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Single-event microkinetic (SEMK) modeling is applied to catalytic cracking of 2,2,4-trimethylpentane on a series of
faujasites with Si/Al ratio ranging from 2.6 to 30. Standard activation entropies of the various elementary reaction families
are calculated a priori from transition state theory and statistical thermodynamics, while activation energies are estimated
on a reference faujasite by regression to experimental kinetic data. The SEMK model is then extended with two acidity
descriptors. The concentration of active sites is available from independent NH3-TPD measurements, while the change in
standard protonation enthalpy, relative to the reference faujasite, is obtained by regression to experimental kinetic data.
The latter parameter accounts for the effect of the zeolite average acid strength both on the stability of the intermediates and
on the activation energies of the protonation and protolytic scission reactions. For these five commercially available
faujasites, a variation in standard protonation enthalpy of 29 kJ mol�1 was found. VVC 2012 American Institute of Chemical

Engineers AIChE J, 58: 2202–2215, 2012
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Introduction

Catalytic cracking of hydrocarbons over a solid acid cata-
lyst is one of the most important processes in today’s oil
refining industry.1,2 Heavy oil fractions, such as vacuum gas
oil and residues, are converted into lighter and more valuable
oil fractions, typically gasoline, middle distillates, and light
alkenes. An industrial FCC catalyst contains Y-type zeolite or
faujasite as main active component. The worldwide consump-
tion of FCC catalysts amounts to approximately 500 kt per
year, making fluid catalytic cracking the largest consumer of
zeolite catalysts.1,3 The process is very flexible with respect to
the process configuration, the feedstocks to be processed, and
the catalyst, allowing the refiner to adjust the product yields
to meet the market demands and environmental legislation.2

Faujasites used in industrial FCC catalysts are commonly
dealuminated via thermal, hydrothermal, or chemical treat-
ments to improve the thermal stability, physicochemical
properties, and activity of the catalyst.4,5 This treatment
modifies the zeolite acid properties as well as its framework
structure. During dealumination, Al atoms are removed from
the zeolite framework resulting in a variety of extra-frame-
work Al (EFAl) species, which are believed to be, at least
partly, Lewis acid sites. At the same time, part of the frame-
work is destroyed and mesopores are created. According to
the next-nearest-neighbor (NNN) concept, the strength of the
Brønsted acid sites depends on the number of NNN Al
atoms.6 For faujasites, the lowest strength corresponds to 9

NNN Al atoms or a Si/Al ratio of 1, whereas the highest
strength corresponds to isolated Al atoms (0 NNN) or a Si/
Al ratio higher than 11.7 However, the effect of dealumina-
tion on the catalytic behavior of the zeolite is more complex
due to the presence of EFAl. Several theories have been
postulated in the literature concerning the influence of EFAl.
It has been proposed that these EFAL species provide a
more favorable reaction pathway to initiate the cracking
cycle or that they interact with the Brønsted acid sites creat-
ing sites with higher strength and thus higher activity.4,8,9

In the literature, protolytic scission of alkanes on zeolites
has been proposed as a suitable model reaction to evaluate
the effect of the strength of the Brønsted acid sites on the
catalytic activity.9–12 This monomolecular reaction is of first
order and involves proton transfer from the zeolite to the
physisorbed hydrocarbon. The intrinsic activation energy of
this reaction should thus be a measure for the acid strength
of the zeolite. Assuming that the physisorption step is in
equilibrium, Eq. 1 expresses the relationship between the
observed cracking rate, the intrinsic protolytic scission rate,
and the physisorption enthalpy and entropy. This leads to
Eqs. 2 and 3 for the apparent activation energy and the appa-
rent pre-exponential factor, respectively. Which of these fac-
tors are responsible for the observed activity and selectivity
differences on monomolecular cracking of alkanes on zeo-
lites with varying acid strength or framework type is still
debated.
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Studies on monomolecular cracking of various n-alkanes on
zeolites differing in framework type, Si/Al ratio, and amount
of EFAl species indicate that the observed differences in
catalytic activity are controlled by differences in physisorption
enthalpies rather than by differences in acid strength.9–12 A
similar intrinsic activation energy for protolytic scission was
found on all zeolites. However, in a recent study on
monomolecular cracking of n-hexane and n-octane on a wide
variety of zeolites, Katada et al.13 found that the heat of
physisorption could not be related to the cracking activity on
each zeolite, indicating that rather the acid strength controls
the cracking activity. Kotrel et al.14 did not find a constant
intrinsic activation energy either for protolytic scission of n-
hexane on ZSM-5, BEA, or (US)Y zeolites, after taking the
heat of physisorption into account. Bhan et al.15 stated that, at
typical reaction conditions for monomolecular cracking,
differences in physisorption equilibrium coefficients Kphys

cannot account for the observed differences in activity among
different zeolite framework types because of the compensation
effect between DH0

phys and DS0phys. Differences in activity were
attributed to differences in intrinsic pre-exponential factors as
well as differences in intrinsic activation energies. De Moor
et al.16 also came to the conclusion that changes in
monomolecular cracking activity with carbon number and
with zeolite framework cannot be attributed solely to changes
in the physisorption equilibrium coefficient, indicating that the
intrinsic pre-exponential factors, and thus the intrinsic
activation entropies, play an important role. Gounder and
Iglesia17,18 found that also the location of the Brønsted acid
sites in a particular framework type influences the observed
activity in monomolecular alkane cracking. This is explained
by the dominant role of entropy in the stabilization of adsorbed
species and transition states within confined spaces, where
entropic gains can compensate for enthalpic penalties,
resulting in a lower free energy for the transition state.

Kinetic models that explicitly account for the effect of
acidity on the catalytic behavior are relatively scarce in the
literature. Ramôa Ribeiro and coworkers have applied
Brønsted–Evans–Polanyi type equations to derive activity–
acidity relationships in ZSM-5 and (US)Y zeolites for cata-
lytic cracking of various alkanes and for light olefin transfor-
mation.19–25 These authors performed TPD using a strong
base, ammonia or pyridine, to characterize the acid strength
distribution of the zeolite and related the desorption activa-
tion energy to the global catalytic activity of the zeolite or
to the rate coefficients of the reactions under study. This
modeling technique thus introduces two model parameters
per rate coefficient to account for the influence of acidity
that are to be obtained via estimation. In their kinetic mod-
els, Dumesic and coworkers26–29 have incorporated a single
adjustable parameter, reflecting the heat of stabilization of a
carbenium ion relative to the heat of stabilization of a proton
by the zeolite, to describe the effect of acid strength on the
cracking of isobutane and 2-methylpentane on a series of
USY zeolites. This approach has also been applied by Klein
and coworkers30–32 to describe the cracking of various
hydrocarbons on FAU and MFI zeolites. In our research
group, so-called single-event microkinetic (SEMK) models

that account explicitly for the influence of the acid strength
on the reaction rates have been developed for hydroconver-
sion of alkanes on Pt/USY zeolites.33,34 A single catalyst de-
pendent adjustable parameter, that is, a catalyst descriptor,
that reflects the difference in standard protonation enthalpy
between two catalysts, is introduced to account for the effect
of the average acid strength on the composite activation
energies, that is, the sum of the protonation enthalpy and the
intrinsic activation energy of a surface reaction.

