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Abstract: The catalytic chemistry of methyl acetate (MA) over zeolites of great guidance in energy
supply, environmental protection and industrial applications, has been investigated systematically
and thoroughly by using calculations at the M06-2X/6-311++G(d,p) level of theory and its chemical
reaction rate constants were calculated by using the transition state theory. Feasible reactions of the
protolytic cracking channels are of particular interest in the present study, and results revealed that
the ketene formation in the concerted mechanism and that of acetyloxy + CH3z are competitive
reactions during MA consumption. Furthermore, comparisons between the catalytic and conventional
pyrolysis of MA were carried out to demonstrate the benefits introduced by the catalysts in MA
combustion. It is demonstrated that the energy barriers of the dissociation reactions for MA over
H-ZSM-5 zeolites decrease significantly with respect to the conventional pyrolysis of MA, which
causes the change of production distribution. This work provides new insight into the mechanism of
the MA catalytic pyrolysis that will guide the improvements in the engine combustion efficiency and
in the control of volatile organic compounds, and will also help to improve the selectivity of the

conversion of methanol to hydrocarbon and olefin products.
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1. Introduction

Biodiesel is believed to be one of the most promising alternative fuels due to its attractive
physical properties similar to fossil fuels and its potential to environmental protection. Biodiesel is
generally composed of a mixture of extended alkyl chain methyl esters, which are typically derived
from chemically reacting lipids with an alcohol through trans-esterification reactions [1, 2]. In
addition, esters are oxygenated volatile organic compounds (VOC) that are of commercial interest as
potential replacements for industrial solvent, of which the increased release will affect air quality
seriously. It has been recognized that catalytic reactions of fuels with low concentrations occur at
much lower oxidation temperatures, greatly diminishing the overall NOx Thus, the catalytic

chemistry of esters is instructive for combustion and atmospheric chemistry of biodiesel.

Among biodiesel surrogates, methyl acetate (MA), the smallest ester with an alkyl backbone, is
the least reactive species of C1-C4 methyl esters according to their autoignition delay times[3, 4].
Although MA is too short to exhibit the NTC behavior, it is still a desirable surrogate to study the
characteristic properties of biodiesels. Many kinetic studies on MA, particularly on its hydrogen
abstraction reactions and its low-temperature oxidation and pyrolysis reactions, have been conducted
[5-7] since the first experiment performed by Dagaut et al. [8] in a jet-stirred reactor. The earlier
studies on the pyrolysis of MA showed conflicting results regarding the main dissociation pathways
[9, 10]. Based on the previous results of Peukert et al. [11] and Farooq et al. [12], Annesley et al. [13]
identified dissociation pathways for MA in a diaphragmless shock tube using laser Schlieren

densitometry and resolved the previous discrepancy on MA dissociations[9, 10].

Catalytic chemistry of MA has been proven to be critical for the for the formation of C-C bonds

in the conversion processes of methanol to olefins (MTO), where ketene, the dissociation product of
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MA, was verified to play a critical role in controlling selectivity [14, 15]. Efforts were called for
figuring out the mechanism of ketene formation in order to either accelerate or suppress the ketene

formation to obtain much more selective processes [16].

To our best knowledge, studies on MA conversion over catalytic sieves are scarcely available in
literatures. Xu et al. [17] conducted a theoretical study on the activation of MA on Pd(111), which is
used to understand the factors controlling the selectivity of ester hydrogenolysis. It revealed that the
C—O bonds of MA (Ea =~ 2.0 eV for the carbonyl and acetate-methyl bonds; Ea = 1.0 eV for the
acetyl-methoxy bond) are much more difficult to dissociate than the C—H bonds. Romotowski et al.
[18] investigated the interaction of MA with H-ZSM-5 using infrared spectroscopy. Their results
suggested that MA interacts with H-ZSM-5 to produce acetic acid and methoxy species, and that the
acetic acid further reacts with H-ZSM-5 to produce acetate and acylium ions. The C=O group with
an effective hydrogen index of 0.67 makes MA a “hydrogen-deficient” chemical compound [19],
which also gives rise to the highly exothermic reactions of the conversion of MA over catalysts.

However, ketene is a highly reactive intermediate and cannot be detected in the infrared spectra.

To improve our understanding of the catalytic dissociation of MA and identify the formation of
ketene intermediates, we theoretically elucidated the evolution pathway of MA dissociation over
H-ZSM-5 zeolites in the current study. We shall discuss the catalytic dissociation reactions that can
be used to deduce the likelihood with which certain reaction channels are energetically favorable
from the corresponding energy barriers. Furthermore, we shall determine the energy barrier decreases
of these catalytic pyrolysis reactions of MA compared with those in direct pyrolysis of MA. These
energy barrier decreases are responsible for the significant reduction of the ignition temperature,

leading to less emission and higher combustion efficiency.



