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Abstract

Bimolecular and monomolecular cracking mechanisms of alkanes simultaneously
occur and have a competitive relationship, which strongly influences product
distribution. In this work, the density functional theory (DFT) is firstly carried out to
elucidate two cracking mechanisms in HZSM-5 and HY zeolites. It is found that the
overall apparent reaction barrier for the monomolecular cracking reaction at 750 K in
the HZSM-5 zeolite is 5.30 kcal/mol, much lower than that (23.12 kcal/mol) for
bimolecular cracking reaction, indicating that monomolecular mechanism is
predominant in the HZSM-5 zeolite. In contrast, the bimolecular mechanism is
predominant in the HY zeolite due to lower apparent reaction barrier energy barrier
(6.95 kcal/mol) for bimolecular cracking reaction than that (24.34 kcal/mol) for the
monomolecular cracking reaction. Moreover, the intrinsic reason for the different
mechanisms is further elucidated. The confinement effect can effectively decrease
energy barrier when the size of transition state is comparable to pore-size of zeolite.
The insights in this work will be of great significance to the understanding of
confinement on catalytic cracking mechanism and to the design of highly efficient

cracking catalysts.



1. Introduction

The fluid catalytic cracking (FCC) of hydrocarbons is one of the most important
processes in the oil refining industry’- 2. In the FCC process, alkane cracking is one of
dominating reactions®.The catalytic cracking of alkanes is proposed to occur inevitably
via bimolecular and monomolecular mechanisms*. Both mechanisms occur
simultaneously and have a competitive relationship. The yield of products depends on
which one of them is predominant in zeolites. If the monomolecular mechanism is
dominant, the yield of light olefins (e.g. ethylene and propylene) will increase®. On the
contrary, if the bimolecular cracking is dominant, the primary product will contain a
large number of iso-paraffins and iso-olefins®. N-octane is a typical alkane for two
cracking mechanisms and has appropriate number of carbon atoms. Therefore,
mechanistic investigation on n-octane catalytic cracking is of prime scientific and
industrial importance.

To date, the comparison of both reaction pathways were mainly speculated based
on experimental data. The relative contribution of the two cracking mechanisms is
expressed by the "cracking mechanism ratio" (CMR) as “(C1+C»)/i-C4” that is directly
proportional to the ratio of monomolecular to bimolecular mechanism 78, Corma et al.’
found that the ratio of monomolecular to bimolecular cracking reaction increased with
higher temperature and smaller pore-size of zeolites. However, catalytic cracking of n-
alkane is a very complicated process and it is difficult to map out the detailed reaction

mechanism solely by experimental methods!'®. What’s more, experimental data usually



shows a qualitative result but not offers the interpretation for the origin of the catalytic
reaction. Therefore, it is of great value to study the intrinsic catalytic cracking
mechanism using theoretical calculation. The theoretical density function theory (DFT)
calculation is a powerful approach to investigate the mechanisms of n-octane cracking.
It can offer an atomic-level description of the complete reaction mechanism, including
structures of reactant and transition state!! 1.

The intermediates and transition states are stabilized by the interaction with the
acid site and the surrounding framework'>!". It is reported that zeolites with different
framework can exhibit similar acid strengths'®. Therefore, the reactivity can be greatly
affected by the framework structure, which has an influence on the transition states of
rate determining step, and then are responsible for the distinct products selectivities '
19, ZSM-5 zeolite and Y zeolite have been widely applied to industrial catalytic cracking
processes due to their high activities and selectivities?” !, They usually have diverse
influences on the reactivity of transition states due to their different pore shapes 2> %3,
HY zeolite has 12-membered ring connected supercages of 7.4x7.4 A%*, while HZSM-
5 zeolite has 10-membered ring straight and zigzag pore channels of 5.3x5.6 and
5.1x5.5 A%, Iglesia et al.!* reported that this different pore structure could change the
activation barriers of C3Hg cracking. Louis et al.!” published that variation of the pore-
shape at the critical transition states could lead to barrier height shifts on the order of

2.4-4.8 kcal/mol when they researched the m-xylene disproportionation in MFI, FAU

and MOR zeolites. However, the effect of pore structure on the bimolecular and



monomolecular mechanisms of n-octane catalytic cracking in the HY and HZSM-5
zeolites were rarely studied in literature. Therefore, there is urgent need to understand
the effects of pore structure on reaction mechanism.

