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Theoretical Simulation of n-Alkane Cracking on Zeolites
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The kinetics of alkane cracking in zeolites MFI and FAU have been simulated theoretically from first principles.
The apparent rate coefficient for alkane cracking was described as the product of the number of alkane molecules
per unit mass of zeolite that are close enough to a Brgnsted-acid site to be in the reactant state for the cleavage
of a specific C—C bond and the intrinsic rate coefficient for the cleavage of that bond. Adsorption
thermodynamics were calculated by Monte Carlo simulation and the intrinsic rate coefficient for alkane cracking
was determined from density functional theory calculations combined with absolute rate theory. The effects
of functional, basis set, and cluster size on the intrinsic activation energy for alkane cracking were investigated.
The dependence of the apparent rate coefficient on the carbon number for the cracking of C;—Cg4 alkanes on
MFI and FAU determined by simulation agrees well with experimental observation, but the absolute values
of the apparent rate coefficients are a factor of 10 to 100 smaller than those observed. This discrepancy is
attributed to the use of a small T5 cluster representation of the Brgnsted-acid site. Limited calculations for
propane and butane cracking on MFI reveal that significantly better agreement between prediction and
observation is achieved using a T23 cluster for both the apparent rate coefficient and the apparent activation
energy. The apparent rate coefficients for alkane cracking are noticeably larger for MFI than FAU, in agreement
with recent findings reported in the experimental literature.

Introduction

A long-standing goal of theoretical studies in the field of
heterogeneous catalysis has been the development of methods
to predict the effects of catalyst composition and structure on
the rates of catalyzed reactions, as well as the distribution of
the products formed from a specified set of reactants. Impressive
progress toward this goal has been made during the past two
decades, resulting in a much better understanding of the various
factors contributing to the rates of catalyzed reactions. For
example, it is now possible to predict adsorption isotherms and
diffusion coefficients for various molecules and mixtures of
molecules in zeolites of different framework structure and pore
size using the methods of statistical mechanics and molecular
dynamics."? Likewise quantum chemical calculations, particu-
larly those based on density functional theory (DFT), have
advanced to a stage where it is possible to analyze complex
reaction pathways and to calculate rate coefficients for elemen-
tary processes.> ® In a number of instances, it has been
demonstrated that overall reaction kinetics determined using
such rate coefficients correctly describe observed rates and
changes with catalyst composition.””!? These successes suggest
that by combining different theoretical methods, it should be
possible to make quantitative predictions of reaction kinetics
for systems involving the combined effects of reaction kinetics,
adsorption, and diffusion. The initial efforts in this direction
are encouraging, and, hence, it is anticipated that theoretical
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investigation of the combined effects of adsorption thermody-
namics, diffusion, and reaction kinetics on the rates of catalyzed
reactions will continue to be a fertile area for future research.

The cracking of alkanes at Brgnsted-acid centers in zeolites
is a reaction of central importance in the production of fuels
from petroleum. While this process has been studied for over
60 years, the reaction mechanism and kinetics and the effects
of zeolite framework structure on the rate of alkane cracking
remain subjects of discussion.!* There is consensus, however,
that alkanes are first adsorbed into the pore space of the zeolite
and then undergo cracking at Brgnsted-acid sites.

The product distributions observed for zeolite-catalyzed
cracking of light alkanes were originally rationalized using the
classical or bimolecular cracking mechanism proposed by
Greensfelder et al.'"* and Thomas'® in 1949. Carbenium ions
were thought to be formed by the adsorption of small amounts
of alkenes present in the feed. It was hypothesized that these
cations then abstract a hydride anion from the alkane reactant
and the resulting carbenium cation then rapidly rearranges via
beta scission to form an alkene and a smaller carbenium ion.
Subsequent work by Haag and Dessau!® observed that the
classical mechanism did not explain the product distributions
observed for the cracking of hexane isomers at high temperature
and proposed, instead, the protolytic or monomolecular mech-
anism. They suggested that five-coordinate alkanium ions
(formerly referred to as carbonium ions) are formed via
protonation of alkanes by Brgnsted-acid sites in the zeolite. The
alkanium cations decompose to produce hydrogen or an alkane,
for example, methane, ethane, and a carbenium ion. The latter
species undergoes 3-elimination of a proton to form an alkene
and a Brgnsted-acid site. As discussed in the reviews by Gates
and co-workers!'”!? it is now recognized that both mono- and
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bimolecular mechanisms of alkane cracking may be operative
with the former predominating in small pore zeolites and at low
alkane conversions. At high alkane conversions, alkenes react
preferentially with Brgnsted-acid protons and the bimolecular
mechanism becomes the predominant reaction pathway.

The effects of alkane chain length and zeolite structure on
the intrinsic rate of alkane cracking have also been the subject
of numerous studies.'®~? These efforts have focused on accurate
measurement of reaction rates and adsorption thermodynamics
with the aim of determining the intrinsic kinetic parameters for
cracking and explaining the observed exponential dependence
of apparent cracking rate on the number of carbon atoms in the
alkane. It has been observed that alkane cracking activity
increases with the heat of alkane adsorption and that the heat
of adsorption for n-alkanes increases monotonically with carbon
number.?>?® It has also been noted that for a given carbon
number the heat of adsorption increases with a decrease in the
ratio of the diameter of the zeolite pores relative to the diameter
of the alkane along its principal axis.?® Correcting the apparent
activation energy with the heat of adsorption has led to the
conclusion that intrinsic activation energies are similar for all
zeolites studied, suggesting that the activity of Brgnsted-acid
sites in different frameworks are comparable.'®*” This conclusion
has recently been questioned by Bhan et al.*® who have
suggested that the intrinsic rate coefficient for alkane cracking
is a function of zeolite structure.