2. Computational methods

2.1 Catalyst Model

ZSM-5 with medium pore size is a high silica zeolite with a two-dimensional interconnected
10-ring channel system, which is highly favorable for shape selectivity [20]. The Bronsted acid site
of the H-ZSM-5 zeolites exhibiting distinct zeolitic environments was created by substituting the
silicon atom with the aluminum atom and adding a proton on the adjacent oxygen atom. It was
reported that the aluminum atom cannot be located precisely because the energies of its substitution
at different tetrahedral sites differ very slightly from each other, and that comparisons between the
calculated NMR shifts and experimental spectra are not yet as accurate as required for the accurate
location of the aluminum atom. Previous theoretical studies have found that the T12 site is the
preferred location for the aluminum atom, where the Bronsted acid site accesses the adsorbed
molecules with the highest probability in both the straight and zigzag channels and could
accommodate larger species [21]. Thus, the T12 site is the common choice for the replacement of Si
by Al in computational investigations of adsorption and reactions with the H-ZSM-5 framework [22].
The differences between the cluster models are the termination of the connecting groups and the
number of included tetrahedral molecules, for which significant effects of the cluster size on the
protolytic cracking energetics have been reported [23]. For reducing the computational cost and
minimizing the effect of the cluster size, the 12T cluster zeolite model was used in this work to
mimic a part of a siliceous crystallographic H-ZSM-5 structure. This structure consists of one
aluminum and eleven silicon tetrahedral units with the dangling bonds resulting from the termination
of the Si-O bonds saturated by hydrogen atoms with a fixed Si-H bond distance of 1.47 A, as shown

in Fig. 1.



Fig. 1. 12T cluster represents the pore structure of H-ZSM-5 in (a) straight view and (b) side view.

2.2 Electronic structure calculation methods

Recently, the meta-hybrid M06 density functional has been used to yield intermolecular
geometries for adsorption on zeolites similar to those of MP2 calculations, and M06-2X is an ideal
choice for the treatment of molecular adsorption over zeolites [24]. Hence, M06-2X, which includes
a mixture of Hartree-Fock exchange with DFT exchange-correlation, was used for all the calculations
in this work. To obtain more accurate interaction energies, the 6-311++G(d, p) basis set with
polarization functions added to all the atoms was employed. The geometry optimizations, vibrational
frequencies, and energy calculations were conducted at the M06-2X/6-311++G(d, p) level of theory.
The transition states corresponding to desired reaction coordinates were identified by the imaginary
frequencies analysis and visual inspections. For ambiguous cases, the intrinsic reaction path analysis
was utilized to examine the connections of each saddle point to its local minima. All of the

calculations were performed with the Gaussian 09 package [25].

2.3 Kinetic theory

The reaction mechanism consists of at least one reaction for reactant adsorption, whose rates are

6



of extreme importance for heterogeneous catalysis [26]. In this work, the catalytic pyrolysis of MA is

approximated as
MA + H-ZSM-5 & MA-H-ZSM-5 - Products (E1)

where the rate coefficients for the adsorption, desorption and chemical reaction are k;, k- and kz, the
concentration of MA and reaction sites of catalysts were denoted as the Cuy and Czsy. With the
steady-state approximation applied to MA-H-ZSM-5, the simplified global reaction rate is given by

_ kiknCmaCzsm (EZ)
kiCya+k—_+kqg

For the chemical reaction with a pronounced transition state, the conventional transition state

theory was employed for the rate coefficient expressed by [27]:

k(T) = 2 51 exp (o 2) (E3)
1 ,—hv*

k=1+ Z(m)z (E4)

Q = Qtranib Qroth (ES)

where Q, kg, h, Eyp and T are the partition function, Boltzmann constant, Planck constant, barrier
height, and temperature. Wigner’s tunneling correction is represented by «, and v* is the imaginary
frequency of the transition state. Qswa, Oviv, Oror and Qe are the partition functions of the translational,
vibrational, rotational, and electronic degrees of freedom. It is noted that the translational degrees of

freedom are the same for the transition state and the reactants in the present problem.

