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Hydrocracking of n-alkanes in the range n-C8–n-C12 was per-
formed on two commercial Pt/US–Y zeolite catalysts at tem-
peratures of 493–533 K, pressures of 0.5–5 MPa, and molar
hydrogen-to-hydrocarbon ratios of 30–300. The experimental data
were quantitatively described with a model based on indepen-
dently determined physisorption parameters, quasi-equilibrated
hydrogenation–dehydrogenation and protonation–deprotonation
reactions, and a network of elementary reactions of alkylcarbe-
nium ions as rate-determining steps. The preexponential factors of
the rate coefficients for skeletal isomerization and carbon–carbon
β-scission steps were calculated using the transition-state theory,
leaving the composite activation energies of the rate-determining
steps, i.e., the sum of the activation energy and the corresponding
protonation enthalpy, to be obtained by regression of the data. No
statistically significant dependence on the hydrocarbon feed of the
estimates for the composite activation energies was found over the
investigated range of carbon numbers. Introduction of a single cata-
lyst-dependent adjustable parameter accounting for the difference
in protonation enthalpy allows us to use the set of composite ac-
tivation energies obtained by regression of the data on one zeolite
to describe hydrocracking on a Pt/US–Y zeolite with different acid
strength. c© 2000 Academic Press
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1. INTRODUCTION

Hydrocracking is a major refinery operation aimed at the
conversion of complex heavy feedstocks to lighter fractions
such as diesel. The design and optimization of industrial
units requires a kinetic model that can take into account
both the complexity of the feedstock and the essential char-
acteristics of the applied catalyst.

Since present-day analytical techniques do not allow
a detailed molecular identification it is common prac-
tice to gather the thousands of components present in
1 To whom correspondence should be addressed. Fax: +32 9 2644999.
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a typical petroleum fraction into a tractable number of
lumps with a simplified reaction network describing the
chemical transformation of the various lumps into each
other. The early models for FCC (1, 2) and hydrocracking
(3, 4) assign these lumps in terms of boiling point ranges
of the feedstock or products. The diversity in chemical and
physical behavior of the numerous hydrocarbons is better
incorporated in the continuous lumping models describ-
ing the physical properties and reaction rates as a contin-
uous function of a measurable variable (e.g., boiling point,
molecular weight) (5–7). Incorporation of some aspects of
the fundamental chemistry into a lumped model has been
established by Quann and co-workers (8, 9) and Liguras
and Allen (10, 11) by considering a hydrocarbon as a col-
lection of distinctive building units with the reaction be-
havior of the hydrocarbons in a lump derived from that
of its different building units. The only models reported
in the literature considering in full detail the underlying
chemistry for each individual hydrocarbon are the funda-
mental kinetic models. Klein and co-workers developed
kinetic models for pyrolysis of alkanes and cycloalkanes
(12) and catalytic cracking (13–15) starting from a reaction
network of elementary reaction steps generated by imple-
mentation of the known chemistry rules into a computer
algorithm.

The fundamental kinetic model for hydrocracking dis-
cussed in this paper builds further upon the single-event
model originally developed for thermal cracking of hydro-
carbons by Froment and co-workers (16, 17) and modified
to be applied to reactions catalyzed by solid acids. Gener-
ation of the reaction network occurs using a computer al-
gorithm in which each species is represented by a Boolean
relationship matrix.

The rate coefficient of each elementary step is expressed
as a multiple of the so-called single-event rate coefficient.
The ratio of the elementary to the single-event rate co-
efficient is given by the number of single events accord-
ing to which the elementary steps can occur and whose
value follows from the ratio of the symmetry number of the
3
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transition state and the reactant. It has been applied
to the catalytic cracking of model components (18) and of
complex feedstocks (19) on a single catalyst. For hydro-
cracking its application has been restricted to C8 alka-
nes up to now (20–22). Due to the fundamental nature
of the model, it should lead to feedstock-invariant rate
parameters.

A detailed kinetic analysis of all individual reaction prod-
ucts is practically impossible, especially for the heavier
components considered in this work such as C12 alkanes.
Therefore, a relumped kinetic model is used; i.e., model
calculations are restricted to lumps, the definition of which
is based on the carbon number and the degree of substitu-
tion. Nevertheless, the fundamental character of the single-
event model is retained in this relumped model. Indeed,
the relumping or so-called “late” lumping is based on the
elementary steps involved.

An adequate mathematical description of the reaction
chemistry is just one of the various aspects in the devel-
opment of a fundamental kinetic model. Aiming at flex-
ibility also necessitates the ability to account in an effi-
cient way for changes in the catalyst’s features such as
the total number and mean activity of the active sites. Re-
cent fundamental kinetic studies for catalytic cracking of
alkanes and cycloalkanes (13–15, 23) indicate that varia-
tions in reaction rates imposed by differences in average
acid strength between two zeolites can be described in an
effective manner by adjusting the value of a single param-
eter reflecting the stabilization of the surface intermedi-
ates by the acid sites. Moreover, accounting for the ef-
fect of the number of sites on the individual reaction rates
is straightforward when the total concentration of active
sites, using either realistic estimates or experimentally de-
termined values, is appropriately incorporated in the kinetic
expressions.

The present paper focuses on the verification of the chain-
length independence of the rate parameters for alkane
hydrocracking using experimental hydrocracking data ob-
tained with n-alkanes with a carbon number varying from 8
to 12. In addition, some characteristic features of the cata-
lyst that are known to have a significant influence on the rate
of the elementary surface reactions are incorporated in the
kinetic model to extend its applicability to different cata-
lysts. Indeed, this should result in a set of rate coefficients
enabling a smooth transition when switching over to a dif-
ferent catalyst by only adapting or estimating the values of a
limited number of rate parameters reflecting the appropri-
ate catalyst properties such as the concentration of acid sites
and the acid strength of the latter. Finally, a significant re-
duction of the number of adjusted kinetic parameters would
increase the confidence in the estimates of those remaining.
Such a reduction presently is attained using transition-state

theory as well as independently obtained physisorption
data.
S ET AL.

2. EXPERIMENTAL AND PROCEDURES

2.1. Catalysts

Two commercial hydrocracking catalysts denoted as MC-
301 and MC-389 were used (Table 1). The catalysts were
supplied in calcined form, the MC-301 as a powder and
the alumina-bound MC-389 in the form of cylindrical ex-
trudates with a diameter of 1 mm. These catalysts are de-
rived from Linde LZ–Y20, a H-US–Y with a total silicon-
to-aluminum ratio of 2.6, a framework Si/Al ratio of 28, and
a unit cell constant of 2.431 nm (24). The activity in hexane
cracking (α-activity) (25) of MC-301 exceeds that of MC-
389 by more than 500% (Table 1), which is much more than
expected on the basis of the presence of 35% binder. In the
extrusion process, some sodium was introduced into the
sample (Table 1) affecting the acid strength. The MC-301
was pelletized by compressing the dry catalyst powder into
flakes that are crushed and sieved retaining those catalyst
particles with a diameter ranging between 0.5 and 1 mm.
At the beginning of each series of experiments the catalyst
sample was reduced in the experimental reactor with hy-
drogen at 623 K and at atmospheric pressure for at least
4 h.