The aim of the present study was to carry out a first-principles
analysis of light alkane (C3—Cs) cracking in order to predict
quantitatively the turnover numbers for alkane cracking as a
function of alkane carbon number and zeolite structure. The
thermodynamics of propane, n-butane, n-pentane, and n-hexane
adsorption in two zeolite structures were determined by mo-
lecular simulation for temperatures at which alkane cracking
occurs. DFT calculations were performed to analyze the reaction
pathway(s) for the cracking of each alkane and to determine
the activation barrier for the rate-determining step. Single-point,
MP2 calculations were conducted to assess how this higher level
of theory compares with calculations done at the DFT. Rate
coefficients were then determined for each step from absolute
rate theory. The apparent rate coefficient was calculated as the
product of the equilibrium coefficient for alkane adsorption, the
equilibrium coefficient for the association of a specific C—C
bond with a Brgnsted-acid site, and the intrinsic rate coefficient
for alkane cracking of the targeted C—C bond. Calculated rate
coefficients determined in this manner were compared with those
observed experimentally for the cracking of C;—Cg alkanes in
MFTI and FAU. The approach used in this study allowed us to
address the causes for the observed differences in the reactivity
of alkanes with increasing carbon number in a given zeolite
and the differences in cracking activity with zeolite framework
structure for a given alkane.

Theory

Kinetics of Alkane Cracking. In this work we consider the
cracking of propane through hexane in Brgnsted-acid zeolites
with different framework structures and Si/Al ratios. As shown
in Scheme 1, an alkane and an alkene are formed when each
C—C bond is cracked. It is also seen that the number of
products formed increases with the carbon number of the
alkane. The acid sites at which these reactions occur are not
all the same, each one being associated with a crystallo-
graphicly distinct T site. Therefore, the intrinsic rate coef-
ficient for the cracking of an n-alkane, ki, (i,j), depends on
the type of acid site, i, and the reaction path, j. The rate at

Swisher et al.

SCHEME 1: Illustration of Products Formed by the
Cracking of C;—C¢ Alkanes
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which reaction j occurs at site 7 is proportional to the average
number of alkane molecules per unit zeolite mass that are
close enough to an acid site, such that the alkane will undergo
reaction j. This number, (N eoei(i,,Pasnsia1(£))), is function of
the alkane partial pressure, P, and the number of acid sites
of type i per unit zeolite mass, ngsyai(i). It should be noted
that the sum over all values of ng;a (i) is the total number of
Brgnsted acid sites per unit mass of the zeolite, Ngja).

The reaction rate of reaction j per unit zeolite mass occurring
at acid sites of type i is given, therefore, by

1(is J, Py Risyar(D) = ki (6 )N (s s P as giya1(D)))
(1)

The overall reaction rate involves summation over / different
types of acid sites and J reactions paths

71
r(P 5, Ngija) = Z Zkint(i’j)<NreaCt(i’j’ P ngya()))
J i
(2)

Equations 1 and 2 are applicable for arbitrary alkane partial
pressures and Si/Al ratios. As discussed below, the intrinsic rate
coefficient can be obtained from quantum chemical calculations
and the number of molecules in the reactant state can be obtained
from a Monte Carlo simulation.

Experimental studies of alkane cracking are carried out at
high temperatures and moderate alkane pressure for which a
number of alkane molecules adsorbed per unit zeolite mass,
(Naas(Pa,Nsi/a1)), is in the Henry regime. In this case, the number
of adsorbed molecules in the zeolite can be obtained from the
Henry coefficient, Ky

<Nads(PA’ NSi/Al)> = KH(NSi/Al)PA (3)
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The dependence of Ky on the Si/Al ratio expresses the fact
that the Henry’s constant can depend on the density of acid
sites in the zeolite. In the Henry regime interactions between
the molecules can be ignored and, hence, the probability of
finding a molecule in the reactant state (i,j), Preact(Z, J, Msizai(i)),
is independent of alkane loading. Therefore, we can write for
the number of molecules in the reactant state

<Nreact(PA’ NSi/A1)> = Preacl(i’j’ nSi/Al(i))KH(NSi/Al)PA
“)

From a computational point of view this expression has as
practical advantage in that both the Henry coefficient and the
probability of a molecule being in the reactant state can be
obtained from an NVT simulation at infinite dilution (i.e., one
molecule per unit mass of zeolite).

For the purposes of the present analysis we also consider that
the alkane molecules are sufficiently short that each one interacts
with only one active site at a time. As a consequence, we can
define a probability per type of acid site

Preact(i’j’ nSi/Al(i))

Ngiyal(D)

pTBZlCl(l.’j) = (5)

Substitution of eq 5 into eq 4 gives
(Neeacl P as Ngiya)) = Preaciis Disyai(DK(Ngya)Py - (6)

Using this equation to compute the overall reaction rate we
obtain

J oI

(P, Ngyja) = 2 zkim(isj)preacl(i’j)nsi/Al(i)KH(NSi/AI)PA
Joi

(7

As discussed below, we further assume that the intrinsic

reaction rate is similar for all acid sites, that is, ki, (i) = kin(j),
which then allows eq 7 to be rewritten as

J I
r(P 5, Ngyja) = zkim(i)zpreact(i’j)nSi/Al(i)KH(NSi/Al)P A
j i
(3)

The apparent, first-order rate coefficient for cracking of an
alkane is now defined as

J I
2 ki) z Preact{ls Dgiyai(DKy(Ngy a1)
j i

1
Z Ngial(D)
i

k =

app

(C))

This expression can be further simplified by defining the
average Value Of preact(izi)’ <preacl(j)>, as
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1
zpreact(i’j)nSi/Al(i)
Preaca ) = = (10)
Z Nsiyai(0)
Introducing eq 10 into eq 9 allows us to write

J

kapp = z kint(i)<preact(j)>KH(NSi/Al) (1 1)
J

Intrinsic Reaction Rates. As noted in the preceding section,
the rate coefficient for reaction j is specific for acid site i. Since
the computation of all values of k;y(i,j) from first principles is
computationally very demanding, we assumed that a reasonable
estimate of the reaction rate could be obtained by considering
a representative Brgnsted acid center in MFI and FAU. We
further assumed that the rate coefficients k;y(j) calculated in this
manner provided a reasonable approximation of the rate
coefficients at other sites in both zeolites.