The aim of this work is to develop a fundamental model-
ing strategy, based on the SEMK modeling approach, which
can describe the effect of acidity when cracking alkanes on
a series of faujasites in the absence of coke formation. In all
the SEMK models for catalytic cracking that have been
developed previously,35–37 the single-event rate coefficients
are still characteristic for a given catalyst. To improve the
flexibility of the SEMK model and to reduce both the exper-
imental and the parameter estimation effort, the SEMK
model is extended to include catalyst descriptors that
account explicitly for the effect of the catalyst acid proper-
ties on the observed activity and selectivity. In a previous
study, catalytic cracking experiments were performed over a
series of five commercially available faujasites with Si/Albulk
ratio ranging from 2.6 to 30 using 2,2,4-trimethylpentane.38

These kinetic data will be used in this study to determine ki-
netic descriptors, that describe the cracking of alkanes on a
reference FAU, and catalyst descriptors, that describe the
influence of the acid properties on the observed catalytic
behavior. Pre-exponential factors are calculated, based on
transition state theory and statistical thermodynamics, to
decrease the number of kinetic descriptors to be estimated.
First, kinetic descriptors are estimated by regression to the
experimental data obtained on the reference catalyst LZ-Y20
(Si/Albulk ¼ 2.6). Next, the SEMK model is extended to
include a limited number of acidity descriptors, which allows
to transpose the kinetic model to another zeolite with FAU
framework. These acidity descriptors are estimated by
regression to the experimental data obtained on the other
faujasites. All experimental data were extrapolated toward
time on stream zero to exclude the effect of coke formation,
which is not taken into account. Catalytic cracking is thus
modeled in the absence of coke formation and the effect of
acidity thus relates to the fresh zeolite. In this work, a
detailed molecular level kinetic model is used instead of the
relumped models used previously, which included predefin-
ing certain sequences of elementary reaction steps into a
global reaction.35–39 The main advantage of such molecular
level model is that all carbenium ion intermediates are ex-
plicitly accounted for and no a priori reaction pathways are
assumed. Therefore, the effect of acidity can be evaluated on
each elementary reaction step individually instead of evaluat-
ing this effect on a global reaction pathway only. Hence,
this way a more fundamental understanding of the effect of
acidity on reaction kinetics is obtained.

Experimental

Catalysts

Catalytic cracking data obtained on a series of five com-
mercially available faujasites differing in acid properties are
used to develop the kinetic model. Three USY zeolites were
purchased from Zeolyst International. Steaming of a parent
zeolite with Si/Al ratio of 2.6 produces CBV500, while a
second steam treatment at higher temperature, followed by
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acid leaching, results in CBV720 and CBV760. Another
USY (LZ-Y20) and one Y zeolite (Y62) were obtained from
Union Carbide Corporation (currently UOP). The Si/Albulk
ratio of these five zeolites ranges from 2.6 to 30. A detailed
characterization of these faujasites is given elsewhere.40–46

Table 1, Supporting Information summarizes the bulk and
framework Si/Al ratio, the total molar concentration of acid
sites, Ct, the BET surface area, SBET, and the micropore vol-
ume, Vmicro. The concentration of acid sites was determined
via NH3-TPD, as described by Niwa et al.47

Feedstocks and operating conditions

In a previous study,38 2,2,4-trimethylpentane was cracked
on the five faujasites in Table 1, Supporting Information.
2,2,4-Trimethylpentane was selected as model molecule to
represent alkane cracking. As a result of its high degree of
branching, it cracks relatively fast, and it is the smallest mol-
ecule that can undergo all types of elementary reactions in
the SEMK model describing alkane cracking. The conver-
sion of 2,2,4-trimethylpentane is expressed as the number of
moles of reactant converted per mole of reactant fed, while
the selectivity toward product i is obtained as the number of
moles of product i formed per mole of 2,2,4-trimethylpen-
tane converted.

The operating conditions were chosen such that interfer-
ence of thermal cracking was avoided and that monomolecu-
lar as well as bimolecular reactions occur. Temperature
ranged from 698 to 763 K, reactant partial pressure was var-
ied between 3 and 15 kPa, and space times between 8 and
215 kgcat s mol�1 were applied thus covering a broad range
of operating conditions including a conversion between 1
and 60 mol %. Table 2, Supporting Information summarizes
the operating conditions, conversion range, and number of
experiments performed on each catalyst.

Procedures and data processing

Parameter Estimation. Parameter estimates are obtained
by minimizing the objective function S(b) with respect to the
model parameter vector b(bj, j ¼ 1,…,p), which is assumed
to approach the real parameter vector b when the optimum
is reached. This objective function equals the weighted sum
of the squared differences between the observed and the cal-
culated molar outlet flow rates

SðbÞ ¼
Xn
i¼1

Xv
j¼1

wj Fij � F̂ij

� �2 !b minimum (4)

in which wj are the weighting factors; Fij and F̂ij are the
observed and the calculated molar outlet flow rates of species j
in experiment i, respectively; n is the number of observations;

and v is the number of responses per observation. The
minimization of the objective function is performed by
ODRPACK using a multiresponse Levenberg–Marquardt
algorithm.48 The nonlinear ordinary least squares option is
used to estimate the parameters.

Assuming the experimental errors are uncorrelated, the
weighting factors wj correspond to the diagonal elements of
the inverse error covariance matrix and can be calculated via
Eq. 5

wj ¼ 1

r2jj
¼ ðnv� pÞ=vPn

i¼1 Fij � F̂ij

� �2 (5)

First, simulations are performed to explore the parameter
phase space and to obtain preliminary parameter estimates that
were then used as starting values in the final parameter
estimation procedure. In total, the responses of 129 gas-phase
hydrocarbons are taken into account in the objective function
(Eq. 4). Those that have been observed in the experiments with
a product selectivity higher than 1 mol % are taken into
account via Eq. 5. For hydrocarbons in the reaction network
that were observed in lower quantities or not at all a weight
factor equal to one was chosen. This way, relatively
unimportant or unobserved responses are neither neglected
during the parameter estimation nor assigned too much
importance.

During the parameter estimation, a reparameterization is
applied to the Arrhenius equation to center the data around
the mean temperature, Tm, rather than T1. This leads to Eqs.
6 and 7 for any single-event rate coefficient, ~k, and the cor-
responding reparameterized pre-exponential factor, Arep,
respectively.

~k ¼ Arep exp �Ea

R

1

T
� 1

Tm
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(6)

Arep ¼ ~A exp � Ea

RTm

� �
(7)

Note that, indeed, Arep ¼ ~k(Tm), while ~A ¼ ~k(T1). The
calculation of the single-event pre-exponential factors, ~A, is
explained in section.