In this work, we first investigate monomolecular and bimolecular cracking
mechanisms of n-octane over HY and HZSM-5 zeolites by DFT calculation using
mGGA-MO06L method. Two cracking routes are systematically compared in terms of its
apparent energy barrier in the HZSM-5 and HY zeolites. Moreover, the intrinsic reason
for the diverse mechanisms in the two zeolites are further investigated on 46T HZSM-
5 and 46T HY models. The confinement effect in the pore of zeolite has a profound
influence on the stabilities of transition states. The insights in this work will be helpful
to understand the effect of confinement on catalytic cracking mechanism of n-alkanes.
The pore sizes of most zeolites range from 4 A to 8 A%.In combination with the
conclusion given in this paper and the size of the transition states involved, rough
judgments can be made as to whether or not the alkane cracking reaction can be stable
in zeolite of different pore-size and the results will be of great importance to the design
of highly efficient cracking catalysts.

2. Models and methods
2.1. Zeolite models

The cluster size should apply multicenter spherical cutoffs (r > 5 A) based on both

centers of the zeolite active site and the adsorbed molecule to within chemical accuracy

(£1 kcal/mol) ?”. This cluster not only takes account of the effect of the entire framework



but also reduces the calculation amount at the same time. Therefore, 46T HY and 46T
HZSM-5 cluster zeolite models were generated from their lattice structures. The 46T
cluster model of H-FAU (in Figure 1) covers the 12-membered window connecting two
supercages of faujasite. One aluminum atom substituted for a silicon at T2 site to model
a Bronsted acid site. For the ZSM-5 zeolite, the 46T quantum cluster model covers the
intersection between the straight channel and the zigzag channel. Silicon at the T12
position was replaced by aluminum to model a Brensted acid site. During the
optimization of the zeolite, only the 8T active region of**(Si0)3;SiOHAI(OS1)3” and the
adsorbed molecule were allowed to relax while the rest of the structure was fixed at the

crystallographic coordinates.

(a) (b)

Figure 1. Representations of 46T HY (a) and 46T HZSM-5 (b) zeolite cluster models.
2.2. Computational details

All calculations were performed with Dmol3 module of Materials Studio 8.0%% %,
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The meta-generalized gradient approximation (mGGA) in M06-L parameterization was
used in the DFT simulation. The local function (M06-L) is very attractive whose result
is comparable to MP2 calculation at a high basis set but at much more affordable
computer time*’. The double numerical plus polarization (DNP) basis set was used with
the consideration of the electronic polarization effect. All electron calculation was
performed for the complexes, spin unrestricted for the spin state of the system and 1.0¢
% for the SCF tolerance. To determine the activation energy for a specific path, the
transition state that connected two immediate stable structures through a minimum
energy path was identified by complete linear synchronous transit (LST) and quadratic
synchronous transit (QST) search methods!: 32. The transition-state structures were
characterized by only one imaginary frequency corresponding to the normal mode
associated with the reaction coordinate. The frequency analysis was performed to check
whether the stationary point was the potential minimum. Total energies were corrected
by zero-point vibrational energies (ZPE) obtained from frequency calculations. In
addition to activation energy, the full Gibbs free activation energies (AGact) of each step
at 650K, 750K and 850K are also calculated to increase the industrial applicability,
because the mild operate temperature of FCC to propylene is the range of 500-560°C 3.
Its calculation process is shown in the Supporting Information. The allowable
deviations of the total energy, gradient and displacement were 1.0x10~ Ha, 0.002 Ha/A

and 0.005 A, respectively.



3. Results and discussion
3.1. The monomolecular cracking mechanism of n-octane

Two catalytic cracking routes of n-octane are shown in the Figure 2. The
monomolecular cracking mechanism of n-octane is considered to undergo two steps,
consisting of n-octane protonation and subsequent decomposition to produce ethylene
and n-hexane. In this study, we mainly focus on the C2-C3 bond breaking of n-octane
because it can produce ethylene which is one of main representative n-alkane
monomolecular cracking products. In the experiment®*, the selectivity of methane,
ethane and ethylene in the product is usually regarded as the selectivity of n-alkane
monomolecular cracking reaction. For each intermediate or translation state, optimized
geometrical parameters are given in pairs (HZSM-5, HY). Table S1-S6 of optimized
geometrical parameters are shown in the Supporting Information. In order to provide a
detailed process, Figure S1-S3 for optimized structure of all reaction intermediates and

transition states are shown in the Supporting Information.
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Figure 2. Monomolecular and bimolecular cracking pathways of n-octane over zeolites.