The rate coefficients, kiy(j), were determined for the cracking
of specific C—C bonds in C3—Cq alkanes in MFI and FAU.
For both zeolites the Brgnsted-acid center and a portion of the
zeolite framework were represented by a cluster containing five
T-sites. The use of such small clusters is attractive from the
perspective of computational cost; however, recent work has
shown that small clusters do not give an accurate representation
of molecular heats of adsorption and activation energies for
elementary reactions.?! 73 To assess the importance of system
size, we carried out a limited series of calculations using a T23
cluster of MFI, as well as plane-wave DFT calculations for the
entire H-ZSM-5 unit cell to determine the activation energies
for C—C bond cleavage occurring during the cracking of
propane and butane.

For the T5 cluster representation of MFI, all Si atoms were
placed initially at their crystallographic positions, as reported
by Olson et al.* The location of Al in the zeolite framework is
difficult to define. Both experimental® and theoretical®® studies
aimed at determining the preferential locations for Al substitu-
tion into MFI do not lead to a definitive conclusion because
the differences in the energies associated with replacement of
a Si by Al at different T sites are small. Thus, the location of
Al atoms in the zeolite framework is controlled more by the
kinetics of zeolite synthesis than by thermodynamics. Neverthe-
less, there is some evidence that Al siting is not random and
that in MFI the T12 site is preferred.’3” On the basis of these
findings and other theoretical studies on H-MFI*3~ we selected
the T12 position as a representative T site for all Al substitution
(see Figure S.4 in the Supporting Information). The terminal
Si—O bonds of the cluster were replaced by Si—H bonds
oriented in the direction of the former Si—O bond. The Si—H
bond length was set to 1.487 A, which is the optimized bond
length for SiH, at the B3LYP/TZVP level of theory. The
resulting coordinates for the terminal H atoms along with the
coordinates for the Si atoms were held fixed throughout all
subsequent calculations. In the case of the T23 cluster, the Al
atom was again placed at the T12 site and the cluster was
terminated in the same manner as the T5 cluster, except that
only the terminating H-atoms were held fixed during the
optimization. The T5 cluster representation of FAU is based
on the crystallographic positions for dehydrated NaX.*! In FAU,
sodalite units are connected by double six-membered rings
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arranged in 1.2 nm wide supercages accessible through 0.72
nm windows. In contrast to MFI, all tetrahedral atom positions
are equivalent. However, adsorption of alkanes tends to be
limited to the supercages. Therefore we paid attention that the
bridging hydroxyl group was directed into the free space of the
supercages. The cluster was terminated in the same manner as
the TS cluster representing MFIL.

Quantum chemical calculations were performed with the
TURBOMOLE V5.10 suite of programs* in C1 symmetry using
gradient-corrected density functional theory (DFT). To represent
the effects of exchange and correlation, Becke’s three-parameter
exchange functional*’ and the correlation functional of Lee,
Yang, and Parr (B3LYP)* were used with very fine numerical
grid size (m5).* Basis sets at the double-{ level with polarization
functions (SV(P))* were used for all atoms during optimizations.
This moderate basis set size was justified by optimizing the
reactant and transition state structure for the cracking of propane
using a basis set of triple-{ quality (TZVP).*” The activation
energy obtained with the TZVP basis set was higher than the
one obtained with the SV(P) basis set by only 4.4 kJ/mol leading
us to conclude that the SV(P) basis set offers a good compromise
between accuracy and computational efficiency. For selected
structures additional single point energy calculations have been
performed with a basis set of quadruple- quality (QZVP).*® In
the minimum energy structure optimizations, energies were
converged to 108 Ha and the maximum norm of the Cartesian
gradient was converged to 107> Ha/bohr. Transition states were
localized using a combination of interpolation and local methods.
The growing-string method* was used in mass-weighted
coordinates with a maximum of 13 to 16 nodes. After the two
ends of the growing string joined, the growing-string method
was terminated and an approximate saddle point was identified.
The PRFO method™ was employed to refine the position of the
saddle point. A gradient-norm convergence criterion of 5 x 107*
Ha/bohr was used for the transition-state searches. To confirm
that the transition states were connected to the correct energy
minima, each transition state was perturbed slightly along the
reaction coordinate in the reactant and product directions. The
perturbed geometries were then used as starting points for energy
minimization. In most cases the desired energy minimum was
obtained directly. In some cases mechanistically irrelevant
barriers of less than 2 kJ/mol associated with small structural
rearrangements of the adsorbate had to be surmounted to reach
the desired energy minimum.

Recent studies have shown that the B3BLYP functional does
not capture the effects of dispersive forces very accurately.’'2
Since such forces could affect the results of our study, we carried
out a limited series of calculations using the M05-2X func-
tional,® which has been demonstrated to describe the effects
of dispersive forces.”>* These calculations were carried out with
the Gaussian suite of programs® using 6-31G* and 6-311+G(2df,
2p)**7 basis sets to assess the effects of the basis set size, in
addition to the choice of functional, on the values of the
activation energies for C—C bond cleavage. Activation energies
were determined for each of the reaction channels considered
for propane through hexane (see Scheme 1) using the T5 cluster
and for the cracking of propane and butane using the T23 cluster.
Additional MP2 single-point energy calculations employing
Ahlrichs’ improved triple-{ basis set (def2-TZVPP)*® were
conducted to assess how this higher level of theory compares
with calculations done at the DFT/M05-2X/6-311+G(2df, 2p)
level. We used the parallelized version of TURBOMOLE
“ricc2”-module®®®° and employed the resolution of the identity
(RI) approximation® ~% with optimized auxiliary basis sets®*
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in combination with a frozen-core ansatz. Electrons in molecular
orbitals corresponding to C 1s, O 1s, Al 1s, and Si 1s atomic
orbitals were excluded from the MP2 correlation scheme.
Moreover, for propane and butane cracking we performed DFT
calculations applying periodic boundary conditions using the
Vienna ab initio simulation package (VASP).%~% The purpose
of these calculations was to investigate further the influence of
the system size on the barrier heights for alkane cracking. The
computational details are reported in the Supporting Information.