Reactor Model. The calculated molar outlet flow rates,
F̂, in Eq. 4 are obtained by integrating the continuity equa-
tions for all gas-phase species, surface intermediates, and the
catalyst. Therefore, appropriate mass balances are derived.
The experimental data were collected in a CSTR reactor, in
the absence of external and internal transport limitations.38

Mathematically, solving an initial value problem for a set of
ordinary differential equations (ODEs) is much more easy

Table 1. Reaction Network Taken into Account to Estimate
SEMK Rate Coefficients for Acyclics Cracking

Hydrocarbon Species Elementary Reaction Steps

35 alkanes 179 protolytic scissions
78 hydride transfers

94 alkenes 137 protonations
102 alkylcarbenium ions 88 hydride shifts

36 methyl shifts
193 PCP-isomerizations
21 b-scissions
6 alkylations

161 deprotonations

Table 2. Single-Event Standard Activation Entropies D S̃0,z

and the Resulting Single-Event Pre-Exponential Factors ~A,
Calculated at 723 K and 1 bar Total Pressure, for Each

Elementary Reaction Family

Elementary Reaction Family
D ~S0,‡

(J mol�1 K�1) ~A (s�1)

Protolytic scission �95.8 1.96 � 106*
Protonation �95.8 1.96 � 106*
Deprotonation 62.2 2.72 � 1016

Isomerization 0.0 1.51 � 1013

b-Scission 62.2 2.72 � 1016

Hydride transfer �95.8 1.96 � 106*

*kPa�1 s�1.
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than finding the root of a set of nonlinear algebraic equa-
tions. Root finding algorithms require a user-supplied initial
solution around which the algorithm searches for the real so-
lution. Moreover, the existence of a solution in the region in
which the solution in sought is not guaranteed. To overcome
these drawbacks, the continuity equations are solved in tran-
sient form. The following set of transient continuity equa-
tions are valid for the gas-phase species, the surface inter-
mediates, and the catalyst, respectively

dFi

dt
¼ 1

s
F0
i � Fi þ RiW

� �
(8)

dCRþ
i

dt
¼ RRþ

i
(9)

dC�
dt

¼ R� (10)

The corresponding initial conditions are Fi(0) ¼ F0
i for the

gas-phase species; CRþ
i
(0) ¼ 0 for the carbenium ion

intermediates; and C*(0) ¼ Ct for the catalyst.
In these equations, F0

i and Fi are the feed and outlet molar
flow rates, respectively; outlet and molar flow rate of species
i; Ri, the net rate of formation of species i; W, the catalyst
mass; Ct, the total molar concentration of active sites; C*,
the molar concentration of free active sites; CRþ

i
, the surface

concentration of intermediate Rþ
i ; t, the time; and s, the

mean residence time in the reactor, calculated as the ratio of
the reactor volume (90 cm3) and the total volumetric inlet
flow rate. This set of first-order ODEs is integrated toward
steady state to obtain the outlet molar flow rates, Fi, the sur-
face concentrations, CRþ

i
, and the molar concentration of free

active sites, C*. The extent of the reaction network and the
incorporation of ODEs for the (reactive) intermediates could
render the set of equations (8)–(10) stiff. Therefore, the inte-
gration is performed using the solver LSODA.49 It solves the
initial value problem for stiff as well as nonstiff systems of
first-order ODEs by automatically switching between stiff
(backward differentiation formula) and nonstiff methods
(Adams).

The net rate of formation of species i, Ri, is calculated by
summing over all elementary reaction rates, r, involving spe-
cies i and is function of the numbers of single events, ne, the
single-event rate coefficients, ~k, the gas phase partial pres-
sures, pj, the surface concentrations of the intermediates,
CRþ

j
, and the molar concentration of free active sites, C*.

The gas phase partial pressure of species j, pj, is in turn
function of the total pressure pt and the outlet molar flow
rates of all species via Eq. (11).

pj ¼ Fj

F0
N2

þPk2gas Fk
pt (11)

SEMK Model

The exact nature of the intermediate surface species
involved in hydrocarbon conversion processes, alkoxides or
carbenium ions, is still a subject of discussion in the litera-
ture.50–56 The SEMK modeling approach describes the con-
version of the hydrocarbons based on carbenium ion chemis-
try that is assumed to occur on the catalyst surface. How-
ever, it should be noted that the rate expressions for the
elementary steps do not depend on the nature of the inter-

mediates involved, carbenium ions or alkoxides. Based on
transition state theory the symmetry contribution related to
the structure of the reacting species and the corresponding
transition state can be factored out from the elementary rate
coefficient k57 via

k ¼ kBT

h

rreactgl

r‡gl

0
@

1
A exp

D~S0;‡

R

 !
exp

�DH0;‡

RT

 !
(12)

or

k ¼ rreactgl

r‡gl

~k (13)

in which kB, h, and R, are the Boltzmann, Planck, and
universal gas constant, respectively; T is the temperature; rreactgl

and r‡gl are the global symmetry numbers of the reactant and
the transition state, respectively; D~S0,‡ is the standard
activation entropy without symmetry contribution; and DH0,‡

is the standard activation enthalpy.
The single-event rate coefficient ~k thus obtained depends

only on the reaction family and on the type (primary, sec-
ondary, and tertiary) of carbenium ion(s) involved in the ele-
mentary step. The ratio of the global symmetry number of
the reactant, rreactgl , and the global symmetry number of the
transition state, r‡gl, is known as the number of single events,
ne. Because these single-event rate coefficients ~k depend
only on the elementary reaction family and on the types of
intermediates involved, they can be estimated based on ex-
perimental data acquired from suitable model components
such as 2,2,4-trimethylpentane for alkane cracking. In total,
20 single-event rate coefficients ~k are needed to describe the
cracking of alkanes on faujasites.

Reaction network and rate coefficients

The thousands of reactions occurring during catalytic
cracking of hydrocarbons can be classified into a limited
number of elementary reaction families. These include proto-
lytic scission, (de)protonation, b-scission/alkylation, hydride
transfer and isomerization reaction steps. The reaction net-
work is generated automatically using a computer algorithm,
where species are represented by vectors and reactions are
implemented as simple operations on Boolean relation matri-
ces. Accounting for specific reaction rules, all possible reac-
tion pathways, intermediates and products are generated
starting from (a) given feedstock molecule(s).58,59

To describe catalytic cracking of acyclics on faujasites
only the most stable carbenium ion intermediates are consid-
ered, that is, secondary and tertiary. Primary carbenium ions
are allowed only to be formed via protolytic scission and to
desorb immediately via deprotonation to account for the for-
mation of typical protolytic scission products such as meth-
ane, ethane, and ethylene. This reduces the number of ele-
mentary steps in the reaction network and also the number
of single-event rate coefficients ~k in the model. Using revers-
ibility concepts for b-scission/alkylation, the number of sin-
gle-event rate coefficients in the model is further reduced.37

The number of single-event rate coefficients included in the
model to describe catalytic cracking of acyclics on faujasites
is limited to 20. These are to be obtained by regression to
experimental data. In this work, a separate physisorption step
is not explicitly accounted for. It is assumed that a gas phase
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species immediately chemisorbs on a Brønsted acid site
upon entering the zeolite pores, thereby forming a carbenium
ion intermediate. A justification for this assumption is given
in the Supporting Information.

The product distribution obtained when cracking 2,2,4-tri-
methylpentane over a series of faujasites consists almost
entirely of alkanes and alkenes with maximum eight carbon
atoms.38 Figure 1 schematically represents the reaction net-
work explaining the formation of the observed alkanes and
alkenes. At all experimental conditions, at most 1 mol % of
cyclics and 5 mol % of aromatics were formed. Therefore, it
was decided to generate a reaction network consisting only
of alkanes, alkenes, and alkylcarbenium ion intermediates
with maximum eight carbon atoms. This should be sufficient
to evaluate the use of and the identification of appropriate
catalyst descriptors in the SEMK model for alkane cracking
on faujasites, while keeping the computational cost managea-
ble. The resulting reaction network is summarized in Table 1
and contains in total 231 species: 35 alkanes, 94 alkenes,
and 102 alkylcarbenium ions. It comprises 899 reactions:

179 protolytic scissions, 78 hydride transfers, 137 protona-
tions, 88 hydride shifts, 36 methyl shifts, 193 PCP-isomer-
izations, 21 b-scissions, 6 alkylations, and 161 deprotona-
tions. Using this reaction network, the kinetic parameters
involved in catalytic cracking of acyclics on FAU can be
determined by regression to the experimental data.