3.1.1. Protonation of n-octane.

The n-octane molecule is adsorbed on zeolite through the interaction between two
methylene carbon atoms and the Bronsted acid site®>. Alkane activation of
monomolecular cracking mechanism usually includes protonation reaction (C-C bond
cleavage) and dehydrogenation reaction (C-H bond cleavage)’. Most theoretical
researchers believe that the protonation reaction is the main initial step for the activation
of alkanes because of its lower activation barrier and experimental confirmation.
Therefore, dehydrogenation of the alkane is not considered in the paper!® *. Many
theoretical studies®®*® have reported that the non-classical two-electron three-center
carbonium ion is the transition state of the protonation reaction. The C-H-C bridged
carbonium ion* is generated by protonation as the reaction intermediate whose positive
charge is delocalized and inaccessible to oxygen atoms of zeolite.

The adsorbed n-octane molecule is protonated at the C2-C3 bond by the acidic
proton to form the adsorbed intermediate. Selected geometrical parameters for this step
are shown in Table S1 and transition states structures are shown in Figure 3. At the
transition state, the C2-H1 and C3-H1 distances are (1.521, 1.289) A and (1.210, 1.415)
A. The distance of 02-H1 bond is elongated from (0.971, 0.972) A to (1.810, 1.650) A
and the C2-C3 bond distance is increased to (1.680, 1.698) A at the same time. The
existence of true transition states has been confirmed by frequency calculations
resulting in one imaginary frequency at (-773i, -1009i) cm™'. This is related to the

movement of the acidic proton of zeolite (H1) to the C2-C3 bond of n-octane forming



the adsorbed C2-H1-C3 bridged intermediate. The Mulliken population analysis for the
partial atomic charge of the H1 atom are (0.186, 0.162) e showing high hydride

characters.

(b)

Figure 3. Optimized structures of transition states TS1 for protonation reaction of n-octane in
the HZSM-5 (a) and HY (b) zeolites.

The adsorption energy of n-octane at 750 K in the HY zeolite is -21.19 kcal/mol,
13.43 kcal/mol smaller than that of HZSM-5 zeolite (-34.62 kcal/mol), which is
consistent with calculated results**. The Gibbs activation energy of n-octane
protonation at 750 K in the HY zeolite is 45.60 kcal/mol, 5.67 kcal/mol higher than that
in the HZSM-5 zeolite (39.93 kcal/mol). This means that n-octane has larger stabilizing
interaction with HZSM-5 zeolite fragment caused by confinement effect. Because the
size of n-octane (3.28%3.36 A) is fitter with the pore-size of HZSM-5 zeolite (5.3%5.6
and 5.1x5.5 A) leading to bigger confinement effect compared with HY zeolite (7.4x7.4

A). In addition to that, the AGact gap between two zeolites are larger with the increase
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of reaction temperature.
3.1.2. Decomposition of the octonium intermediate.

The adsorbed 2-C-octonium intermediate is unstable and highly reactive®*. It can
be decomposed back to the adsorbed n-octane with a very small activation barrier.
Therefore, it could be extremely difficult to locate this intermediate by experimental
means. A more energetic transition state (TS2) is needed to produce ethylene and n-
hexane. In this process, the H1 atom moves to C3 atom and the H2 proton next to the
C1 atom transfers to oxygen atom of the zeolite framework. As for electronic orbital
arrangement, the sp*-carbon atom (C2) gradually hybridizes to sp? pattern. At the
transition state (Figure 4), as shown in Table S2, the C3-H1 bond is reduced to (1.114,
1.109) A while the C2-C3 and C1-H2 distance is increased to (2.628, 2.932) A and
(1.128, 1.093) A, respectively. Normal mode analysis reveals one imaginary frequency
at (-178i, -242i) cm™ associated with the TS2, which corresponds to the movement
along reaction coordinate. The Gibbs energy barriers of this step at 750 K are 1.19 and
3.46 kcal/mol in the HZSM-5 and HY zeolites, respectively. After the decomposition,
an ethylene and n-hexane are produced. The ethylene molecule remains adsorbed on
the Bronsted site through a n-bond interaction. Desorption energies of two molecules

at 750 K are 30.75 and 20.18 kcal/mol in the HZSM-5 and HY zeolites, respectively.
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(a) (b)

Figure 4. Optimized structures of transition states TS2 for decomposition reaction in the

HZSM-5 (a) and HY (b) zeolites.