Intrinsic rate coefficients are calculated from conventional
transition state theory® 7!

ks T Qrg(T)

" oD exp[—E*/RT] (12)

k(T) =

where kg is Boltzmann’s constant, / is Planck’s constant, 7 is
the absolute temperature, and E* is the difference in electronic
energies between the transition state and the reactant state. With
QOrs and Qg, we denote the partition functions of the transition
state and the reactant state, respectively. For the calculation of
the partition functions, we used the harmonic approximation
and assumed that adsorbate and transition state are rigid in space
and have only vibrational degrees of freedom.

Henry Coefficient and Probabilities of Alkanes Being in
the Reactant State. Both the Henry coefficient and the
probability to finding alkanes in the reactant state (i,j) were
determined using configurational-bias Monte Carlo (CBMC) in
the NVT-ensemble. It was assumed that the zeolite framework
is purely siliceous with all atoms held in their crystallographic
positions. The interactions of a single adsorbate molecule with
the zeolite framework were modeled with a Lennard-Jones-type
potential using the force field parameters of Dubbeldam et al.!
Alkane molecules were treated with CH; and CH, groups being
represented as united atoms connected by harmonic bonds. Bond
bending, torsion, and internal van der Waals interactions were
also included. Additional information about the model can be
found in the Supporting Information.

To enhance computational efficiency, adsorbate-framework
interaction energies were determined from precalculated inter-
polation grids for each pseudoatom type. Our MC scheme
included translation, rotation, and partial and full molecule
regrowth. All of the thermodynamic properties reported here
were obtained from simulations consisting of at least 500 000
Monte Carlo cycles. At the experimental conditions of interest,
the system is in the Henry regime, which implies that all
calculations can be carried out at the limit of zero loading. Below
we summarize the equations we have used, and a more complete
discussion of the methods used can be found elsewhere.!

The Henry’s law constant was calculated from the CBMC
simulations, using the ratio of the average Rosenbluth weights
of the adsorbate in the zeolite, (W), and in an ideal gas phase,
(W), respectively.

=L "

where p; is the mass density of the zeolite framework.

To further analyze the thermodynamics of adsorption, we also
computed the enthalpy and free energy of adsorption. The
enthalpy of adsorption, AH,4, can be obtained from
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AH,

ads

= AU, — RT = (U,,) = (U)) — (U — RT
(14)

in which (Upg), (Up), and (U,) are the internal energy of the
zeolite-adsorbate system, the zeolite, and the gas, respectively.
The internal energy of the zeolite is identically zero because
the framework atoms are maintained in a fixed arrangement.

In the Henry’s regime, the Gibbs free energy for alkane
adsorption into the zeolite, is related to the Henry’s constant
by the expression

AG,,, = —RT(1 + In(pRTK,,)) (15)

where pr is the mass density of the framework. The entropy of
adsorption, AS,q, can then be calculated from the free energy
and enthalpy of adsorption, as shown below

AI_Iacls - AGads

ASadS = T

(16)

To understand how the probability of an alkane molecule
being in the reacting state, Pye,c(i,f), is determined, it is useful
to first consider the potential energy diagram shown in Figure
1. Upon adsorption from the gas phase into a zeolite, an alkane
molecule experiences a decrease in potential of about 40—60
kJ/mol, depending on the number of carbon atoms in the alkane.
An additional reduction in potential energy occurs when an
adsorbed alkane molecule associates with a Brgnsted acid site.
As discussed below and determined experimentally, this change
in potential is small, typically 10 kJ/mol.”>’® The activation
barrier for cracking is then the distance from the bottom of the
well for alkane association with the acid site to the top of the
transition state. Because the energy of association of an alkane
with a Brgnsted-acid site is small at temperature where cracking
occurs (>773 K) only a small fraction of the molecules adsorbed
within the zeolite will be in the reactant state (i,j). In prior
analyses of zeolite-catalyzed cracking of alkanes, Pye,(iyj) Was
assumed implicitly to be 1.0,% which meant that all adsorbed
molecules are equally likely to be available for reaction.
However, careful consideration of the finite size of alkanes and
the size of the spaces in which Brgnsted-acid sites occur suggests
that this is generally not the case. For an alkane to crack via
pathway j, the C—C bond that undergoes cleavage for that
pathway must be within 2.5—3.5 A of the oxygen atom
associated with the Brgnsted-acid site. However, a complication
arises in defining which of the four O atoms associated with a
given Al T site is the one on which the proton resides, since at
the temperatures where cracking occurs, the protons hop rapidly
between the four O atoms.*® As this hopping rate is much faster
than the rate of cracking, the reactant state needs to be extended
to each of the O atoms connected directly to the Al. Simple
geometric arguments show that the reactant volume defined by
these four spheres around the oxygen atoms is equivalent to a
sphere of radius 5.0 A centered on the Al atom (see Supporting
Information).

The values Py,(i,j) were determined in the following manner.
After each 10 MC steps the number of C—C bonds associated
with reaction j present within a 5.0 A radius from T site type i
are counted, and once all MC steps have been completed, the
accumulated sum for each type of T site in a unit cell of the
zeolite is divided by the total number of MC points accumulated
in the zeolite unit cell. The basis for choosing the cutoff radius
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Figure 1. Schematic of potential energy diagram for alkane cracking.