Calculation of the pre-exponential factors

To even further reduce the number of kinetic parameters
to be estimated, pre-exponential factors can be calculated a
priori combining transition state theory and statistical ther-
modynamics. This methodology has been applied previously
in catalytic cracking by Dumesic and coworkers,26–28 Klein
and coworkers,30–32 and Quintana-Solórzano et al.37 It has
also been applied in hydrocracking33,60 and in thermal crack-
ing.61 The exact calculation of the single-event pre-exponen-
tial factors is explained in the Supporting Information.

Table 2 presents the standard activation entropies and the
single-event pre-exponential factors of the various hydrocar-
bon families resulting from these assumptions. One single-
event pre-exponential factor is calculated per reaction family.
For reaction families involving gas-phase reactants the single
event pre-exponential factor has to be divided by the standard
state pressure p0 to provide the correct dimension for ~A.

Results and Discussion

Kinetic descriptors

To describe the cracking of alkanes on faujasites, 20 sin-
gle-event rate coefficients ~k need to be determined. To
reduce the parameter estimation effort, the corresponding
single-event pre-exponential factors ~A were calculated, leav-
ing 20 activation energies in the SEMK model for acyclics
cracking to be estimated by regression to the experimental
data obtained on zeolite LZ-Y20. For this catalyst a dataset
containing 34 experiments was available, covering a broad
range of operating conditions and the widest range of con-
version levels, 17–60 mol % (Table 2). This catalyst exhibits
an intermediate level of activity compared to the other fauja-
sites.38 The optimal activation energies and their individual
95% confidence intervals are given in Table 3. The calcu-
lated F-value of 2778 is substantially higher than the tabu-
lated one of 2.79 for 4366 degrees of freedom at 95% proba-
bility, suggesting that the regression can be considered
highly significant. The calculated t-values of the individual
parameter estimates, ranging from 8.2 � 102 to 2.2 � 103,
are also much higher than the tabulated one of 1.96, imply-
ing that each parameter is significantly different from zero.
High t-values lead to narrow confidence intervals, as can be

Figure 1. Reaction scheme for catalytic cracking of
2,2,4-trimethylpentane, triP8, on FAU.

nP, moP, and triP represent normal, monobranched,

and tribranched alkanes, respectively; nO and moO rep-

resent normal and monobranched alkenes, respectively;

nCþ, moCþ, diCþ, and triCþ represent normal, mono-

branched, dibranched, and tribranched carbenium ions,

respectively. The terms proto, htf, dep, iso, and b refer

to protolytic scission, hydride transfer, deprotonation,

isomerization, and b-scission reactions, respectively.

Table 3. Estimated Activation Energies in kJ mol
21

and Their Individual 95% Confidence Intervals for the Elementary
Reaction Families and Types Included in the SEMK Model Describing Catalytic Cracking of Acyclics on Zeolite LZ-Y20

Reaction Family

Reaction Type

p s t

Protolytic scission 140.1 � 0.2 156.4 � 0.3 156.5 � 0.4
Protonation 96.7 � 0.1 80.5 � 0.1
Deprotonation 116.0 � 0.2 187.0 � 0.3 199.5 � 0.3
Hydride transfer 111.4 � 0.2 112.0 � 0.1

(s;s) (s;t) (t;s) (t;t)

Hydride/methyl shift 70.9 � 0.1 67.2 � 0.1 95.9* 85.7 � 0.1
PCP-isomerization 118.6 � 0.2 113.0 � 0.1 141.7* 119.6 � 0.2
b-Scission 126.3 � 0.2 118.7 � 0.2 154.2 � 0.3 139.6 � 0.2

*Calculated via Ea,iso(t;s) ¼ Ea,iso(s;t) þ DHpr(s) � DHpr(t).
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observed in Table 3. The binary correlation coefficients are
lower than 0.74, in absolute values, indicating that the pa-
rameter estimates were not correlated.

Except for protolytic scission and hydride transfer reac-
tions, all estimated activation energies are in accordance
with the stability of the carbenium ion intermediates
involved. Formation of a tertiary carbenium ion via protona-
tion of an alkene requires a lower activation energy than the
formation of a secondary intermediate. In contrast, deproto-
nation of a highly unstable primary carbenium ion will occur
much faster than that of a secondary, which is in turn faster
than that of a tertiary. Furthermore, activation energies of
reactions converting tertiary carbenium ions are significantly
higher than the activation energies of reactions converting
secondary carbenium ions. For isomerization and b-scission
reactions, reaction rates of (s;t) surface reactions are higher
than those of the corresponding (s;s) type. Similarly, reaction
rates of (t;s) surface reactions are lower than those of the
corresponding (t;t) type. For hydride transfer reactions, the
activation energy is essentially independent of the nature of
the intermediates involved, leading to practically equal acti-
vation energies of hydride transfer reactions converting gas-
phase alkanes into secondary and into tertiary intermediates.
For protolytic scission, the activation energy for the forma-
tion of primary carbenium ions is somewhat lower than
those of secondary and tertiary ones, for which an equal acti-
vation energy was estimated. However, protolytic scission
via primary carbenium ions plays only a minor role in the
observed product distribution.

Activation energies reported in other detailed mechanistic
studies on catalytic cracking and hydrocracking of alkanes on
faujasites are presented in Table 4. Dumesic and coworkers
investigated catalytic cracking of isobutane28,62 and 2-methyl-

hexane29 over several USY zeolites with varying acid proper-
ties, Quintana-Solórzano et al.37 studied catalytic cracking of
a mixture of n-decane and 1-octene over a USY-based equi-
librium catalyst, whereas Martens et al.33 and Thybaut et al.63

examined hydrocracking of n-alkanes on Pt/USY zeolites. The
estimated activation energies of protolytic scission, ranging
from 140 to 157 kJ mol�1, are very similar to those reported by
Yaluris et al.,28 Sanchez-Castillo et al.,62 and Quintana-Soló-
rzano et al.,37 and fall into the relatively wide range of activation
energies mentioned by Yaluris et al.29 Corma et al.64 reported
activation energies of protolytic scission of isobutane on USY in
the range 160–170 kJ mol�1.

The protonation enthalpy toward secondary carbenium
ions corresponds to �90.3 kJ mol�1, while the protonation
enthalpy toward tertiary intermediates amounts to �119.0 kJ
mol�1. This results in a higher concentration of tertiary sur-
face intermediates than secondary ones. The difference in
stability between secondary and tertiary carbenium ions thus
amounts to 28.7 kJ mol�1. This is slightly below the en-
thalpy difference of 40–60 kJ mol�1 between secondary and
tertiary ions in liquid superacids.65–67 Also, the protonation
enthalpy toward secondary carbenium ions is somewhat
higher, in absolute value, than those reported in the literature
(see Table 4), whereas that toward tertiary carbenium ions
lies between the values of �96 and �150 kJ mol�1 found
by Thybaut et al.63 and Yaluris et al.,28,29 respectively.