2.2. Kinetic Data

The data used in the kinetic modeling are obtained from
experiments performed in a Berty reactor, a gas-phase re-
actor with complete internal mixing. A detailed description
of the equipment is given elsewhere (26). Pure n-alkanes,
i.e., n-C8, n-C10, and n-C12 and a 1 : 1 molar mixture of n-C8

and n-C10, were fed. A discussion of the product distribu-
tions observed for the hydrocracking of these key compo-
nents has been reported earlier (27). Depending on the bal-
ance between the acid and hydrogenating function of the
catalyst, hydrocracking can be categorized into “ideal” or

TABLE 1

Specifications of the Investigated Pt/US–Y Zeolites

Catalyst MC-301 MC-389

Physical form Powder Extrudate, diameter 1 mm
Alumina binder (wt%) 0 35a

Pt content (wt%) 0.5a 0.64a

α-Activitya 53 <10
Na content (ppm) —a 130a

Acid site concentration 0.237 0.145
(mmol/g)b

Framework Al content 0.425 0.276
(mmol/g)c

a According to the manufacturer.
b Determined with temperature-programmed desorption of ammonia.

c Based on framework Al content of LZ–Y20 (24) and accounting for

the binder.
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TABLE 2

Range of Experimental Conditions and Number of Experiments and Responses
Used in the Kinetic Modeling for Each Feedstock

Number of Number of Temperature Pressure γ W/F0

Feed experiments responses (K) (bar) (mol/mol) (kgcat · s/mol) X (%) Catalyst

n-C8 57 8 493–533 10–50 40–100 150–660 3–65 MC-389
n-C8 189 8 493–533 10–50 30–100 150–660 3–75 MC-301
n-C8/n-C10 20 18 493–513 10–20 50–100 180–660 11–40 MC-389
n-C10 45 15 493–533 10–50 50–200 142–702 9–74 MC-389

n-C12 42 21 493–533 5–50 100–300 90–735 11–64 MC-389
“nonideal” hydrocracking. In the case of ideal hydrocrack-
ing the metal-catalyzed hydrogenation–dehydrogenation
reactions are quasi-equilibrated while the acid-catalyzed
isomerization and cracking steps are rate-determining. A
characteristic feature of this type of hydrocracking is the
uniqueness of the product distribution as a function of the
conversion under all process conditions. Since the present
work focuses on the determination of the rate parameters
associated with the acid-catalyzed reaction steps only the
data obtained under experimental conditions leading to the
ideal hydrocracking behavior were retained in the regres-
sions. The experimental conditions and conversion ranges
for each feedstock are listed in Table 2.

2.3. Data Processing

The estimation of the kinetic parameters occurs by min-
imization of the weighted residual sum of squares of the
experimental and calculated molar outlet flow rates of the
reactor,

SSQ=
nob∑
i=1

nresp∑
j=1

w j (Fi, j − F
_

i, j )
2, [1]

with Fi, j the experimental outlet flow rate for the jth re-
sponse of the ith experiment and with F

_

i, j the correspond-
ing value calculated using the model. The number of exper-
iments, nob, and the number of responses, nresp, are listed
in Table 2. The outlet flow rates of the various lumps within
the reaction network deduced for each feedstock are used
as responses and not the net production rates in order to
eliminate correlation between the experimental variables
and the responses. Such a correlation is encountered when
net production rates are used as responses since the ex-
perimental outlet flow rates are used to calculate both the
partial pressures and the experimental net production rates.
The weighting factors wj are the diagonal elements of the
inverse of the covariance matrix of the experimental errors
ses determined from replicate experiments.
icate experiments are available the weighting
factors are calculated from

w j =
(∑nob

i=1 Fji
)−1∑nresp

k=1

(∑nob
i=1 Fki

)−1 . [2]

For a given kinetic model the reactor outlet flow rates are
calculated by solving the following set of nonlinear equa-
tions, comprising the mass balances, using a hybrid Powell
method (28):

Fi, j − F0
i, j − Rj (T, Pt, Fi, j )Wi = 0. [3]

The objective function [1] is minimized using a combi-
nation of a Rosenbrock (29) and a Levenberg–Marquardt
(30) algorithm.

3. KINETIC MODEL

3.1. Reaction Network

Hydrocracking is commonly accepted to occur via a
bifunctional reaction scheme (31, 32) with saturated hy-
drocarbons being dehydrogenated on the metal sites of
the catalyst yielding alkenes, which in turn migrate to the
Brønsted acid sites where chemisorption involving proto-
nation with formation of alkylcarbenium ions occurs. These
alkylcarbenium ions are subject to rearrangements and
cracking steps obeying the well-known rules of alkylcar-
benium ion chemistry (33). Whether alkylcarbenium ions
are reaction intermediates or transition states is currently a
matter of debate. Quantum chemical calculations on the in-
teraction of short alkyl chains and aluminosilicate clusters
indicate that covalently bonded alkoxy species are more
stable (34). In the single-event model (20, 21) adopted in
the present work, the rate expressions are independent of
the identity of the reactive intermediates, as long as the
chemical rules used to develop the detailed reaction net-
work remain unchanged. Prior to chemisorption and/or
dehydrogenation alkanes and alkenes are physisorbed in
the zeolite pores. The physisorption of alkanes has been

studied extensively (20, 26, 35) and can be described in a
satisfactory way by using a Langmuir isotherm. Possible
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differences in physisorption behavior between alkenes and
alkanes on H–US–Y are expected to be small and, hence,
are neglected.