TABLE 1: Values of AH,,, ASin, and Total &, for the
Cracking of C;—C4 Alkanes on MFI Calculated from DFT
and Absolute Rate Theory for 773 K

molecule AH;, kJ/mol AS;, J/(mol K) ki,/107* 1/s j  products
propane 216.5 —34.9 5.40 1 CHy C,H,4
n-butane 210.5 —36.7 11.70 1 CHy C;Hg
192.7 —53.2 25.9 2 CHg C,H,
n-pentane 212.8 —38.7 6.40 1 CH4 1-C4Hg
190.3 —54.0 339 2 C,Hy C;Hg
190.9 —50.6 46.2 3 C3Hy C,H,
n-hexane 208.5 —43.3 7.1 1 CHy 1-CsHy
190.0 —52.7 41.7 2 C,Hg 1-C4Hg
190.1 —57.4 23.1 3 C3Hy C;Hg
189.8 —46.8 86.4 4 C4H;y CHy

as 5 A and the influence of the choice of cutoff radius on the
magnitude of Py,(i,j) are discussed in the Supporting Informa-
tion. A point to be noted is that while the quantum calculations
give a specific configuration of the alkane adsorbed at the
Brgnsted-acid site, that is, the lowest energy configuration at 0
K, it is not required that this configuration be reproduced in
the sampling of configurations used to determine pe,(i,j). Thus,
all configurations satisfying the condition that the C—C bond
of an alkane to be cracked via pathway j lie within a 5.0 A
radius of the Al atom associated with a proton are counted.
Examples of the Pi,(i,j) for different alkane zeolite systems
are given in the Supporting Information.

The computed values of Py.,(i,j) are then used to determine
the corresponding values of pre,ci(iy). The value of preac(iyf) is
determined by dividing Pie,(i,/) by the concentration of sites
of type i per unit zeolite mass ngyai(i), in accordance with eq 5.
The value of {pre.c(j)) is determined from eq 10.

Results and Discussion

Intrinsic Rate Coefficient for Alkane Cracking. Table 1
lists the enthalpy and entropy of activation for the cracking of
each alkane on MFI. Multiple entries are given for a given
alkane when there are more than one set of products that can
be formed (see Scheme 1). All of the calculations presented
are based on energies and vibrational frequencies determined
using the TS5 cluster and DFT/B3LYP/SV(P) level of theory.
In general, the activation enthalpy tends to decrease with
increasing chain length. This may reflect the increased stability
of transition states with longer chains that can donate more
electron density to stabilize the carbocation. The calculated
activation entropies are always negative but do not show a clear
trend in magnitude and appear to depend more on the specific
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TABLE 2: Values of AHiy, ASin, and Total ki, for the
Cracking of C3;—Cg4 Alkanes on FAU Calculated from DFT
and Absolute Rate Theory for 773 K

molecule AHi, kJ/mol AS, J/(mol K) ki,/10™#1/s j  products
propane 237.0 —34.4 0.25 1 CHy GC,H,
n-butane 227.6 —45.1 0.30 1 CH; GCsHg
199.9 —56.7 5.45 2 CH¢ C,H,4
n-pentane 226.3 —44.4 0.39 1 CHy; 1-C4Hg
195.7 —55.2 12.5 2 CHg¢ C;3Hg
201.6 —44.3 18.6 3 C3Hy C,Hy
n-hexane 225.9 —44.5 0.41 1 CHy; 1-CsHyy
194.8 —58.3 9.9 2 CHg 1-C4Hg
197.6 —46.1 28.0 3 C3;Hy C;Hg
200.6 —45.7 18.4 4 C4H;y CHy

transition state than the composition of the reacting alkane.
These conclusions differ from those reported by Bhan et al.*
In this study, the authors determined the intrinsic activation
enthalpy and entropies from the experimentally observed
apparent kinetic parameters and an extrapolation of the adsorp-
tion constants measured at 298 K to the temperature at which
cracking occurred, 773 K. On the basis of their approach the
authors conclude that the intrinsic activation enthalpy is virtually
constant with respect to chain length and that the intrinsic
activation entropy increases monotonically to a significant
degree (become more positive) proceeding from propane to
n-hexane.

Table 2 lists results similar to those shown in Table 1 but
for alkane cracking on FAU, determined using the T5 cluster
and DFT/B3LYP/SV(P) level of theory. It is noted that the
activation enthalpies for each elementary reaction are higher
than those found for MFI, reflecting the lower acidity of FAU
relative to MFIL. It is notable, though, that with only limited
exceptions, the activation energies for alkane cracking on FAU
are similar to those on MFI. Likewise, the trend in activation
energy with alkane carbon number is similar to that seen for
MFI. Comparison of the rate coefficients predicted for MFI and
FAU using the same cluster size and level of theory reveals
that the rate coefficients for each reaction channel are noticeably
lower for FAU than MFI, consistent with what has been
suggested by Bhan et al.** and reported recently by Katada
et al.”*
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To assess the effects of the functional and basis set used for
the calculation of activation energies, additional calculations
were done at the DFT/MO05-2X/6-31G*, DFT/MO05-2X/6-
311+G(2df,2p), and MP2/def2-TZVPP levels. The activation
energies obtained at these levels are shown in Table 3 and
compared with those obtained at the DFT/B3LYP/SV(P) level.
In considering these results, it should be recognized that the
6-31G* basis set is similar to the SV(P) used in TURBOMOLE.
Comparison of the activation barriers from DFT/B3LYP/SV(P)
and DFT/MO05-2X/6-31G* calculations shows that using the
MO05-2X functional increases the activation barrier for propane
cracking to methane and ethene, and the activation barrier for
cracking of butane to methane and propene by about 16 kJ/
mol, but gives activation barriers that are roughly the same
(within <5 kJ/mol) for the remaining elementary reactions.
Increasing the quality of the basis set to 6-311+G(2df,2p) using
the M05-2X functional has little effect on the activation barriers
for propane cracking to methane and ethene or for butane
cracking to methane and propene, but decreases the activation
barriers for all other processes by about 7—10 kJ/mol. Table 3
shows that raising the level of theory further to MP2/def2-
TZVPP has either no effect on the activation energies calculated
at the DFT/M05-2X/6-3114G(2df,2p) level or increases them
by 12 kJ/mol or less.