For hydride transfer reactions, the activation energies
reported in Table 4 differ widely. Yaluris et al.28,29 and
Quintana-Solórzano et al.37 estimated higher activation ener-
gies of hydride transfer reactions forming secondary intermedi-
ates than those forming tertiary, whereas Beirnaert et al.36

reported equal activation energies for both reaction types.
The activation energies of isomerization reactions agree

rather well with those reported by Martens et al.33 and Thybaut

et al.63 In this work, activation energies of nonbranching iso-

merizations are some 40 kJ mol�1 lower than those of branch-

ing rearrangements, which is somewhat higher than the differ-

ence of about 30 kJ mol�1 reported by Sanchez-Castillo et al.62

and Thybaut et al.63 However, in the latter study, only methyl

shifts were accounted for, not hydride shifts, which are included

in this work. A DFT-study on the isomerization reactions of

hexyl species involved in the conversion of 2-methyl-2-pentene

via alkoxide intermediates on an aluminosilicate cluster

revealed activation energies of hydride shift, methyl shift, and

PCP-isomerization of 52, 71, and 117 kJ mol�1, respectively.68

Kramer et al.69 studied isomerization of 2-methyl-2-pentene on

USY and measured activation energies of hydride shift and

methyl shift around 47 and 63 kJ mol�1, respectively.
For b-scission reactions, the activation energies presented

in Table 4 differ widely. The activation energies estimated
in this work agree rather well with those reported by Thy-
baut et al.,63 whereas those mentioned by Martens et al.33

are slightly higher.
Figure 2 illustrates the agreement between the measured

and model calculated molar outlet flow rates when cracking
2,2,4-trimethylpentane on reference zeolite LZ-Y20. All 129
responses taken into account in the objective function are
represented to indicate that also the unobserved responses
are described correctly. This overall parity plot shows that
the kinetic model is able to describe the experimental data
reasonably well. A more detailed evaluation of the model
calculations is given in Figure 3 that shows model simula-
tion results describing the selectivities of the most abundant

Table 4. Activation Energies in kJ mol21 Reported in the
Literature for Catalytic Cracking and Hydrocracking of

Alkanes on Faujasites

Reaction
Type

Catalytic Cracking Hydrocracking

Ref.
28

Ref.
29

Ref.
62

Ref.
37

Ref.
33*

Ref.
63

Ea,proto(p) 145
Ea,proto(s) 159–166 130–181 154 162
Ea,proto(t) 144–266 169
Ea,pr(s) �75† �80† 114 �65†

Ea,pr(t) �150‡ �150‡ 95 �96‡

Ea,dep(p) 75
Ea,dep(s) 169
Ea,dep(t) 215
Ea,htf(s) 115–147 123–136 134
Ea,htf(t) 66–122 48–110 62–77 61
Ea,hs/ms(s;s) 80 77
Ea,hs/ms(s;t) 80 74
Ea,hs/ms(t;s) 74 76 80 105
Ea,hs/ms(t;t) 80 105
Ea,pcp(s;s) 110 134 134 109
Ea,pcp(s;t) 110 71 127 99
Ea,pcp(t;s) 78 74–84 110 145 155 129
Ea,pcp(t;t) 110 177 151 128
Ea,b(s;s) 131–169 115 238 160 143
Ea,b(s;t) 152 115 161 147 128
Ea,b(t;s) 73 202 198 174 149
Ea,b(t;t) 187 102 243 148 125

†DHpr(s).
‡DHpr(t).
*The composite activation energies reported by these authors are converted
into true activation energies using the protonation enthalpies obtained in
this work; �90.3 and �119.0 kJ mol�1 toward secondary and tertiary alkyl-
carbenium ions, respectively.
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cracking products of 2,2,4-trimethylpentane on LZ-Y20 as a
function of conversion, at 748 K and 7 kPa. As can be
observed, the trends for propane, isopentane, isobutene, and
n-butane are reasonably well described by the kinetic model.
For propylene, isobutane, and 2-butene the discrepancy
between the measured and the calculated selectivities is
somewhat larger. The selectivities of typical protolytic scis-
sion products (not represented) such as ethane and ethylene
are described correctly, whereas that of methane is slightly
overestimated. Also at other experimental conditions, the
agreement between the experimental product selectivities
and the calculated ones is reasonable. The predictive capabil-
ities of the model will be improved by extending the reac-
tion network to incorporate alkylation reactions toward
higher carbon number intermediates that recrack via b-scis-
sion into C3AC5 alkanes and alkenes. However, the compu-
tational cost will increase drastically (Table 2).

At the conditions tested (see Table 2), the calculated frac-
tional coverage of the catalyst active sites with surface inter-
mediates ranges from 4.0 � 10�3 to 3.1 � 10�2. The cover-
age of the catalyst is determined by the rates of the elemen-
tary reactions forming intermediates, that is, protolytic
scission and protonation, and the rates of reactions consum-
ing intermediates, that is, deprotonation. Lower fractional
coverages are found at lower conversion, at lower partial
pressure, and at higher reaction temperature. The latter is
explained by the high activation energy of the deprotonation
step, rendering desorption more difficult at low temperature.
Around 80% of these surface intermediates are of tertiary
nature, of which �75% are t-butyl ions and �25% corre-
spond to 2-methyl-2-butyl ions. The other 20% of surface
intermediates are of secondary nature, mainly 2-propyl, and
2-butyl. The calculated concentrations of these surface spe-
cies are entirely in agreement with what could be expected
based on the product distribution obtained. Over the whole
conversion range, the main cracking products of 2,2,4-trime-
thylpentane are isobutane, isobutene, 2-butene, propylene,

and isopentane.38 Figure 4 represents the calculated frac-
tional surface coverage with intermediates as a function of
the reactant partial pressure and the temperature. At partial
pressures above 9 kPa, the fractional coverage rapidly
increases, especially at lower temperatures.

Introduction of acidity descriptors in the SEMK model

To describe the effect of the acid properties of the zeolite
on the observed catalytic behavior, the appropriate catalyst
descriptors are introduced in the kinetic model. The catalyst
acidity is controlled by the concentration of acid sites and
their average acid strength. Variations in the number of
active sites are easily accounted for via altering Ct, which is
commonly measured via techniques such as NH3-TPD. How-
ever, accounting for changes in the acid strength of the
active sites is less straightforward, and the corresponding
catalyst descriptors are to be obtained by regression.