Since an individual identification of all alkane isomers re-
sulting from n-C12 is not feasible and also some doubts arise
concerning the identification in the analysis of some di- and
tri-alkyl C10 alkanes, a molecular modeling similar to that
developed for the hydrocracking of n-C8 in the past (21, 22)
is not applicable. However, extensive experimental work
on hydrocracking of normal and isoparaffins on Y zeolites
(26, 27, 36–38) shows that rapid equilibrium is reached be-
tween all monobranched alkanes and all dibranched alka-
nes at relatively low conversions (≈15 mol %) allowing us to
lump all distinct isomers with the same degree of branching
into a single lump. A similar treatment of the tribranched
isoalkanes is less realistic since the fast (t, t) cracking mode
(type A cracking) proceeds at a far higher rate than that of
the alkyl shifts, altering the position of the alkyl side chains
(38, 39). Due to the lack of a useful and applicable alterna-
tive, i.e., not leading to an excessive number of rate param-
eters, all tribranched isomers are nevertheless grouped into
one lump assuming equilibrium between the isomers. This
results in the lumped reaction network of Fig. 1 compris-
ing four lumps per carbon number n: n-paraffin, mono-,
di-, and trialkyl alkanes. The reaction of a lump g into a
lump h comprises numerous parallel sequences of elemen-
tary steps. For the isomerization of moPn to diPn, such a
sequence starts with the physisorption of an alkane from
the moPn lump on the catalyst, where it is dehydrogenated
into an alkene. This alkene is protonated on an acid site,
generating a carbenium ion, which can undergo an isomer-
ization reaction. The product carbenium ion is transformed
into an alkane of the diPn lump via deprotonation into an
alkene followed by hydrogenation. Analogous sequences
can be derived for the other isomerization and cracking re-
actions. Secondary cracking or isomerization is not incorpo-
rated in the reaction network considering the symmetrical
shape of the cracked products distributions and a ratio of
isoparaffins to n-paraffins in the cracked products that dif-
fers considerably from that expected when the n-paraffins
and isoparaffins are equilibrated.

FIG. 1. Relumped reaction scheme for hydrocracking of alkanes.
Only alkanes are shown in this scheme since they are the only observ-

able products; however, the detailed underlying chemistry is preserved in
the rate equations.
S ET AL.

3.2. Rate Equations

For ideal hydrocracking, assuming quasi-equilibrium for
the protonation–deprotonation steps and at a low acid site
coverage (21), the rates for, e.g., the isomerization of a lump
g to a lump h is given by an expression of the form

r isom(g; h) = kL
isom(g; h)HL,g pg(

1+∑ f KL, f p f
)

pH2

. [4]

The Henry coefficients of the various lumps were cal-
culated using the following correlations, expressing the ad-
sorption enthalpy and preexponential factor as functions of
carbon number n, derived from literature data (35) for ph-
ysisorption of C5–C9 alkanes on CBV-760, a US–Y zeolite
with Si/Al= 30,

−1H 0
phys,g = 6.51n+ 8.21

[5]
−ln(H0,g) = 0.757n+ 17.4,

with

HL,g = H0,g e−
1H0

phys,,g
RT . [6]

Since variations in the skeletal structure of alkanes re-
sult in only minor differences between the experimentally
observed Henry coefficients only one Henry coefficient is
used per lump. For the hydrocarbon partial pressures con-
sidered in this work the physisorption is situated outside
the Henry part of the isotherm resulting in values for the
concentration of physisorbed alkanes close to the satura-
tion concentration, especially for the C10 and C12 alkanes.
As a result possible differences between the exact values
for the Henry coefficients on both catalysts used in the
present study and the value calculated from Eqs. [5] and
[6] will result in only minor deviations in the concentration
of physisorbed species. Moreover, a limited set of adsorp-
tion measurements on the two Pt/US–Y materials in this
work showed good agreement with the existing CBV-760
data and legitimate the use of the latter data to model the
physisorption. The Langmuir coefficient, KL, f, for a lump f
is calculated as the ratio of the Henry coefficient and the
saturation concentration,

KL, f = HL, f

Csat, f
, [7]

the latter being estimated from the total pore volume of the
zeolite and the molar volume of the lump:

Csat, f = Vp

Vm, f
. [8]
The molar volumes are calculated using the Hankinson–
Brobst–Thomson method (40). The lumped rate coefficient
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kL
isom(g; h) in Eq. [4] can be written as a combination of

single-event rate coefficients using so-called lumping coef-
ficients, LC (19):

kL
isom(g; h) = (LC)isom(s,s)(g; h)k̃comp

isom (s, s)Ct

+ (LC)isom(s,t)(g; h)k̃comp
isom (s, t)Ct

+ (LC)isom(t,s)(g; h)k̃comp
isom (t, s)Ct

+ (LC)isom(t,t)(g; h)k̃comp
isom (t, t)Ct. [9]

Values for the lumping coefficients are calculated from
the detailed alkylcarbenium ion reaction network using
the lumping strategy developed by Vynckier and Froment
(41) and do not depend on the values of the single-
event rate coefficients but merely on the number of el-
ementary reactions transforming hydrocarbons of lump
g into those of lump h and on the number of single
events associated with each of these reactions. Note that
during the so-called relumping the elementary steps of
the original network are still accounted for, e.g., via the
rate coefficients for the elementary isomerization steps in
Eq. [9].

The composite single-event rate coefficients k̃comp
isom (m1,

m2) in Eq. [9] are a product of the protonation–
deprotonation equilibrium constant and the single-event
rate coefficient (21),

k̃comp
isom (m1,m2) = K̃ Pr(m1)k̃isom(m1,m2)

= A0,comp
isom(m1,m2)

e−
E

comp
isom(m1 ,m2)

RT , [10]

with the composite activation energy given by

Ecomp
isom(m1,m2)

= 1H 0
prot(O,m1)

+ Eisom(m1,m2), [11]

and with m1, m2 the type of the reactant and product
intermediate. The only distinction made is that between
secondary and tertiary alkylcarbenium ions while no pri-
mary alkyl ions are considered. Since the protonation–
deprotonation equilibrium coefficient and the single-event
coefficient always occur as a product in the rate expressions,
only estimation of the composite preexponential factor and
activation energy is possible.

Values for the total concentration of acid active sites Ct

are obtained using the total concentration of framework
aluminum atoms, i.e., 0.276 and 0.425 mol/kgcat for the MC-
389 and MC-301 catalysts, respectively. Note that for both
catalysts these concentrations are a factor of 2 higher than
the concentration of acid sites measured via ammonia TPD.
A sensitivity analysis on the influence of variations in acid
site concentration on the estimated values of the composite
activation energies in Eq. [10] revealed deviations in the

latter of less than 2 kJ/mol by increasing or decreasing Ct

by a factor of 2.
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Two types of elementary reactions are considered as ki-
netically significant: (a) branching rearrangements involv-
ing protonated cyclopropyl ions (PCP),

and (b) cracking via cleavage of the C–C bond in the β-
position of the charge-bearing carbon atom. The number of
kinetic parameters not related to physisorption that have
to be determined amounts to 14 : 6 for PCP isomerization
and 8 for β-scission. Note that due to thermodynamic con-
straints (20) the composite preexponential factors and acti-
vation energies for PCP (s, t) and PCP(t, s) are identical. In
order to reduce further the number of kinetic parameters
that have to be estimated by regression, the preexponential
factors can be calculated from first principles, leaving only 7
composite activation energies to be estimated from the ex-
perimental data. This, in view of the amount of experimen-
tal data, rather limited number of adjustable parameters is,
among other things, due to the assumed independence of
the kinetic parameters on the hydrocarbon chain length.
The latter is accounted for only via the physisorption be-
havior and more precisely via the Henry coefficients and
the saturation concentrations, Eqs. [5]–[8].