The effects of cluster size on the activation barriers for
propane and butane cracking are shown in Table 4 for various
levels of theory. It is seen that increasing cluster size from T5
to T23 at a given level of theory decreases the activation barrier
for cracking of propane by 34—70 kJ/mol and for cracking of
butane into methane and propene by 24—60 kJ/mol, the
deviation growing in general with increasing level of theory.
However, for cracking of butane into ethane and ethene the
decrease of the barrier heights is smaller (6 kJ/mol), suggesting
that significant system size dependence is only observed for
cracking of the a-bonds. It is also evident that increasing the
level of theory used with the T23 cluster decreases the activation
barrier relative to that determined with DFT/B3LYP/SV(P);
however this decrease is less than 12 kJ/mol.

The results presented in Tables 3 and 4 clearly demonstrate
that size of the cluster used to perform the quantum calculations
and the level of theory affect the activation barrier determined.

TABLE 3: Activation Energies from Different Methods. The Underlying Geometry Is the MFI-T5 Cluster Optimized at the

B3LYP/SV(P) Level of Theory

DFT results

MP2 results

molecule B3LYP/SV(P) M05-2X/6-31G* MO05-2X/6-311+G(2df,2p) def2-TZVPP

propane 234.6 251.5 251.4 263.5 CH,4 C,H,

n-butane 228.5 245.5 245.8 257.8 CH,4 C;3Hg
206.5 206.2 197.9 199.2 C,Hg C,H,

n-pentane 2253 224.1 213.6 219.8 CH,4 1-C,Hg
204.8 201.9 193.4 194.2 C,Hg C;3Hg
204.2 200.6 190.6 192.1 C3Hg C,H,

n-hexane 221.6 223.4 213.0 220.2 CH,4 1-CsHyo
204.6 201.4 192.5 193.0 C,Hg 1-C,Hg
204.4 198.9 191.1 191.2 C;Hg C;3Hg
202.6 199.2 188.7 190.4 C4Hio C,H,

TABLE 4: Activation Energies from Different Methods Obtained on the T23 Cluster for Propane and Butane Cracking*

DFT results

MP2 results

molecule B3LYP/SV(P) MO05-2X/6-31G* MO05-2X/6-311+G(2df,2p) def2-TZVPP

propane 201.7 191.8 188.2 192.3 CH, C,H,

n-butane 204.1 194.2 191.2 196.6 CH, C3Hg
200.2 186.8 183.2 188.5 C,Hg C,H,

“ The underlying geometry is the MFI-T23 cluster optimized with B3LYP/SV(P).
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TABLE 5: Plane-Wave DFT (PBE) Results for Intrinsic
Energy Barriers, Intrinsic Enthalpy Barriers (773 K), and
Intrinsic Activation Entropies (773 K)

molecule E kJ/mol AH;, kJ/mol AS;, J/(mol K) j  products
propane 172.8 156.2 —68.1 1 CH; C,H4
n-butane 172.9 156.4 —=70.9 1 CH; Cs3Hg

TABLE 6: Values of AH,4; and AS,q Calculated from
CBMC and Experiments”

T AH, (CBMC) AS,s (CMBC) AH,4 (experiment)

K kJ/mol J/(mol K) kJ/mol

MFI

propane 573 —37.8 —41.1 —40M
773 —37.8 —38.6

n-butane 573 —46.2 —50.9 —49M
773 —45.9 —47.8

n-pentane 573 —55.8 —62.2 —57.7% (137)
773 —54.8 —58.2

n-hexane 573 —65.3 =73 —68.8? (137)
773 —64.2 —69.0

FAU

propane 573 —21.4 —19.6
773 —21.5 —17.2

n-butane 573 —23.6 —20.1
773 —24.6 —19.1

n-pentane 573 —275 —23.2 —40.4% (30)
773 —28.3 —21.8

n-hexane 573 —31.4 —26.3 —47.7% (30)
773 —32.0 —24.8

@ Data from (1) Sun et al.”’ and (2) Denayer et al.”® Experimental
Si/Al ratios are given in parentheses.

Increasing the cluster size leads to a significant reduction in
the activation barrier, consistent with the recent findings of
Hansen et al.’! for benzene alkylation by ethene. Improving the
level of theory results in smaller changes in the activation
barrier, which may be positive or negative depending on the
specifics of the reaction considered and the size of the cluster.
To further evaluate our cluster results we have calculated energy
barriers for propane and butane cracking using plane-wave DFT.
The results are presented in Table 5. Both reactions have a
barrier height of 173 kJ/mol. However, it is well-known that
PBE tends to underestimate barrier heights.” For the alkylation
of benzene it has been shown recently that this underestimation
can be as large as 30 & 10 kJ/mol.3! As a result, our barriers
calculated on the T5 cluster are reasonable approximations
although an uncertainty of at least 10 kJ/mol will be present.
Since the calculation of all reaction pathways considered in this
study using a T23 cluster at the highest level of theory or
periodic DFT is prohibitively expensive, calculations of the
apparent rate coefficient were carried out using the intrinsic rate
coefficients determined using the T5 cluster at the DFT/B3LYP/
SV(P) level. The consequence of this choice is discussed below
in the context of comparisons of the theoretically determined
apparent rate coefficient and its comparison with experimental
data. The impact of using a larger cluster and higher level of
theory are discussed there as well.

Adsorption Thermodynamics. Table 6 compares calculated
values for the enthalpy of adsorption with experimental values
reported by Denayer et al.”® and Sun et al.”’ for light alkanes
adsorbed on the same zeolites. Our calculated values capture
the expected decrease in adsorption enthalpy with increasing
n-alkane chain length. The enthalpy of adsorption is dominated
by the dispersive interactions between the alkane and the pore
walls.”? Narrower pore zeolites tended to have more negative
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Figure 2. Distribution of values of P, (i,j = 1) for the cracking of
butane at the terminal C—C bond on MFI and FAU.

adsorption enthalpies and a stronger dependence of adsorption
enthalpy on chain length, a result of stronger dispersive
interactions. Table 6 also shows that the adsorption enthalpy
for each alkane is essentially constant with respect to temper-
ature for the temperatures relevant to monomolecular cracking.
All experimental enthalpies are higher in magnitude than the
corresponding calculated value, as is to be expected since
Denayer et al.”® used the acid form of the zeolite.