So far, only a few kinetic models that explicitly account for
the effect of the strength of the acid sites have been reported
in the literature. Dumesic and coworkers26–29 have incorpo-
rated a single adjustable parameter, DHþ, in their kinetic
model to describe the effect of acid strength on the cracking
of isobutane or 2-methylpentane on a series of USY zeolites.
Klein and coworkers30–32 applied the same approach to the
cracking of various hydrocarbons on FAU or MFI zeolites.
The parameter DHþ, given in Eq. 14, reflects the heat of sta-
bilization of a carbenium ion relative to the heat of stabiliza-
tion of a proton on the acid site and is assumed to be inde-
pendent of the carbenium ion involved. It is also equal to the
heat of formation of a surface carbenium ion by reaction of a
gas-phase alkene with a Brønsted acid site relative to the heat
of formation of a gas-phase carbenium ion by reaction of an
alkene with a gas-phase proton. The physical meaning of
DHþ can be understood from the thermodynamic cycle in
Figure 5. The following relationship can be derived

DHþ ¼ DH0
pr;zeo � DH0

pr;gas ¼ DH0
stab;Rþ � DH0

stab;Hþ (14)

where DH0
pr;zeo and DH0

pr;gas represent the standard enthalpies
of protonation by the zeolite and in the gas phase, respectively;
and DH0

stab;Rþ and DH0
stab;Hþ represent the standard enthalpies

of stabilization of the carbenium ion and of the proton by the
zeolite, respectively. The latter is equal to the proton affinity
of the zeolite anion ZeO�, PAZeO�. In Eq. 14, only the term
DH0

pr;gas is catalyst independent. For a series of USY zeolites,
estimates for DHþ were obtained ranging from 686 to
718 kJ mol�1.26–29

In our research group, kinetic models explicitly accounting
for acid strength have been developed for hydroconversion
of alkanes on Pt/USY zeolites.33,34 In alkane hydrocracking,
a single catalyst dependent adjustable parameter, D(DH0

pr), is
introduced to account for the effect of average acid strength
on the composite activation energies. This parameter
D(DH0

pr) reflects the difference in standard protonation en-
thalpy between two catalysts, A and B, via

DðDH0
prÞ ¼ DH0

pr;B � DH0
pr;A (15)

Comparing Eqs. 14 and 15 shows that this approach is
equivalent to that of Dumesic and coworkers,26–29 because
also

DðDH0
prÞ ¼ DHþ;B � DHþ;A (16)

Figure 2. Calculated vs. experimental molar outlet flow
rates of all gas phase hydrocarbons in the
reaction network accounted for in the model
describing catalytic cracking of acyclics on
reference catalyst LZ-Y20.

Model calculated values are obtained from solving Eqs.

8–10 and using the pre-exponential factors in Table 2

and the activation energies in Table 3. Experimentally

observed values are obtained from 2,2,4-trimethylpen-

tane cracking at T ¼ 698–748 K, piC8 ¼ 6–15 kPa, and

W/F0
iC8 ¼ 8–90 kg s mol

�1
.
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In liquid-phase alkylation of benzene with 1-octene on USY
zeolites,70 the influence of the average acid strength of the
catalyst was evaluated using two catalyst-dependent para-
meters, a and D(DH0

pr). Analogous to Eq. 15, the change in
standard protonation enthalpy, D(DH0

pr), accounts for the
stabilizing effect of the zeolite on the intermediates. Applying
the Evans–Polanyi principle, the stabilizing effect of the
zeolite on the transition state will be related to that of the
intermediates via a factor a.

In principle, the effect of the zeolite acid strength on the
observed catalytic behavior can be related to energetic con-
tributions, entropic contributions, or both. Recently, Bhan
et al.15 pointed at the importance of the intrinsic pre-expo-
nential factors in explaining observed activity and selectivity
differences on monomolecular cracking of alkanes on zeo-
lites. In this work, catalytic cracking is limited to faujasites
with varying acid properties, and it can be assumed that the
entropic contribution will be similar for all of them. Thus, to
incorporate the effect of acidity a kinetic modeling approach
similar to that of Dumesic and coworkers26–29 and Klein and
coworkers30–32 for catalytic cracking and that of Martens
et al.33 and Thybaut et al.34 for hydrocracking is taken.

To illustrate the effect of the zeolite acid strength on the el-
ementary steps occurring during catalytic cracking, Figure 6

represents the energy diagram of a reaction pathway, consist-
ing of protonation of a gas-phase alkene by the zeolite, fol-
lowed by a PCP-isomerization of the reaction intermediate

Figure 3. Experimental (symbols) vs. calculated (lines) selectivities of the main cracking products of 2,2,4-trime-
thylpentane as a function of conversion on reference zeolite LZ-Y20 at 748 K and 7 kPa partial pressure.

The solid lines represent model calculated results obtained from solving Eqs. 8–10 and using the pre-exponential factors in Table 2

and the activation energies in Table 3.

Figure 4. Fractional surface coverage with intermedi-
ates on reference catalyst LZ-Y20 as a func-
tion of the partial pressure and the tempera-
ture, at a space time of 41.4 kg s mol21 and a
total pressure of 102 kPa, obtained from solv-
ing Eqs. 8–10, and using the pre-exponential
factors in Table 2 and the activation energies
in Table 3.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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into a second intermediate, taking place on two catalysts, A
and B. The activation energies of both steps are indicated as
Ea,pr and Ea,pcp, respectively, whereas DH0

pr represents the pro-
tonation enthalpy. The latter is related to the deprotonation
activation energy via Eq. 17.

Ea;pr � DH0
pr ¼ Ea;dep (17)

In general, these energy levels can be expected to shift
downward when the reaction pathway occurs on a zeolite with
higher acid strength, catalyst B in Figure 6. The intermediates
as well as the transition states will be stabilized by the zeolite
to a larger extent than on catalyst A, leading to changes in the
protonation enthalpy, D(DH0

pr), and/or in the activation
energies, DEa, given by Eqs. 15 and 18, respectively.

DEa ¼ Ea;B � Ea;A (18)

Depending on the nature of the surface intermediates, different
situations can arise. In case the surface intermediates are
carbenium ions, the transition state as well as the intermediate
itself have full ionic character. As a result, the stabilizing
effect of the zeolite on the intermediates and the transition
states can be expected to be similar. All energy levels in
Figure 6 are then expected to shift to the same extent by an
amount D(DH0

pr). In case the surface intermediates are neutral
alkoxides and the transition states are positively charged
carbenium ions, the stability of the intermediates can be
expected to remain quasi unaffected by the zeolite acid
strength, while the stability of the transition states will alter. In
that case, only the energy levels of the transition states are
expected to shift. Quantum-chemical calculations have
revealed that the more pronounced the ionic character of the
transition state is, that is, the higher the charge separation, the
more sensitive the corresponding reaction pathway is to
variations in acid strength.68 This implies that activation
energies of reaction pathways that are affected by the zeolite
acidity to a different extent will alter in a different manner.
The real situation may be situated between these two extreme
cases, with the intermediate having a partial ionic charge that
turns into a more positively charged transition state during
reaction. In that case, variations in acid strength are expected
to result in changes in the stability of the intermediates as well
as the transition states. Assuming that the stabilization of the
intermediate by the zeolite is independent of its primary,
secondary, or tertiary nature allows to introduce one
parameter, D(DH0

pr), accounting for the effect of acid strength
on the stability of the intermediates. Assuming that the

stabilization of the transition state is also independent of the
primary, secondary, or tertiary nature of the reactant and/or
product intermediates allows to introduce one parameter, DEa,
per reaction family, accounting for the effect of acid strength
on the stability of the corresponding transition states. These
catalyst descriptors are determined relative to a reference
catalyst. If catalyst B in Eqs. 15 and 18 is chosen as the
reference catalyst, that is, LZ-Y20, positive values of D(DH0

pr)
and DEa correspond to a zeolite with higher acid strength than
the reference catalyst.