3.3. Calculation of the Composite Preexponential Factors

Using the transition state theory (42) a reasonable esti-
mate of the preexponential factor in the single-event rate
coefficient can be obtained from

A0,comp
isom(m1,m2)

= kBT

h
e
1S̃0

prot(0,m1)
+1S̃

0,6=
isom(m1 ,m2)

R , [12]

with 1S̃0
prot(0,m1)

and 1S̃0,6=
isom(m1,m2)

the so-called intrinsic
standard protonation entropy and activation entropy; i.e.,
the contribution due to changes in the global symmetry is
not included.

Realistic estimates for both the intrinsic standard proto-
nation entropy and the intrinsic standard reaction entropy
for each PCP and β-scission mode are derived using en-
tropy diagrams similar to that depicted in Fig. 2 showing
the relevant part of the sequence of elementary steps for
isomerization combined with assumptions concerning the
translational and rotational degrees of freedom for the ph-
ysisorbed and chemisorbed species.

3.3.1. Calculation of 1S̃0
prot. The combined physisorp-

tion and chemisorption is considered as a localized adsorp-
tion leading to a loss of the three translational degrees of
freedom for the chemisorbed species while all the rotational
degrees of freedom are considered to be preserved. Mea-

surements of the standard adsorption entropy for ammo-
nia on H-Mordenite (43) showed that all rotational motion
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o
FIG. 2. Standard entropy diagram for the physisorption and protonati

of the adsorbed species is preserved while on a Y zeolite,
containing larger pores, the standard adsorption entropy
is even smaller than the translational entropy of gaseous
ammonia (44), indicating that even some of the transla-
tional freedom of the adsorbing molecule is preserved. It
should be noted, however, that the dimensions of the sur-
face species considered in this work are larger than that
of ammonia and, hence, some loss of rotational motion of
the chemisorbed species might be possible. If a gas-phase
molecule loses all of its translational and rotational degrees
of freedom when chemisorbed on a catalyst surface the
translational and rotational modes of the free molecule are
replaced by vibrations. In the case of adsorption of, e.g.,
ethylene on a Pt surface the extra vibrational entropy as-
sociated with these new vibrational modes is of the same
order of magnitude as the rotational entropy of a gaseous
molecule (45). Hence, it can be expected that even when the
surface intermediates are in fact immobile stabilized species
such as alkoxides the loss of all or a part of the rotational
motion of the chemisorbed olefin will at least partially be
compensated by an increase of the vibrational entropy cor-
responding with the hindered translational and rotational
motion of the surface species and, hence, assuming a surface
species losing all its translational degrees of freedom, i.e.,
three, while preserving its rotational degrees of freedom
allows us to obtain realistic values for the standard entropy
changes. Next to these, changes in both rotational and vi-
brational entropy between the olefin in the gas phase and
the chemisorbed species are considered to be negligible.
Summarizing, the value for the intrinsic standard protona-
tion entropy has been calculated from the standard transla-
tional entropy of the olefin corresponding to three degrees
of freedom and the entropy of physisorption in the standard
state, i.e., at a degree of surface coverage of one-half,

1S̃0
prot = −S0,g

trans −1S0
phys

= −S0,g
trans − R ln

(
K 0

L, f

)
, [13]
ith K 0
L, f = H 0

L, f /Csat, f the preexponential factor of the
n of an olefin followed by a branching or nonbranching rearrangement.

Langmuir coefficient. The resulting value for the protona-
tion will be used for both secondary and tertiary ions.

3.3.2. Calculation of1S̃0,6=
PCP. The structure of the carbo-

nium ion-like transition state for PCP branching is expected
to be somewhere between that of the reactant and the prod-
uct molecule and, hence, the intrinsic standard rotational
entropy of the transition state is expected to be close to
that of the reactant and product alkylcarbenium ion. Com-
pared to the gas-phase value for the vibrational entropy
of both reactant and product ions the number of frequen-
cies contributing to the vibrational entropy of the transition
state complex is one less since the imaginary frequency as-
sociated with the reaction coordinate, i.e., the shifting of
a proton between two corner-protonated cyclopropyl car-
bonium ions over an edge-protonated cyclopropyl ion, is
excluded.

During the course of the reaction some of the original
bonds of the reactant molecule not associated with the re-
action coordinate will be weakened; e.g., the C–C bonds
involved in the three-center, two-electron bond of the edge-
protonated cyclopropane ring as is indicated by a quantum
chemical study of the branching rearrangement of pentyl
alkylcarbenium ions (46). This leads to a lowering of the
vibrational frequencies of those bonds resulting in some-
what higher values of the corresponding contributions to
the vibrational entropy compared to those associated with
the original bonds in the reactant molecule. For a molecule
comprising n atoms the effect of changes in the frequencies
of some of the 3n− 3 vibrational modes on the overall vibra-
tional entropy of the transition state is, however, believed
to be small. As a result,

1S̃0,6=
PCP = S̃0,chem

rot − S̃0,6=
rot + S0,chem

vib − S0,6=
vib = 0. [14]

Using transition-state theory Baetzold and Somorjai (47)
also suggest a zero standard activation entropy for the pre-
exponential factor of surface reactions while Klein et al.
(13–15) and Yaluris et al. (23) also use a value around kBT/h

for those reaction steps interconverting surface alkylcar-
benium ions. As for protonation–deprotonation, only one



KINETIC MODELING OF HYD

value for the activation entropy for PCP isomerization is
considered irrespective of the type of the reactant and the
product ion.

3.3.3. Calculation of 1S̃0,6=
Cr . Assuming a zero standard

activation entropy may be quite reasonable for reactions in-
terconverting surface intermediates; for cracking reactions,
however, it might underestimate the standard activation
entropy since this reaction converts a chemisorbed surface
species into a smaller chemisorbed surface species and a
physisorbed, more mobile olefin. In the transition state the
C–C bond in the β position of the positive charge is being
broken, enlarging the distance between the ionic part left
at the acid site and the olefin being physisorbed on the zeo-
lites surface. Since this motion requires some translational
motion of the leaving olefin, the transition state is assumed
to possess one degree of translational freedom:

1S̃0,6=
Cr =

S0,g
trans

3
. [15]

The values for the composite preexponential factors for
PCP branching and β-scission using these assumptions are
1.82× 109 kgcat/(mol · s) and 2.59× 1012 kgcat/(mol · s), re-
spectively.