Table 1. The energy barrier (AE) and Gibbs free activation barrier (AG) for monomolecular

cracking mechanism of n-octane in the HZSM-5 and HYzeolite.

parameter HzSM-5 HY
T/IK AE AG AE AG
650 -34.45 -21.19
n-octane adsorption 750 -33.86 -34.62 -20.49 -21.26
850 -34.80 -21.32
650 38.94 43.16
protonation ads1-TS1 750 39.96 39.93 36.54 45.60
850 40.97 48.12
650 2.44 2.16
decomposition Int1-TS2 750 4.39 1.99 3.79 3.46
850 1.57 4.49
650 31.05 19.93
desorption 750 34.30 30.75 22.66 20.18

850 30.45 20.44
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3.2. Bimolecular cracking mechanism of n-octane

The classical bimolecular mechanism*' involves hydride transfer between an
alkane and an adsorbed carbenium ion, followed by isomerization and B-scission. In
this work, the bimolecular cracking mechanism of n-octane is considered to undergo
four steps, consisting of hydride transfer, isomerization, intermolecular hydrogen
transfer and B-scission. The bimolecular cracking products of n-octane are isobutene
and n-butane which are the main representative products of bimolecular reaction in
experiment®,

3.2.1. Hydride transfer reaction.

Hydride transfer between an alkane and an alkylcarbenium ion is an important
elementary step responsible for bimolecular cracking mechanism of alkane catalyzed
by zeolites. To explain this behavior, hydride transfer reaction was found to proceed
through a mechanism consisting of two steps*?, Firstly, the 2-butyl alkoxide bonded to
zeolite fragment separates from zeolite fragment and attacks n-octane to form a stable
intermediate complex Int3(1) having a bridging hydride. Secondly, the stable
intermediate complex decomposed to the product Int3(2) which are 3-octoxide and n-
butane. The alkylcarbenium ions are usually formed via protonation of alkenes or -
scission of carbenium ions at the active site of zeolites** **. The 2-butyl alkoxide here
is viewed as one of the product of 2-methyl-heptoxide B-scission step to complete the
reaction circle.

Simple carbenium is hardly stable in the channel of zeolite but exist as an
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alkylcarbenium ion *°. By the collision of 2-butyl alkoxide and n-octane, a loose
complex is formed. The C1-O1 bond of 2-butyl alkoxide is shortened by (0.052, 0.002)
A, indicating the bulky size of loose complex compared to the pore of HZSM-5. To
form the H-shared intermediate, the 2-butyl alkoxide separates from zeolite fragment
and turns into a high-activity carbenium. Then it attacks the n-octane to share its
hydrogen atom. As shown in Table S3, the distance of C1-O1 bond is increased to
(2.781,2.789) A from (1.537, 1.588) A, and C1-H distance is shortened to (1.257, 1.423)
A from (2.336, 2.965) A at the same time. At the transition state TS3 (Figure 5), the 2-
butyl alkoxide has already generated the 2-butyl carbenium ion, but the H-shared
complex has not formed yet, in which the distance of C1-O1 bond and C1-H bond are
(2.705, 2.669) A and (1.319, 1.583) A, respectively. The only imaginary is found at (-
69i, -72i) cm™!, related to the movement of the C1 atom of 2-butyl carbenium to the H
proton of n-octane. The H-shared intermediate (Int3(1)) is highly unstable and easily
decomposes to the product without any reaction barrier*®, so we just calculated the
second step of hydride transfer in HZSM-5 zeolite whose result shows that there is no
energy barrier. The detail information of second step is shown in the Figure S2 and
Table S7 in the Supporting Information. The Int3(2) is the product of the second step

of hydride transfer reaction which are 3-octoxide and n-butane.