Experimentally, only differences in activity were
observed, not in selectivity, when cracking 2,2,4-trimethyl-
pentane on these five faujasites.38 A unique relationship was
found between the product selectivities and conversion, inde-
pendent of the acid properties of the zeolites, indicating that
within this series of faujasites, the acid properties only con-
trol the cracking activity, but not the selectivity. The absence
of selectivity differences indicates that each reaction path-
way in the reaction network must be affected by variations
in acid strength in the same way. Any reaction pathway
involved in the cracking of hydrocarbons on a zeolite active
site consists of an adsorption step to form a surface interme-
diate, protolytic scission for alkanes or protonation for
alkenes, a number of surface reactions interconverting inter-
mediates, such as isomerization, b-scission, alkylation, and
hydride transfer, and finally a desorption step via deprotona-
tion to restore the active site. As explained above, a change
in acid strength of the zeolite will result in a change in the
stability of the surface intermediates by an amount D(DH0

pr).
When each reaction pathway is to be affected to the same
extent by changes in acid strength, Eqs. 19 and 20 must be
valid concerning the effect of acid strength on the stability
of the corresponding transition states of surface reactions
and adsorption reactions, respectively.

Figure 5. Hypothetical thermodynamic cycle represent-
ing the various contributions for protonation
of a gas-phase alkene O into a carbenium ion
R1 by the zeolite ZeOH.

Figure 6. Energy diagram for protonation of a gas-
phase alkene by the zeolite, followed by
PCP-isomerization.

Solid line: catalyst A; dashed line: catalyst B; dotted

line: acidity descriptors. Ea,pr and Ea,pcp, correspond to

the activation energies of the protonation and the isom-

erization step, respectively; DH0
pr represents the standard

protonation enthalpy.
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DEa;iso ¼ DEa;htf ¼ DEa;b (19)

DEa;pr ¼ DEa;proto (20)

As the number of surface reactions in a reaction pathway is
variable, for example, converting 2,2,4-trimethylpentane into
isobutene does not require any isomerization reaction, while at
least one isomerization reaction is necessary to produce 2-
pentene (see Figure 1), Eq. 19 must also be equal to zero. This
means that for the surface reactions, the intermediates and the
transition states are stabilized by the zeolite to the same extent,

D(DH0
pr), such that the corresponding activation energies do

not change when varying the acid strength. Analogously,
Eq. 20 states that the activation energies of protolytic scission
and protonation are affected to the same extent by variations in
acid strength. It can reasonably be assumed that the transition
states of adsorption reactions will be stabilized by the zeolite
to the same extent, D(DH0

pr), as the transition states of the
surface reactions, leading to Eq. 21.

DEa;pr ¼ DEa;proto ¼ DðDH0
prÞ (21)

To summarize, the effect of acidity can be included in the
SEMK model using only two acidity descriptors: the
concentration of active sites, Ct, and the change in standard
protonation enthalpy, D(DH0

pr), relative to a reference catalyst
(Table 1). The latter parameter accounts for the effect of the
average acid strength on the stability of the intermediates and
on the activation energies of protonation and protolytic
scission. The concentration of acid sites is available from
NH3-TPD measurements (Table 1), while the change in
standard protonation enthalpy relative to the reference
catalyst LZ-Y20 must be obtained by regression to the
experimental data.

Table 5. Estimated Changes in Standard Protonation
Enthalpy Relative to the Reference Catalyst LZ-Y20 in kJ

mol
21

, 95% Confidence Intervals, Significance of the
Parameter Estimate, and Significance of the Global

Regression

Zeolite D (DH0
pr) t-Value F-Value

CBV500 5.42 � 0.15 72 1.28 � 104

CBV720 3.07 � 0.14 43 2.64 � 104

CBV760 0.95 � 0.03 55 1.72 � 105

Y62 �23.48 � 0.10 �457 1.94 � 106

Figure 7. Calculated vs. experimental molar outlet flow rates of all gas-phase hydrocarbons in the reaction net-
work accounted for in the model describing catalytic cracking of acyclics on CBV720, CBV760, CBV500,
and Y62.

Model calculated values are obtained from solving Eqs. 8–10 and using the pre-exponential factors in Table 2, the activation ener-

gies obtained on the reference catalyst LZ-Y20 in Table 3, the concentration of active sites in Table 1 and the change in standard

protonation enthalpy in Table 5. Experimentally observed values are obtained from 2,2,4-trimethylpentane cracking under the con-

ditions given in Table 2.
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Table 5 represents the estimated changes in standard proto-
nation enthalpy relative to the reference catalyst LZ-Y20 and
the corresponding statistical information concerning the signif-
icance of the parameter estimate and that of the global regres-
sion. Because D(DH0

pr) ¼ DH0
pr;LZ�Y20 � DH0

pr;zeo, positive
values correspond to a zeolite with higher acid strength than
LZ-Y20, whereas negative values correspond to a zeolite with
lower acid strength. In this series of faujasites, CBV500 dis-
plays the highest acid strength, whereas Y62 exhibits by far
the lowest one. The four ultrastable Y zeolites possess rather
similar acid strengths, because the difference in standard pro-
tonation enthalpy amounts to 5.4 kJ mol�1 at most. This is in
agreement with the experimental data.38 As can be observed
from the narrow confidence intervals and the t-values, which
are all higher (in absolute value) than the tabulated t-value of
1.96, the estimated changes in standard protonation enthalpy
are all statistically significant. The reported F-values are all
much higher than the tabulated one of 4.84, indicating that
the global regression is highly significant.

The range of standard protonation enthalpy variation
around 29 kJ mol�1 found in this work agrees very well
with the range of 26 kJ mol�1 found by Yaluris et al.29 for
cracking of 2-methylpentane on a series of USY zeolites
with Si/Al ratio ranging from 10 to 80. Thybaut et al.34

found a change in standard protonation enthalpy between a
Y zeolite with Si/Al ratio of 2.6, Pt/CBV720, and Pt/
CBV760 (reference) around �18.1 and 3.5 kJ mol�1, respec-
tively. These values agree rather well with those found in
this work. Martens et al.33 found a difference in standard
protonation enthalpy of 2.1 kJ mol�1 between two commer-
cial hydrocracking catalysts derived from LZ-Y20.

Figure 7 illustrates the agreement between the measured
and the calculated molar outlet flow rates. The latter values
are obtained using the pre-exponential factors in Table 2, the
activation energies obtained on the reference catalyst LZ-Y20
in Table 3, and the two acidity descriptors Ct in Table 1 and
D(DH0

pr) in Table 5. The overall parity plots indicate that the
model including two acidity descriptors describes the experi-
mental data reasonably well, especially for Y62, which could
be expected from the very high F-value (Table 5).