3.4. A Parameter Accounting for the Acid Strength: The
Standard Protonation Enthalpy

While variations in the number of acid sites can be ac-
counted for via adaptation of Ct in Eq. [9] no fundamental
kinetic parameter(s) has been introduced to describe in an
effective way the effect of changes in acid strength of the
acid sites on the rates of the elementary steps of both cata-
lysts. For the two Pt/US–Y zeolites used in this work no
selectivity differences were noticed for hydrocracking of
n-octane despite the differences in activity. Acid strength-
independent selectivity was also reported by Denayer et al.
(48) for hydrocracking of C6–C9 n-alkanes on Y zeolites
with varying Si/Al ratios. Such a phenomenon implies that
the difference in acid strength between the active sites of the
two catalysts affects the rates of the rate-determining steps
alike. Hence, by virtue of Eqs. [4], [9], and [10] the differ-
ence between the composite activation energies for each el-
ementary step on the two catalysts will be identical and can
be ascribed to a change in the protonation enthalpy and/or
activation energy of the elementary surface reactions. If
alkylcarbenium ions are considered as the intermediates,
the reactant and activated complex of the surface reactions
interconverting these intermediates both have ionic char-
acteristics. As a consequence the (de)stabilizing influence
of changes in acid strength on reactant, product, and acti-
vated complex is expected to be similar and no change in
the activation energies for PCP and β-scission is expected.

The effect of changes in the acidic properties of the catalyst
will be limited to a shift in the equilibrium concentrations
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of both the olefin and the alkylcarbenium ion because of
changes in the value of the protonation enthalpy: the higher
the acid strength of the sites, the more stable the surface ions
become, resulting in more negative values for the protona-
tion enthalpy. If on the other hand alkylcarbenium ions are
activated complexes and neutral alkoxy species act as sur-
face intermediates, variations in acid strength will merely
result in changes in the activation energies of the surface
reactions while due to the neutral character of the interme-
diates neither the stability of these surface species nor the
protonation enthalpy will be affected. If the increase in sta-
bility of the transition states with increasing acid strength is
the same for the different types of elementary steps it will
result in an effect on the values of the composite rate coeffi-
cients similar to that caused by a change in the protonation
enthalpy. Recent quantum chemical studies (34, 49, 50) in-
dicate that the real situation may be situated between the
two extremes discussed above with the intermediate having
a partial positive charge. Since in the course of a surface re-
action displacement of the charge occurs with formation
of a more positively charged activated complex, varia-
tions in acid strength are expected to result in changes of
both the activation energy and the protonation enthalpy. If
the magnitude of these changes is rather insensitive to the
type of reaction, a kinetic description of all three cases
is feasible using the set of kinetic equations [4], [9], and
[10] since, due to the quasi-equilibrated character of the
chemisorption, only the sum of the protonation enthalpy
and the activation energy for isomerization or cracking will
be estimated from a regression.

Hence, an appropriate parameter describing the effect
of acidity changes can be defined using the acid–base con-
cept for protonation of an intermediate gas-phase olefin
O by the acidic zeolite resulting in a protonated base R+

being stabilized by the basic oxygens on the zeolite surface
with formation of a surface alkylcarbenium ion (zwitterion)
(Z−)(R+) (51):

ZH+O⇔ (Z−)(R+) Qp = 1H 0
prot. [16]

Using this concept the standard protonation enthalpy of
the olefin 1H 0

prot or the proton-transfer energy Qp can be
calculated from the proton affinity of the zeolite, PAacid

solid,
the proton affinity of the gas-phase olefin, PAbase

gas , and the
stabilization enthalpy, Ezi, of the alkylcarbenium ion by
the zeolite as shown in Fig. 3. It consists of a catalyst-
independent term, i.e., the gas-phase protonation enthalpy,
−PAbase

gas , and a second term, 1H+,

1H+ = PAacid
solid + Ezi, [17]

which depends both on the acid strength of the zeolite and
on the alkylcarbenium ion formed. This second term is iden-

tical to that introduced by Dumesic and co-workers (23)
(a) to incorporate the effect of changes in acidity in their
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FIG. 3. Acid–base concept of protonation of an olefin.

kinetic model and (b) to calculate the enthalpies of the sur-
face reactions using gas-phase reaction enthalpies.

In accordance with Eq. [17] these authors defined 1H+

as the heat of stabilization of an alkylcarbenium ion relative
to the heat of stabilization of a proton as depicted in Fig. 4,
and assumed it to be independent of the alkylcarbenium
ion involved. The value of 1H+ is related to the average
strength of the Brønsted sites of the catalyst: the lower the
value, the higher the acid strength.

Applying this concept in a modified form to the present
kinetic model allows us to write the difference in standard
protonation enthalpy on two catalysts A and B with differ-
ent acid strength as (m1 = sor t)

1HB
prot(m1)

−1HA
prot(m1)

= 1H+B −1H+A = 1HB–A. [18]

Transposition of the kinetic model from catalyst A to
catalyst B is feasible via introduction of this single param-
eter, the value of which is determined using experimental
data on catalyst B in combination with an appropriate value
for the concentration of acid active sites Ct and reliable

Henry coefficients describing the physisorption behavior originates from the fact that for each (t, t) PCP step

of the various hydrocarbons on catalyst B.

TABLE 3

Estimated Values for the Composite Activation Energies and the Corresponding Individual Approximate 95% Confidence Intervals for
PCP Isomerization and β-Scission Obtained for Hydrocracking of n-Octane, an Equimolar n-Octane/n-Decane Mixture, n-Decane, and n-
Dodecane on MC-389 Using Model Equations [4]–[11] and with Calculated Composite Preexponential Factors of 1.82× 109 kgcat/(mol · s)
for PCP Isomerization and 2.59× 1012 kgcat/(mol · s) for β-Scission Obtained Using Equations [12]–[15]

Feed
Composite

activation energy n-C8, n-C8/n-C10,
(kJ/mol) n-C8 n-C8/n-C10 n-C10 n-C12 n-C10, and n-C12

Ecomp
PCP(s,s) 45.7± 0.2 44.9± 0.3 43.8± 0.1 44.8± 0.2 43.7± 0.1

Ecomp
PCP(s,t) = Ecomp

PCP(t,s) 47.5± 32.8 38.5± 8.7 26.3± 3.8 38.5± 7.8 36.5± 5.3

Ecomp
PCP(t,t) 31.4± 1.6 34.0± 5.4 31.8± 2.3 29.9± 2.5 31.8± 2.5

Ecomp
Cr(s,s) 70.0± 1.0 69.0± 1.1 69.7± 0.8 69.7± 0.6 69.5± 1.0

Ecomp
Cr(s,t) 60.9± 9.1 56.2± 3.2 55.5± 1.3 56.0± 1.0 57.0± 2.8

Ecomp
Cr(t,s) 50.9± 0.9 55.8± 3.7 54.7± 1.5 53.4± 1.2 55.1± 2.9

converting a monobranched alkane into a dibranched one
Ecomp
Cr(t,t) 32.1± 2.2 31.0± 1.7
S ET AL.

FIG. 4. Enthalpy levels involved in the protonation of an olefin.