14



(b) "

Figure 5. Optimized structures of transition states TS3 for hydride transfer reaction in the

HZSM-5 (a) and HY (b) zeolites.

In the HY zeolite, the entry energy associated with the n-octane moving from the
gas phase into the zeolite pore is highly exothermic (-21.72 kcal/mol), while the n-
octane need extra energy (13.31 kcal/mol) into the pore of HZSM-5 from the gas phase.
Because there is the competition between dispersion stabilization and electrostatic
repulsion in the pore of zeolite. HY zeolite fragment generates bigger dispersion
stabilization than electrostatic repulsion for loose complex, while the effect of
electrostatic repulsion in HZSM-5 zeolite fragment destabilize this loose complex
significantly. Besides, the Gibbs energy barrier of this step at 750K in the HY zeolite is
8.13 kcal/mol, lower than that in the HZSM-5 zeolite (9.81 kcal/mol). The estimated
size of TS3 is approximately 4.30x5.28 A. Compared with the pore-size of HZSM-5
(5.3%5.6 and 5.1x5.5 A), TS3 is much fitter with HY zeolite (7.4x7.4 A) leading to

stronger dispersion stabilization from the zeolite fragment. Therefore, transition states
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can be effectively stabilized if its size is comparable to the pore-size of zeolites, which
is consistent with theoretical result*’.
3.2.2. Isomerization reaction of 3-octoxide.

Three possible mechanisms have been proposed for the skeletal isomerization of

4 bimolecular’® and pseudo-monomolecular®!

hydrocarbon, monomolecular*®
mechanisms. Among these three mechanisms, the monomolecular mechanism is
currently considered to be the predominant mechanism for the isomerization, whereas
the bimolecular mechanism is mainly responsible for the formation of byproducts>% >3,

In this isomerization process, the 3-octoxide produce 2-methyl-1-heptoxide in
which the methyl group (C1) is transferred from C2 to C3 via the transition of
protonated cyclopropyl cation. At the transition state (Table S4 and Figure 6), the
distance of C1-C2 bond and C1-C3 bond are (1.897, 1.861) A and (1.687, 1.710) A,
respectively. The Mulliken population analysis indicates a partial charge of (+0.867,
+0.901) e on the cyclopropyl cation transition state in which the C3 position carries the
most positive charge. The calculated imaginary frequency is (-369i, -385i) cm’,
corresponding to the movement of the methyl group (C1) from C2 to C3 atom. After
the transition, C1 is bound to C3 with a bond length of (1.540, 1.533) A and the C1-C2

bond is broken. Simultaneously, 2-methyl-1-heptoxide is formed whose C2 becomes

bound to the lattice O1 with a bond length of (1.587, 1.559) A.
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(a)

Figure 6. Optimized structures of transition states TS4 for isomerization reaction in the
HZSM-5 (a) and HY (b) zeolites.

The Gibbs energy barriers of this step at 750K in the HY zeolite is 15.43 kcal/mol,
10.72 kcal/mol higher than that in the HZSM-5 zeolite (4.71 kcal/mol), meaning that
1somerization reaction is easier to proceed in the HZSM-5. The estimated size of
transition state TS4 is 3.61x3.82 A. Compared with the HZSM-5 (5.3%5.6 and 5.1x5.5
A), the large supercage (7.4x7.4 A) of the HY zeolite has limited stabilizing effect on
the TS4 resulting in larger energy barrier for this step.

3.2.3. Intermolecular hydrogen transfer reaction.

The 2-methyl-1-heptoxide and 2-methyl-2-heptyl cation could convert into each
other by intermolecular hydrogen transfer reaction. In this process, the C-O bond is
shifted to adjacent carbon and a proton is transferred in the opposite direction

