erage, with or without directly influencing the active Brø
sted acid site.

The differences observed in the performance of
mordenite andβ-zeolite for isobutane conversion versus
behavior of USY are probed more quantitatively using se
tivity analyses. The degree of rate control analyses show
larger dominance of hydride transfer overβ-scission for H-
mordenite andβ-zeolite compared to USY, with the net rat
and the difference in net rates for these reactions being
nificantly larger for H-mordenite andβ-zeolite. This differ-
ence accounts for the higher paraffin/olefin ratios observe
in the products over H-mordenite andβ-zeolite in terms of
the lower composite activation energies for hydride tran
compared to that for USY.
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