4. INFLUENCE OF THE HYDROCARBON CHAIN LENGTH
ON THE COMPOSITE ACTIVATION ENERGIES

The influence of the hydrocarbon chain length on the val-
ues of the seven composite activation energies was investi-
gated by separate regressions on the data obtained on MC-
389 for each individual feedstock (Table 2). The resulting
estimates and the corresponding approximate individual
95% confidence intervals are listed in Table 3. The maxi-
mum value of the binary correlation coefficient amounts
to 0.99 and corresponds to the correlation between the
composite activation energy for PCP(s, t) (or (t, s)) and
PCP(t, t). Most of these intervals are quite narrow with the
exception of that for the composite activation energy for
PCP(s, t) isomerization for n-octane hydrocracking. The
insensitivity of the model to variations in the value of this
rate parameter is a consequence of the strong correlation
observed between the composite activation energies for
(s, t) (or (t, s)) and (t, t) PCP branching. This correlation
29.7± 0.8 32.1± 0.7 29.5± 0.8



1H , is known. Using an estimate of 696 kJ/mol for 1H
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or vice versa, a parallel (s, t) or (t, s) PCP branching step ex-
ists, leading to the same product alkane (22), as reflected by
the identical values for coefficients (LC)PCP(s, t)(moPn; diPn)
(or (LC)PCP(t, s)(moPn; diPn)) and (LC)PCP(t, t)(moPn; diPn).
This phenomenon also holds for almost all (t, t) PCP iso-
merization steps converting dibranched alkanes into tri-
branched ones, with the exception only of α,γ -dibranched
alkylcarbenium ions, leading to different values for
(LC)PCP(t, t)(diPn; triPn) compared to (LC)PCP(s, t)(diPn;
triPn) (or (LC)PCP(t, s)(diPn; triPn)). As a result reliable non-
correlated estimates for both rate coefficients can be ob-
tained only if sufficient amounts of tribranched isomers are
detected. Because of the rapid (t, t) β-scission of the α,γ ,γ -
tribranched alkanes this is not the case in the reactor efflu-
ent originating from n-octane. An independent estimation
for the composite activation energies for (s, t) (or (t, s)) PCP
and (t, t) PCP is, however, feasible for the other feeds due
to the presence of small amounts of tribranched paraffins
in the effluent.

The overlap noticed for the confidence intervals obtained
for the composite activation energies of (t, t) PCP branch-
ing and of the four β-scission modes for each feedstock
indicates that there is no statistically significant difference
between the estimates of these parameters for the different
n-alkanes. A minor dependence of the composite activation
energies on the chain length cannot be excluded since, e.g.,
no such overlap for the confidence intervals of the compos-
ite activation energy for (s, s) PCP branching is noticed.

5. ASSESSMENT OF THE ESTIMATES FOR THE
COMPOSITE ACTIVATION ENERGIES

A regression of all the data obtained on MC-389 simulta-
neously results in the composite activation energies in the
last column of Table 3. As expected, these values lie within
the limits of the confidence intervals of the parameter val-
ues obtained on each feedstock separately. The excellent
agreement between the experimental and calculated evo-
lution of the conversion of, e.g., n-C8 and n-C12 as a function
of space–time depicted in Fig. 5, demonstrate that a single
set of kinetic parameters suffices to describe the hydroc-
racking of all feedstocks. Moreover, the model yields an
excellent description of the distribution of the alkane iso-
mer lumps originating from the n-alkane as shown in Fig. 6.
The calculated yields of the individual cracked products are
in agreement with those observed experimentally, as is il-
lustrated by Fig. 7. The differences between the estimates
for (s, t) and (t, t) PCP isomerization and even for (s, t)
and (t, s) β-scission are hardly statistically significant. Ac-
tually a regression with five adjustable parameters resulted
in a quality of fit which was comparable to that shown in
Figs. 5–7.

The values shown in Table 3 are consistent with the gen-

erally accepted order for the reaction rates of the different
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FIG. 5. Experimental (symbols) and calculated (full line) conversion
of (a) n-octane (r, T= 533 K, Pt= 20 bar, γ = 100; m, T= 533 K, Pt=
20 bar, γ = 50; ∗, T= 533 K, Pt= 10 bar, γ = 50; d, T= 493 K, Pt= 10 bar,
γ = 100) and (b) n-dodecane (r, T= 493 K, Pt= 10 bar, γ = 100; m, T=
493 K, Pt= 20 bar, γ = 300; ∗, T= 513 K, Pt= 20 bar, γ = 100; d, T=
533 K, Pt= 20 bar, γ = 100) on MC-389 versus space–time using model
equations [4]–[11], with the composite preexponential factors obtained
using Eqs. [12]–[15], and with the composite activation energies in the last
column of Table 3.

elementary steps. Secondary–tertiary (or (t, s)) PCP isomer-
ization is faster than the (s, s) mode while the order of the
rates for β-scission is in accordance with the order of the
rates of the different cracking modes observed for C8 alkyl-
carbenium ions in superacids (39) or that observed for hy-
drocracking of C8, C9, and C10 n-alkanes on Pt/US–Y (38):

rCr(t,t) > rCr(t,s), rCr(s,t) > rCr(s,s). [19]

Moreover, the rate of (t, t) β-scission (type A cracking)
is even higher than the rates of the three PCP branching
modes, explaining the known phenomenon of a low
content of trialkyl alkanes in the effluent obtained for
hydrocracking of n-alkanes.

Values for the activation energies of the elementary steps
can be derived from those of the corresponding composite
activation energies if realistic values for the protonation
enthalpies of the olefins are available. Such values can
easily be calculated from the corresponding enthalpy
changes for the gas-phase protonation of an olefin by a
free proton with formation of a gaseous alkylcarbenium
ion if a value for the relative stabilization by the zeolite,

+ +
obtained by Yaluris et al. (23) for a US–Y with Si/AlF= 28 in
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FIG. 6. Experimental (symbols) and calculated (line) distribution for (a) C8, (b) C10, and (c) C12 alkanes on MC-389 using model equations [4]–
[11], with the composite preexponential factors obtained using Eqs. [12]– [15], and with the composite activation energies in the last column of Table 3
(j, n-paraffin; m, monobranched; d, dibranched; ∗ tribranched; r, multibranched paraffins).