simultaneously. The optimized transition-state structure is illustrated in Figure 7 and
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Table S5. Both C1 and C2 atoms are already sp? hybridized. The distance of C2—H and
C1-H bonds are (1.174, 1.154) A and (1.698, 1.889) A. The transition-state model has
Mulliken charge of (+0.811, +0.754) e. The terminal C1 position has the most positive
charge, indicating that the hydride shift from the C2 to C1 atom is still in an early stage.
From the vibrational analysis of the transition state TS5, there is one imaginary
frequency (-3801i, -205i) cm™ corresponding to the movement of the H atom from the
C2 to C1 carbon atom. This suggests that the proton should not be directly deprotonated
back to the zeolite but be shifted to the positively charged primary carbon (C1). After
the transition state, the 2-methyl-2-heptyl cation is produced as an almost planar
structure in which the C—C bond lengths are approximately equivalent. The closest
distance from the tertiary C2 atom to the zeolite O2 atom are (3.152, 2.842) A. The 2-
methyl-2-heptyl cation is stabilized in the zeolite pore by the electrostatic interactions
as well as the hydrogen bonds among the cation methyl group and the zeolite oxygen

atoms.
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Figure 7. Optimized structures of transition states TS5 for intermolecular hydrogen transfer
reaction in the HZSM-5 (a) and HY (b) zeolites.

The estimated size of transition-state TS5 is 3.68%3.99 A, similar to that of TS4.
The Gibbs energy barriers of this step at 750 K are 0.08 and 4.73 kcal/mol in the HZSM-
5 and HY zeolites, respectively. Due to its appropriate size, HZSM-5 zeolite has larger
confinement effect on the TS5 and decreases its energy barrier more effectively than
HY zeolite. In addition, the step can release energy of (21.38, 15.64) kcal/mol, so the
2-methyl-2-heptyl cation exist more stably in the pore of zeolites compared to 2-methyl-
1-heptoxide.
3.2.4. B-scission reaction

Carbeniums exist as true reaction intermediates in zeolite-catalyzed processes only
43,54 1n

when their positive charges are hardly accessible to framework oxygen atoms

this case, the carbenium usually adsorbs physically on the zeolite fragment and the C*
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atom is already sp? hybridized. B-scission begins with the elongation of the bond in the
B-position from C'. The transition-state structure is achieved once the o-C and B-C
atoms become fully sp? hybridized. And then two fragments, an olefin and another
carbenium, are formed. This carbenium usually form an alkoxide with the alkyl group
covalently bonded to the framework oxygen, because alkoxy species have been found

to be important long-lived intermediates in the reaction on zeolites™.

In this B-scission process, the cleavage of C2-C3 bond is observed and the 2-
methyl-heptoxide is separated into two moieties, 2-methyl propene and butoxide.
Figure 8 shows the optimized structures of the transition states TS6. The cleavage of
C2-C3 bond has already occurred and C2 and C3 atoms become fully sp? hybridized.
However, as shown in Table S6, new O3-C3 bonds are not completely formed yet, as
shown by its (3.236, 2.075) A. The new alkene molecule is formed approximately
because the new C1=C2 bond length (1.348 A, 1.345 A) is very close to the normal
C=C bond length (1.331 A) of 2-methyl propene. Only one imaginary frequency has
been calculated at (-255.321, -195.89i) cm™!, corresponding to the movement of the C3
atom from the C2 atom of 2-methyl-2-heptyl cation to O3 atom of zeolite fragment.
After the transition state, the optimized O3-C3 distance is reduced to ca. (1.529, 1.552)

A.
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Figure 8. Optimized structures of transition states TS6 for the B-scission reaction in the

HZSM-5 (a) and HY (b) zeolites.

The Gibbs energy barriers of B-scission at 750 K are 46.75 and 22.89 kcal/mol in
the HZSM-5 and HY zeolites, respectively, which are consistent with recent
theoretical study>®. Compared with HY zeolite, the stabilizing effect on the TS6 from
the HZSM-5 zeolite fragment (5.3x5.6 and 5.1x5.5 A) becomes less predominant due
to its bulky size (4.77x5.46 A) and the destabilizing effect from steric constraint is
increasing remarkably leading to a higher energy barrier. In addition to that, the gap
of AGact in both zeolites at 750 K is 23.86 kcal/mol, 1.1 kcal/mol larger than that at
650 K. This means that the gap of B-scission in both zeolites increases with raising
reaction temperature. The alkene products are desorbed with the energy needed of

20.29 and 10.62 kcal/mol from the pores of HZSM-5 and HY zeolites, respectively.
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Table 2. The energy barrier (AE) and Gibbs free activation barrier (AG) for bimolecular

cracking mechanism of n-octane in the HZSM-5 and HY zeolite.