To illustrate the ability of the model to predict the absence

of selectivity differences when varying the zeolite acid

strength, Figure 8 represents the model calculated product

selectivities toward isobutene and isopentane as a function

of 2,2,4-trimethylpentane conversion on all five faujasites at

748 K and 7 kPa partial pressure. The calculated trends are

identical for the five faujasites, indicating that introducing Ct

and D(DH0
pr) as catalyst descriptors in the model, indeed

allows to describe correctly the observed effect on activity

and selectivity when cracking 2,2,4-trimethylpentane on a

series of faujasites with varying acid properties. The discrep-

ancies between the model calculated and the experimental

product selectivities could be reduced by extending the reac-

tion network to include species with higher carbon number

than the feed, formed via alkylation, which subsequently

recrack.
Figure 9 represents the fractional surface coverage with

intermediates for CBV500, CBV720, CBV760, and Y62 as a
function of the partial pressure and the temperature. The
increased surface coverage with higher acid strength is evi-
dent. The fractional coverage is much higher on the three
USY zeolites compared to that on the Y zeolite. Moreover,
the dependence on the temperature is inversed on Y62. This

is explained by the (very) low conversion on this zeolite, at
which the surface coverage is determined by the activation
energy of protolytic scission instead of that of deprotonation.

Conclusions

The SEMK modeling approach can be applied to develop
a kinetic model that can account for the effect of the zeolite
acid properties when cracking alkanes on faujasites in the
absence of coke formation. Data obtained on 2,2,4-trimethyl-
pentane cracking can be described adequately with standard
activation entropies for the various elementary reaction fami-
lies calculated a priori based on transition state theory and
statistical thermodynamics. Activation energies on the refer-
ence faujasite LZ-Y20 for the various types of protolytic

Figure 8. Experimental (symbols) and model calculated
(lines) product selectivities as a function of
2,2,4-trimethylpentane conversion on five fau-
jasites, at 748 K and 7 kPa partial pressure.

Experimental: (^) Y62; (n) LZ-Y20; (~) CBV500; (l)

CBV720; (!) CBV760. Model calculated values are

obtained from solving Eqs. 8–10 and using the pre-expo-

nential factors in Table 2, the activation energies

obtained on the reference catalyst LZ-Y20 in Table 3,

the concentration of active sites in Table 1 and the

change in standard protonation enthalpy in Table 5.
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scission, protonation, deprotonation, hydride transfer, hydride
shift, methyl shift, PCP-isomerization, and b-scission can be
obtained via regression to experimental kinetic data. The

model describes the experimentally observed trends reason-
ably well. The estimated activation energies are in accord-
ance with the stability of the intermediates involved, except
for protolytic scission toward primary intermediates and
hydride transfer. A difference in stability between secondary
and tertiary intermediates of 28.7 kJ mol�1 is obtained,
resulting in a higher concentration of tertiary surface inter-
mediates than secondary ones, �80% of the former vs.
�20% of the latter type. Lower fractional surface coverages
are found at lower conversion, at lower partial pressure, and
at higher reaction temperature.

It was sufficient to incorporate two acidity descriptors in
the model to describe the effect of variations in acidity on
the observed catalytic behavior: the concentration of active
sites, Ct, which is available from independent NH3-TPD
measurements, and the change in standard protonation en-
thalpy relative to a reference catalyst, D(DH0

pr), which is
determined by regression to experimental data on four other
commercial faujasites. The entropic contribution is assumed
to be similar for all faujasites. The intermediates and the
transitions states are stabilized by the zeolite in the same
way by an amount D(DH0

pr). Thus, the activation energies of
protonation and protolytic scission change, while those of
surface reactions and deprotonation remain equal when vary-
ing the acid strength. The change in protonation enthalpy
relative to the reference faujasite accounts for the effect of
the average acid strength both on the stability of the inter-
mediates and on the activation energies of protonation and
protolytic scission. The model is capable of describing the
observed effects of variations in acidity. A variation in
standard protonation enthalpy of 29 kJ mol�1 was found for
the five faujasites. The acid strength of the four ultrastable
faujasites is rather similar and much higher than that of the
nondealuminated Y zeolite. Increasing the acid strength
results in a higher fractional surface coverage with
intermediates.

At the conditions of this work, the concentration of physi-
sorbed species is negligible compared to the total concentra-
tion of active sites and to the fractional coverage with sur-
face intermediates. Physisorption can thus be considered
kinetically insignificant and the hydrocarbons will effectively
chemisorb upon entering the zeolite without a preceeding
physisorption step. Consequently, differences in physisorp-
tion properties cannot account for observed differences in
activity between the faujasites.
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Notation

~A ¼ single-event pre-exponential factor, s�1 or kPa�1 s�1

~Arep ¼ reparameterized single-event pre-exponential factor, s�1 or
kPa�1 s�1

b ¼ vector of the estimated model parameters
C* ¼ molar concentration of free active sites, mol kg�1

cat

CRþ
i
¼ molar concentration of intermediate Rþ

i , mol kg�1
cat

Ct ¼ total molar concentration of active sites, mol kg�1
cat

Ea ¼ activation energy, J mol�1

Fi ¼ molar flow rate of species i, mol s�1

h ¼ Planck constant, J s

Figure 9. Fractional surface coverage with intermediates
on faujasites as a function of the partial pres-
sure and the temperature, at a space time of
41.4 kg s mol21 and a total pressure of 102
kPa, obtained from solving Eqs. 8–10, and
using the pre-exponential factors in Table 2,
the activation energies in Table 3, the concen-
tration of active sites in Table 1 and the change
in standard protonation enthalpy in Table 5.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

AIChE Journal July 2012 Vol. 58, No. 7 Published on behalf of the AIChE DOI 10.1002/aic 2213



k ¼ elementary rate coefficient, s�1 or kPa�1 s�1

~k ¼ single-event rate coefficient, s�1 or kPa�1 s�1

~Kiso ¼ single-event isomerization equilibrium coefficient
kB ¼ Boltzmann constant, J K�1

MW ¼ molar mass, kg mol�1

n ¼ number of observations
ne ¼ number of single events

NNN ¼ next-nearest-neighbors
p ¼ number of parameters to be estimated
pi ¼ partial pressure of species i, Pa
pt ¼ total pressure, Pa

PA ¼ proton affinity, J mol�1

r ¼ elementary reaction rate, mol kg�1
cat s

�1

R ¼ universal gas constant, J mol�1 K�1

Ri ¼ net rate of formation of species i, mol kg�1
cat s

�1

S ¼ objective function
SBET ¼ BET surface area, m2 g�1

t ¼ time, s
T ¼ temperature, K

Tm ¼ mean temperature, K
v ¼ number of responses per observation
V̂ ¼ estimated covariance matrix

Vmicro ¼ micropore volume, cm3 g�1

w ¼ weighting factor
W ¼ catalyst mass, kgcat

Greek symbols

b ¼ b-scission
DHþ ¼ catalyst dependent parameter accounting for acid strength,

J mol�1

DH0,‡ ¼ single-event standard activation enthalpy, J mol�1

DH0
pr ¼ standard protonation enthalpy, J mol�1

DH0
stab ¼ standard stabilization enthalpy, J mol�1

DS̃0,‡ ¼ single-event standard activation entropy, J mol�1 K�1

q ¼ binary correlation coefficient
r ¼ symmetry number
s ¼ mean residence time in the reactor, s�1

Superscripts

‡ ¼ transition state
0 ¼ initial, feed, standard

reac ¼ reactant

Subscripts

alk ¼ alkylation
app ¼ apparent
dep ¼ deprotonation
gas ¼ gas phase
gl ¼ global
htf ¼ hydride transfer
iC8 ¼ 2,2,4-trimethylpentane
iso ¼ isomerization
pcp ¼ PCP (protonated cyclopropane) isomerization
pr ¼ protonation

proto ¼ protolytic scission
zeo ¼ zeolite
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