FIG. 7. Experimental (symbols) and calculated (line) yields for (a) nP3, (b) nP4, (c) moP4, (d) moP5, (e) nP6, and (f) moP7 as a function of the

conversion of n-octane (j), n-decane (r), and n-dodecane (m) on MC-389 using model equations [4]–[11], the composite preexponential factors
obtained using Eqs. [12]–[15], and with the composite activation energies in the last column of Table 3.
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TABLE 4

Activation Energies for the Elementary Steps Derived from the
Values of the Composite Activation Energies Obtained by the Si-
multaneous Regression of the Kinetic Data for Hydrocracking of
n-Octane, an Equimolar n-Octane/n-Decane Mixture, n-Decane,
and n-Dodecane on MC-389, (a) Protonation Enthalpies Obtained
from Calculated Gas-Phase Protonation Enthalpies and 1H+=
696 kJ/mol, and (b) Quantum Chemically Calculated Values for
the Enthalpy Change for Formation of Alkoxy Species (34, 49, 54)

Activation energy
(kJ/mol) (a) (b)

EPCP(s,s) 154 124
EPCP(s,t) 147 117
EPCP(t,s) 191 117
EPCP(t,t) 186 112
ECr(s,s) 180 150
ECr(s,t) 168 137
ECr(t,s) 209 135
ECr(t,t) 184 110

combination with literature values for the enthalpy of for-
mation of the gas-phase olefin and a free proton (52) and
using ab initio (GAMESS) (53) calculated values for the
gas-phase enthalpy of an alkylcarbenium ion, the average
value for the enthalpy of protonation of a C8 olefin into a
secondary and tertiary alkylcarbenium ion at the catalysts
surface is −110 and −150 kJ/mol, respectively. The calcu-
lated difference in these reaction enthalpies for protonation
yielding secondary and tertiary alkylcarbenium ions equals
the known enthalpy difference of 40–50 kJ/mol between
such ions in the gas phase, as expected since a single value
of 1H+ was taken.

Combining the values of the surface protonation en-
thalpies with the estimated values for the composite activa-
tion energies, values for the different activation energies are
obtained as listed in the second column of Table 4. Another
source of protonation enthalpies are the quantum chemi-
cal studies involving alkoxy species as intermediates rather
than alkylcarbenium ions. Enthalpy changes for formation
of these species from the adsorbed olefin of−50 to−75 kJ/
mol for ethylene (49), −46 to −71 kJ/mol for isobutene
(34, 49), and −55 to −70 kJ/mol for n-butenes (54) are re-
ported. Considering the error inherent in these calculation
methods, the values are considered to be independent of
the type of alkoxy species formed. Using a typical value of
−80 kJ/mol, this results in the set of values for the activation
energies of the elementary steps listed in the third column
of Table 4. The two sets show considerably higher values
for the activation energy for PCP isomerization compared
to the value of 65–75 kJ/mol observed in liquid superacid
solutions (55) or those of 45, 97, and 95 kJ/mol for (s, t),
(t, s), and (t, t) PCP isomerization obtained from quantum

chemical calculations for the isomerization of hexyl alkyl-
carbenium ions in the gas phase (50).
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Both sets of values shown in Table 4 are nevertheless
more in agreement with activation energies obtained from
ab initio or DFT calculations of rearrangement and crack-
ing reactions of surface alkoxides: 173–190 kJ/mol for PCP
(t, t) (50) and 230 kJ/mol for (s, s) β-scission (49). The val-
ues for the activation energies of the different PCP modes
are also in accordance with the activation energies used by
van de Runstraat et al. (56) in their kinetic model devel-
oped for hydrocracking of n-hexane on Pt/HZSM-5 and
Pt/H-Mordenite catalysts based on the assumption that
alkoxy species are the reactive intermediates and not alkyl-
carbenium ions. This might indicate that, compared to gas-
phase alkylcarbenium ions, a considerable stabilization of
the intermediates by the basic oxygens of the zeolite lattice
takes place while such a stabilizing effect is less pronounced
for the activated complexes. Note that the model equations
[4]–[11] do not depend on the nature of the surface inter-
mediates. Hence, no conclusion concerning the nature of
the latter can be made.

6. APPLICATION OF THE KINETIC MODEL
TO ANOTHER CATALYST

A regression is performed on all the experimental data
obtained with n-octane on the MC-301 catalyst, viz., Table 2.
The composite activation energies are fixed at the values
listed in the last column of Table 3 for the MC-389 catalyst,
while 1HMC301–MC389 is the only parameter being adjusted,
resulting in the following estimate:

1HMC301−MC389 = −2078± 37 J/mol. [20]

Note the small 95% probability confidence limits, in-
dicating the high sensitivity of the calculated flow rates to
this parameter. The value of this parameter is similar to dif-
ferences reported by Yaluris et al. (23) between values for
1H+ obtained on two US–Y zeolites with different Si/Al
ratios for cracking of isobutane. The sign of1HMC389–MC301

is consistent with the lower average strength of the acid
sites in MC-389 compared to MC-301 indicated by the
α-test (Table 1): 1H+MC301 is smaller than 1H+MC389, result-
ing in a negative value of 1HMC301–lMC389. Considering
this difference in the values for the composite activation
energies for MC-301 compared to MC-389, the composite
activation energies of the last column of Table 3 are also
close to those obtained from a previous modeling of the
hydrocracking of individual C8 isoalkanes on the MC-301
catalyst by estimation of both the preexponential and the
composite activation energies as well as the Langmuir phy-
sisorption coefficients (21, 22). Using the single parameter
1HMC301–MC389, a good agreement is obtained between the
experimental and calculated molar flow rates on MC-301
using the composite activation energies corresponding to

MC-389 as shown in Fig. 8. Moreover, Fig. 9 demonstrates
the model’s capability of describing the changes within the
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FIG. 8. Some typical calculated versus experimental molar outlet flow rates for hydrocracking of n-octane on MC-301 using model equations

[4]–[11] with the preexponential factors obtained using Eqs. [12]–[15], the composite activation energies for MC-389 listed in the lasted column of
Table 3, and with 1HMC301–MC389=−2078 J/mol.
FIG. 9. Experimental (line) and calculated (symbols) distributions for
the isomers obtained from hydrocracking of n-octane on MC-301 using
model equations [4]–[11] with the preexponential factors obtained us-
ing Eqs. [12]–[15], the composite activation energies for MC-389 listed

in the last column of Table 3, and with 1HMC301–MC389=−2078 J/mol (j,
n-paraffins; m, monobranched paraffins; d, dibranched paraffins).
FIG. 10. Experimental (symbols) and calculated (full line) conversion
of n-octane on MC-301 versus space–time using model equations [4]–[11]
with the preexponential factors obtained using Eqs. [12]–[15], the compos-
ite activation energies for MC-389 listed in the last column of Table 3, and
with 1HMC301–MC389=−2078 J/mol (r, T= 533 K, Pt= 20 bar, γ = 100;

m, T= 533 K, Pt= 20 bar, γ = 50; ∗, T= 533 K, Pt= 50 bar, γ = 100; d,
T= 493 K, Pt= 50 bar, γ = 50; j, T= 513 K, Pt= 50 bar, γ = 100).
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FIG. 11. Experimental (symbols) and calculated (full line) conversion
of n-octane on MC-301 (r) and on MC-389 (d) at T= 533 K, Pt= 20 bar,
γ = 100 versus space–time using model equations [4]–[11] with the pre-
exponential factors obtained using Eqs. [12]–[15], the composite activa-
tion energies for MC-389 listed in the last column of Table 3, and with
1HMC301–MC389=−2078 J/mol.