HZSM-5 HY
parameter
TIK AE AG AE AG
650 12.38 -21.88
n-octane adsorption 750 10.17 13.31 -20.53 -21.72
850 14.32 -21.54
650 10.45 7.57
hydride transfer Ads2-TS3 750 16.67 9.81 11.16 8.13
850 9.15 8.72
650 -4.68 17.73
n-butane desorption 750 -3.74 -4.93 18.67 17.48
850 -5.17 17.24
650 4.96 15.20
isomerization Int4-TS4 750 8.61 4.71 17.16 15.43
850 4.47 15.69
. 650 0.99 5.14
intermolecular hydrogen
ransfer Int5-TS5 750 2.07 0.08 6.95 4.73
850 -0.80 4.31
650 45.15 22.38
[-scission Int7-TS6 750 42.20 46.75 25.86 22.89
850 48.47 23.47
650 20.14 10.63
Isobutylene desorption 750 19.30 20.29 10.67 10.62
850 20.43 10.61

3.3. Comparison of monomolecular and bimolecular mechanisms.

As described above, we mainly studied monomolecular and bimolecular cracking
mechanisms of the n-octane over zeolites in FCC process. The free energy profiles of
monomolecular and bimolecular mechanisms in zeolites are sketched in Figure 9 and
Figure 10, respectively. From Figure 9, it can be seen that the overall apparent reaction
barrier for the monomolecular cracking reaction is considered to be the energy

difference between the adsorbed n-octane and the translation state (TS1) of protonation
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step. It is calculated to be 5.30 and 24.34 kcal/mol in the HZSM-5 and HY zeolites,
respectively. Besides, the transition states and intermediates in HZSM-5 are 10-20
kcal/mol lower in energies than those stationary points in HY zeolites due to different
confinement effect. Furthermore, in the HZSM-5 zeolite, the apparent reaction barrier
for the monomolecular cracking reaction (5.30 kcal/mol) is much lower than that for
bimolecular cracking reaction (23.12 kcal/mol). Therefore, the monomolecular
cracking mechanism of n-octane is predominant in the HZSM-5 zeolite, which is
confirmed by the experimental results®’.

In the bimolecular cracking reaction, it is observed that the apparent reaction
barrier at 750 K in the ZSM-5 zeolite is the energy difference between the adsorbed n-
octane and the TS3 of hydride transfer step which is 23.12 kcal/mol. The value is 16.17
kcal/mol higher than that (6.95 kcal/mol) in the HY zeolite whose energy difference is
between the adsorbed n-octane and the TS4 of isomerization step. What’s more, in the
HY zeolite, the apparent reaction barrier for the bimolecular cracking reaction (6.95
kcal/mol) is much lower than that for monomolecular cracking reaction (24.34
kcal/mol). This means bimolecular cracking mechanism is predominant in the cracking
of n-octane in HY zeolite. This theoretical result is consistent with the experimental
yield of n-alkanes.’

The above results can be explained by the confinement effect on the transition state
from zeolite fragment. Greater stabilizing confinement effect on the transition state

decrease its energy barrier more effectively. The transition state TS1 in the pore of HY
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zeolite occupies a small space and has seldom electrostatic interaction with the upper
zeolite framework, meaning the limited confinement effect. However, the transition
state TS4 in the pore of HY zeolite occupy appropriate pore space and electrostatic
interaction between transition state and zeolite fragment is effective, so confinement
effect can greatly stabilize these transition states leading to smaller energy barrier. As
in the aforementioned discussion, strong steric repulsion is present for n-octane
adsorbed on the 2-butyl oxide complex in the ZSM-5 zeolite which will result in the
difficult follow-up reaction. Therefore, the confinement effect plays an important role
for decreasing energy barrier, especially considering the aimed product selectivity.
When the size of transition state is fitted perfectly into the pore of zeolite, the
confinement effect can stabilize the transition state effectively thereby decrease its

energy barrier and then has an impact on the reaction route selectivity.