Adsorption entropies, calculated using eq 16, are also reported
in Table 6. The entropy change upon adsorption follows the
expected trend, becoming more negative with increasing chain
length and smaller zeolite pore size. The chain length depen-
dence reflects the greater loss of configurational freedom that
larger molecules experience. Narrower pores restrict molecular
moves more than larger pores, leading to more negative
adsorption entropies for MFI compared to FAU.

Probability of Being in the Reactant State, Py.,(ij). As
noted above P,(i,j) represents the probability that the C—C
alkane molecule is in the reactant state for reaction j to occur
on a Brgnsted-acid site associated with Al in T site type i. It is,
therefore, expected that the value of P,.,.(i,j) for a given alkane
undergoing reaction j will differ from one zeolite to another.
This point is well illustrated for the cracking of the terminal
C—C bond in butane (j = 1), which produces methane and
propene. Figure 2 shows a histogram of values for Py, (i,j) for
this reaction catalyzed by MFI and FAU. For ease of compari-
son, the heights of the peaks in the histograms are normalized
so that the sum of all peaks is unity. We note for that FAU,
which has only a single T-site symmetry, there is essentially
one value of Pp,(ij). As the number of crystallographically
distinct T-sites increases, the number of peaks increases; thus,
the largest number of peaks is seen for MFI, which has 12 T-site
types. All calculated values of {pe.(j)) are listed in Table 7.
Temperature also affects the value of Pi,(i,f). Figure 3 shows
that the probability of finding an adsorbate in the reactant state
decreases with increasing temperature. This effect influences
the apparent activation energy, as discussed below.

Apparent Rate Coefficients for Alkane Cracking. To assess
the quality of our theoretical approach, we compared the
apparent rate coefficients that we predicted with those reported
by Narbeshuber et al.? for the cracking of C3—Cg n-alkanes on
MFI with Si/Al = 35. These authors differentiated between
cracking rates and dehydrogenation rates by careful deconvo-
lution of the product distributions. Since the majority of the
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TABLE 7: Values of kin, Kuy Preact(f)), and k,y, for Alkane Cracking on MFI and FAU Calculated for 7 = 773 K

kind 1074 57! Ky mol kg™! bar™! (Preact()) kg (mole sites)™! kapp/1073 mol (mol sites) ! s7! bar™!

j 1 2 3 4 j o1 2 3 4
MFI
propane 5.4 3.5 0.36 0.68
n-butane 11.7 25.9 4.0 0.37 0.16 34
n-pentane 6.4 339 46.2 4.6 042 036 0.36 6.7
n-hexane 7.1 41.7 23.1  46.2 5.5 0.44 039 0.19 0.39 32
FAU
propane 0.25 3.6 0.1 0.009
n-butane 0.30 5.45 4.6 0.08 0.03 0.0086
n-pentane 0.39 125 18.6 5.9 0.08 0.05 0.05 0.94
n-hexane 0.41 9.9 28.0 184 7.4 0.09 0.05 0.02 0.05 1.5

acid site in MFI with Si/Al = 35 are isolated, this system
provides an ideal case for testing our theoretical approach. It
should also be noted that the narrow pore size of the MFI
framework disfavors the bimolecular cracking pathway.'¢ The
values of k,,, reported by Narbeshuber et al. are compared in
Figure 4 with those determined using the calculated values of
Values of ki, Ky, and (pre,er(7)) listed in Table 7 and eq 11. It
is evident that while the predicted values of k,, follow the trend
with increasing carbon number seen experimentally, the pre-
dicted values of k,p, are a factor of 10 (propane) to 50 (hexane)
lower than those observed. We believe that the major source of
the discrepancy is the accuracy of our determination of the
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Figure 3. Effect of temperature on the value of (pre,(j = 3)) for the
cracking of n-hexane at the center C—C bonds on MFI.

1

This work (_}Té; P : '
This work (123 +*
Marbeshuber et al. 1995 &
Babitz etal 1999 o ]
van Bokhoven et al. 2004
'g 01 F . - E
'Tw o
ol =
1}
B 001 £ * 1
E | |
=] - L
E
[N
#0001 » E
0.0001 : : : :
2 3 4 5 6 7
Carbon number

Figure 4. Comparison of calculated and experimental values of kg
for the cracking of n-alkanes on MFI at 773 K. Experimental data taken
from van Bokhoven et al.,”’ Babitz et al.,'” and Narbeshuber et al.”

TABLE 8: Values of AH;,, ASi, and k;,; Determined for
the T23 Clusters at the DFT/B3LYP/SV(P) Level

molecule AH;, kJ/mol AS;, J/(mol K) ki,/107* 1/s j  products

propane 186.2 —51.3 87.4 1 CH; GC,H,

n-butane 187.7 —42.4 205.0 1 CH; C;3Hg
183.5 —-37.1 733.5 2 C,Hg CHy

TABLE 9: Apparent Activation Energies for Propane and
Hexane Cracking on MFI*

calculated values (kJ/mol)

molecule TS5 cluster T23 cluster  observed values (kJ/mol)
propane 179 148 1470, 155@

butane 152 138 135@

pentane 138 1209

hexane 127 111 % 9.6@ 149% 105®

@ Experimental data taken from (1) Xu et al.,”” (2) van Bokhoven
et al.,”” (3) Babitz et al.,'" and (4) Narbeshuber et al.”® The
experimental values for MFI from van Bokhoven et al.>” were taken
as an average over samples with different Si/Al ratios.

intrinsic rate coefficient for C—C bond cleavage, kiy. As
discussed above, the largest source of error in these calculations
is the use of a small (T5) cluster. To assess the effect of cluster
size, values of k;, were determined using the T23 cluster at the
DFT/B3LYP/SV(P) level of theory. The results of these
calculations are presented in Table 8 for propane and butane
cracking and compared with the values determined using the
TS cluster at the same level of theory. In the case of propane,
the value of ki, is 16.4 times higher when the T23 cluster is
used. For butane the factors are 17.5 and 28.3, respectively.
Values of k,,, were calculated for propane and butane cracking
using the values of ki, given in Table 8. As seen in Figure 4
values of k,,, now exceed those observed experimentally by
about a factor of three to four.