C8-paraffin distribution at different conversion levels. For
the range of conditions listed in Table 2 an accurate calcu-
lation of the evolution of conversion versus space–time is
obtained, viz., Fig. 10. Figure 11, showing the experimental
and calculated evolution of the conversion of n-octane on
MC-389 and MC-301, clearly demonstrates that once the
values for the composite activation energies of all elemen-
tary steps are determined on one catalyst the introduction
of just one catalyst-dependent parameter suffices to model
the hydrocracking behavior on a catalyst with a different
acid strength and this with a comparable precision.

7. CONCLUSIONS

A kinetic model based on elementary physisorption,
chemisorption, and surface reaction steps allowed us to de-
scribe the hydrocracking of C8–C12 alkanes on Pt/US–Y
zeolites over a wide range of reaction conditions. The ph-
ysisorption behavior of the hydrocarbons was described
with satisfactory accuracy using physisorption parameters
determined on a US–Y zeolite with features similar to those
of the two Pt/US–Y zeolites used. Preexponential factors
with acceptable values were calculated via transition-state
theory. The statistical independence of the rate parameters
on the alkane chain length and the accurate description
of the product distribution and yields under varying pro-
cess conditions provides clear evidence of for the model’s
ability to describe the hydrocracking behavior of complex
hydrocarbon mixtures using kinetic parameters obtained
on key components. The model has a limited set of US–Y
zeolite sample-dependent, adjustable parameters, notably
(a) the total concentration of Brønsted acid sites derived,
e.g., from the framework aluminum content, (b) the dif-
ference in protonation enthalpy, reflecting the difference

in acid strength, and (c) the differences in physisorption
parameters.
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8. SYMBOLS

A0
isom(m1,m2)

preexponential factor for the single event
rate coefficient for isomerization of an
alkylcarbenium ion of type m1 into an
ion of type m2, [kgcat/(mol · s)]

A0,comp
isom(m1,m2)

composite preexponential factor for
isomerization of an alkylcarbenium
ion of type m1 into an ion of type
m2, [kgcat/(mol · s)]

Csat, f saturation concentration of lump f,
[mol/kgcat]

Ct total concentration of acid active sites,
[mol/kgcat]

Eisom(m1,m2) activation energy for isomerization of an
alkylcarbenium ion of type m1 into
an ion of type m2, [J/mol]

Ecomp
isom(m1,m2)

composite activation energy for
isomerization of an alkylcarbenium
ion of type m1 into an ion of type
m2, [J/mol]

Ezi stabilization enthalpy of an
alkylcarbenium ion by
the zeolite, [J/mol]

Fi, j experimental molar flow rate of the jth
response of the ith experiment,
[mol/s]

F
_

i, j calculated molar flow rate of the jth
response of the ith experiment,
[mol/s]

h Planck’s constant, [J · s]
H 0

L,g preexponential factor of the Henry
coefficient, [mol/(kgcat ·Pa)]

HL,g Henry coefficient for physisorption of
lump g, [mol/(kgcat ·Pa)]

kB Boltzman’s constant, [J/K]
k̃isom(m1,m2) single-event rate constant for

isomerization of an alkylcarbenium ion
of type mik to an alkylcarbenium ion
of type mqr , [1/s]

kL
isom(g; h) lumped rate coefficient for isomerization

of lump g into lump h, [Pa/s]
k̃comp

isom (m1,m2) composite single event rate coefficient,
[kgcat/(mol · s)]

K 0
L,g preexponential factor for the Langmuir

coefficient for physisorption of
lump g, [Pa−1]

KL,g Langmuir coefficient for physisorption
of lump g, [Pa−1]

K̃ 0
pr(m1) preexponential factor of the single-event

protonation/deprotonation equilibrium
coefficient with formation of an

alkylcarbenium ion of type m1,
[kgcat/mol]
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K̃ pr(m1) single-event equilibrium coefficient
for protonation/deprotonation
of the reference olefin with
formation of an alkylcarbenium
ion of type m1, [kgcat/mol]

(LC)isom(m1;m2)(g; h) lumping coefficient for isomerization
of alkylcarbenium ions of type m1

of lump g into alkylcarbenium
ions of type m2 of lump h, [Pa]

O gas-phase olefin
pg partial pressure of lump g, [Pa]
pH2 hydrogen partial pressure, [Pa]
Pt total pressure, [Pa]
PAbase

gas proton affinity of a gas-phase
olefin, [J/mol]

PAacid
solid proton affinity of the zeolite, [J/mol]

Qp proton-transfer energy, [J/mol]
r isom(g; h) rate for the isomerization of a lump

g to a lump h, [mol/(kgcat · s)]
R ideal gas constant, [J/(mol ·K)]
Sg

trans standard translational entropy of a
gas-phase molecule, [J/(mol ·K)]

S̃0,chem
rot standard intrinsic rotational entropy

of chemisorbed species,
[J/(mol ·K)]

S0,chem
vib standard vibrational entropy of

chemisorbed species, [J/(mol ·K)]
S̃0,6=

rot standard intrinsic rotational entropy
of activated complex, [J/(mol ·K)]

S0,6=
vib standard vibrational entropy of

activated complex, [J/(mol ·K)]
T temperature, [K]
Vm, f molar volume of lump f, [m3/mol]
Vp catalyst pore volume, [m3/kgcat]
w j weighting factor of the jth response
Wi amount of catalyst used in the ith

experiment, [kgcat]
W/F0 space-time, [kgcat · s/mol]
X conversion
ZH acid site
(Z−)(R+) surface-stabilized alkylcarbenium

ion
1H 0

prot(O,ml) standard enthalpy change for
protonation of an olefin Or with
formation of an alkylcarbenium
ion of type m1, [J/mol]

1H+ heat of stabilization of an
alkylcarbenium ion relative
to the heat of stabilization
of a proton, [J/mol]

1H difference in protonation enthalpy
B–A

on catalysts B and A
S ET AL.

1S0
phys standard entropy of physisorption,

[J/(mol K)]
1S̃0,6=

Cr standard intrinsic activation entropy for
β-scission, [J/(mol K)]

1S̃0,6=
PCP standard intrinsic activation entropy

for PCP isomerization, [J/(mol ·K)]
1S̃0,6=

isom(m1r ,m2)
standard intrinsic activation entropy for

isomerization of an alkylcarbenium
ion of type m1 into an ion of type
m2, [J/(mol K)]

1S̃0
prot(Or,m1)

standard intrinsic entropy change for
protonation of an olefin Or with
formation of an alkylcarbenium
ion of type m1, [J/(mol K)]

γ hydrogen-to-hydrocarbon ratio, [mol/mol]
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