TS1

6.31 (Y)

Figure 9. The Gibbs free energy for monomolecular cracking mechanism at 650K, 750K and
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850K in the HZSM-5 (dash line) and HY (solid line) zeolites. (The energy number labeled at

750K)
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Figure 10. The Gibbs free energy for bimolecular cracking mechanism at 650K, 750K and

850K in the HZSM-5 (dash line) and HY (solid line) zeolites. (The energy number labeled at

750K)

4. Conclusion

DFT calculation using mGGA-MO06-L function was carried out to characterize

cracking reaction mechanisms of n-octane in the 46T HY and 46T HZSM-5 cluster
models. The overall apparent reaction barrier for the monomolecular cracking reaction
at 750 K in the HZSM-5 zeolite is 5.30 kcal/mol, much lower than that (23.12 kcal/mol)
for bimolecular cracking reaction, while the apparent reaction barriers for the
monomolecular cracking reaction (24.34 kcal/mol) in the HY zeolite are 17.39 kcal/mol

higher than that (6.95 kcal/mol) for bimolecular cracking reaction. Therefore,
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bimolecular mechanism is predominant in the cracking of n-octane in the HY zeolite

while monomolecular mechanism is predominant in the HZSM-5 zeolite.

The dominant mechanism in the pores of the HZSM-5 and HY zeolites is distinct
mainly because of the different confinement effect. The confinement effect can decrease
the energy barrier effectively if the size of confined molecules involved in reactions
(i.e., reactants and transition states) is comparable to the pore-size of zeolite. The
diameter sizes of n-alkane and methyl-alkane are in the range of 3.2 to 4.0 A, which is
compatible with the pore-size of HZSM-5. The transition state can be well stabilized
by the pore of HZSM-5 and then energy barrier of the reaction can be effectively
decreased. In addition, the limited pore of HZSM-5 has the difficulty in accommodating
two molecule fragments at the same time in which there is usually strong steric
repulsion, while two molecule fragments as transition state can be well stabilized by
the pore of HY zeolite. The confinement effect plays an important role in the stabilities
of reactants and transition states, and then influences n-octane catalytic cracking
process. The results may provide a theoretical guide for the design and modification of

solid acid catalysts in the petrochemical industry.
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(a) (b)

Figure 1. Representations of 46T HY (a) and 46T HZSM-5 (b) zeolite cluster models.

175x113 mm (500x500 DPI)

37



TS1 TS2
s ‘ H3CH2C CHz(CH2)4CH3 —_— CHZ_CHZ CH3(CH2)4CH3
protonation decomposition  ethylene n-hexane

CH;3(CH,)sCH; —
n-octane .
hydride transfer n-butane
. T
CH;CH,CHCH; isomerization
intermolecular 4
hyd transfer |
ydrogen transter . 6 s CH3
+
CH;C=CH, + CH3CH,CH2CH2 -—— CH, C(CH2)4CH~ - CHzCH(CH2)4CH3
|
CH, [-scission CH3 mtermolefzulaf
isobutene hydrogen transfer

Figure 2. Monomolecular and bimolecular cracking pathways of n-octane over zeolites.
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(b)

Figure 3. Optimized structures of transition states TS1 for protonation reaction of n-octane in
the HZSM-5 (a) and HY (b) zeolites.
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(b)

Figure 4. Optimized structures of transition states TS2 for decomposition reaction in the
HZSM-5 (a) and HY (b) zeolites.
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(b)
Figure 5. Optimized structures of transition states TS3 for hydride transfer reaction in the
HZSM-5 (a) and HY (b) zeolites.
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Figure 6. Optimized structures of transition states TS4 for isomerization reaction in the
HZSM-5 (a) and HY (b) zeolites.
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5 ‘ (b)

Figure 7. Optimized structures of transition states TS5 for intermolecular hydrogen transfer
reaction in the HZSM-5 (a) and HY (b) zeolites.
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Figure 8. Optimized structures of transition states TS6 for the B-scission reaction in the
HZSM-5 (a) and HY (b) zeolites.
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Figure 9. The Gibbs free energy for monomolecular cracking mechanism at 650K, 750K and
850K in the HZSM-5 (dash line) and HY (solid line) zeolites. (The energy number labeled at

750K)
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Figure 10. The Gibbs free energy for bimolecular cracking mechanism at 650K, 750K and
850K in the HZSM-5 (dash line) and HY (solid line) zeolites. (The energy number labeled at

750K)
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