Table 9 compares the apparent activation energies determined
for propane and hexane cracking using the TS5 and T23 clusters
and compares the values obtained with those observed experi-
mentally. For propane, the apparent activation energy determined
using the TS5 cluster is 179 kJ/mol and decreases to 148 kJ/mol
for the T23 cluster, a value that is in excellent agreement with
the experimentally observed values, 147 and 155 kJ/mol.
Similarly good agreement is observed for butane cracking. The
value of the apparent activation energy is 138 kJ/mol determined
using the T23 cluster, which compares very favorably with the
experimental value of 135 kJ/mol. Here too, the apparent
activation energy calculated using the TS5 cluster yields a value
that is too large, 152 kJ/mol. In the case of pentane and hexane,
the apparent activation energy determined using the T5 cluster
are 138 and 127 kJ/mol, respectively, whereas the experimental
values are 120 kJ/mol for pentane and 111 & 9.6 kJ/mol, 149


http://pubs.acs.org/action/showImage?doi=10.1021/jp101262y&iName=master.img-003.png&w=238&h=168
http://pubs.acs.org/action/showImage?doi=10.1021/jp101262y&iName=master.img-004.jpg&w=238&h=169

Theoretical Simulation of n-Alkane Cracking on Zeolites

ol F

B
5
B
H
2000
o

0.01 | 1

i J

Kagp [mol {mol sites)”" s™" bar™)
]
n

0.0001 | 1
s
n
1e0s | 1
E
e i . . ;
2 3 4 5 6 7

Figure 5. Comparison of the calculated and experimental values of
kapp for the cracking of of n-alkanes on FAU at 773 K. Experimental
data taken from van Bokhoven et al.,?’ Babitz et al.,'"® Narbeshuber et
al.,”>™ and Xu et al.” The value of k,, from Xu et al. is extrapolated
from k,p, and E, measured for 823 K.

kJ/mol, and 105 kJ/mol for hexane, as reported by different
investigators. While values of the apparent activation energy
for pentane and hexane cracking was not carried out using the
T23 cluster, such calculations would be expected to yield a value
closer to the experimentally observed values based on the
evidence presented for propane and butane cracking. Table 9
also demonstrates that the theoretically determined value for
the apparent activation energy falls monotonically with increas-
ing carbon number of the alkane, consistent with what is
observed experimentally.

As a further evaluation of our simulation approach, we
compared the values of k,,, predicted for the cracking of butane,
pentane, and hexane on FAU with those found experimentally.
As seen in Figure 5 the simulated values of k,,, increase with
increasing alkane carbon number, but here again the predicted
values of k,, lie well below those observed experimentally by
a factor of 10 for propane and a factor of 100 for hexane. We
believe that the most of this discrepancy is associated with the
small cluster size (T5) used for the determination of k;,, which
as shown for the case of MFI can results in apparent rate
coefficients that are at least an order of magnitude smaller than
those determined using a small cluster. An additional factor
contributing to the discrepancy is the level of theory used for
the calculation of k;,. Reference to Table 4 suggests that with
an increase in the level of theory from DFT/B3LYP/SV(P) to
DFT/MO05-2X/6-3114+G(2df,2p) or MP2/def2-TZVPP, the in-
trinsic activation energy would decrease by 30 to 37 kJ/mol.
These differences translate into an additional increase in Ky, of
more than 100. Thus, we suggest that the discrepancy between
predicted and measure values of k,,, seen in Figure 5 is due to
a combination of cluster size and level of theory used to
determine k;,.. The increase in the deviation between simu/ation
and experiment with increasing alkane carbon number may also
be due to an increasing contribution of bimolecular cracking to
the experimental results, a phenomenon not described in the
theoretical model of alkane cracking presented here.

Conclusions

We have shown that a simple model separating the intrinsic
kinetics of alkane cracking from the thermodynamics of alkane
adsorption provides a sound theoretical basis for estimating the
apparent rate constants for alkane cracking. The thermodynamics
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of alkane adsorption can be calculated reliably from Monte Carlo
simulation in the NVT framework, assuming a purely siliceous
zeolite lattice. The localization of specific C—C bonds near
Brgnsted-acid sites where cracking occurs can also be deter-
mined from an analysis of the Monte Carlo simulations. The
intrinsic rate coefficient for the cracking of specific C—C bonds
in adsorbed alkanes can be calculated using density functional
theory in combination with absolute rate theory. These calcula-
tions were carried out using a TS cluster to represent the
Brgnsted acid site. While computationally tractable, the small
cluster model does not account for the effects of dispersive
interactions on the structure and energy of the reactant and
transition states,?' =33 nor for the effects of acid centers present
at next-nearest neighbor T sites. The simulations of alkane
cracking in MFI and FAU reported here show good agreement
with the observed effect of alkane chain length on the apparent
rate coefficient for alkane cracking but are consistently lower
in absolute value by a factor 10 to 100. This discrepancy is
attributed for the most part to the use of a small cluster for the
quantum chemical calculations and the level of theory used.
This conclusion is supported by limited calculations done with
a T23 cluster for the cracking on propane and butane on MFIL.
These calculations give values of the apparent activation energy
for propane and butane cracking that agree very well with those
observed experimentally and apparent rate coefficients for the
cracking of these alkanes that are larger than those observed
by only a factor of 3—4. The level of quantum chemical theory
used also influences the magnitude of the apparent coefficient
but to a lesser extent than cluster size. Our work also shows
that the intrinsic and apparent rate coefficients for alkane
cracking on MFI are higher than for cracking under identical
conditions on FAU, which is in good agreement with recent
experimental observations. A further finding is that intrinsic
kinetics has a larger influence than adsorption thermodynamics
on the chain length dependence of the rate of alkane cracking.
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