3. Results and discussion

3.1 Adsorption of MA on H-ZSM-5 zeolites
In its decomposition reactions over the zeolites, MA adsorbs at the Bronsted acid site (O1-HI1)
of H-ZSM-5 through the formation of an O-HI hydrogen bond. Fig. 2 shows the optimized

geometries of two conformations for the adsorbed MA on the H-ZSM-5 zeolites, which have
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different O atoms in the hydrogen bond. As shown in Fig. 2(a), the hydrogen bond interaction
between O3 and proton H1 results in the adsorption of MA on the zeolite, denoted as Ads MAI. As
predicted, the molecular plane of the COO in the Ads MA1 is perpendicular to that of H-O1-Al,
which is conducive to the formation of its hydrogen bond. Fig. 2(b) shows the optimized geometry of
the Ads MA2, in which the hydrogen bond is formed between the proton HI and O4 atom of
methoxy group on MA. The atomic distance of H1-O4 is 1.50 A, which is longer than that of
Ads MA1 by 0.09 A, indicating a looser hydrogen bond interaction in Ads MA2. The adsorption
energy of MA producing Ads MA1 and Ads MA?2 are 23.1 kcal/mol and 19.8 kcal/mol respectively,
in which the tighter hydrogen bond interaction in Ads MA1 cause the adsorption energy higher than

that of Ads MA2.

L

H-bond
interaction

(a) Ads_MA1

H-bond \’j%\
interaction
1.50f @°

(b) Ads_MA2
Fig. 2. Optimized structures of (a) Ads MA1, MA adsorption through H1-O3 hydrogen bond, and (b)
Ads MA2, MA adsorption through H1-O4 hydrogen bond.



3.2 Potential energy surface
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Fig. 3. Potential energy surface of the catalytic pyrolysis reactions of MA at the

MO06-2X/6-311++G(d, p) level.

The C-O and C-C bonds of the adsorbed MA crack leading to the products interacting with the
zeolites. All of the possible reaction channels were investigated in this work. For clarity and
simplicity, only the energetically favorable reactions are shown in Fig. 3, where the sum of energies

of a separate MA molecule and the H-ZSM-5 zeolite is set as the reference energy.

Ketene, the first generation of highly reactive intermediates and synthons in organic chemistry,
and a critical intermediate in the catalytic synthesis of hydrocarbon and olefins, was identified as a
product of MA pyrolysis. The stepwise and concerted mechanisms were proposed to elucidate the
formation of ketene in the present work for the MA pyrolysis. Fig. 4 illustrates the optimized
structure of important species involved in the formation of ketene and methanol in the stepwise
mechanism and those in the concerted mechanism. In the stepwise mechanism, Ads MA1 undergoes
the hydrogen exchange producing Ads INT1 via an 8-membered-ring transition state (TS1) with the
relative energy of 6.8 kcal/mol. Subsequently, Ads INT1 dissociates to ketene and methanol through

the cleavage of the C2-O4 bond with the relative energy of 48.7 kcal/mol, which is significantly
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higher than that of the hydrogen exchange step and thus believed to be the rate-limiting step. In the
concerted mechanism, it is shown that ketene can be generated from either Ads MA1 or Ads MA2
through a single step. Ads MA1 undergoes 4-membered intramolecular hydrogen transfer, and the
C2-04 bond breaks via a transition state (TS3) with a relative energy of 53.5 kcal/mol and TS3 is
stabilized at the active site of H-ZSM-5 by the O3-H1 hydrogen bond. Unlike for the reaction from
Ads MA1 in the concerted mechanism, the ketene was formed from Ads MA2 through an
8-membered intermolecular exchange transition state (TS4) with the relative energy of 23.6 kcal/mol.
The activation energy of TS4 is much lower than that of TS3 by 33.2 kcal/mol, because of the
stronger electron interaction in TS4 consisting of the n-H interaction and the O1-H1 hydrogen bond.
It can be concluded that the concerted decomposition reaction from the Ads MAZ2 is one of most
competitive reactions to produce the ketene. And Fig. 4(c) depicts the optimized geometries for the
transition state (TS4) for the decomposition of Ads MA2 in the concerted mechanism. In the
transition state, the acidic proton H1 of the lattice move toward the O4 atom of MA and the H2 atom
of the C1 group vibrates to access the O2 atom bonded to the Al atom in a single step. Meanwhile,
the breaking of the C2-O4 bond results in ketene formation. Instantaneous protonation and
deprotonation of MA is achieved through the hydrogen bond interactions formed between O1-H1 and

02-H2, along with the n-H interactions between the H2 atom and the m delocalization.
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/(b) TS3 (c) TS4

Fig. 4. Optimized structures of the transition states and the intermediate involved in the formation of
the methanol and ketene from (a) the Ads MAI in stepwise mechanism, (b) from Ads MAI1 in

concerted mechanism, and (c) from Ads_ MA?2 in concerted mechanism.

In addition, the catalytic cracking of MA is proposed to occur via a monomolecular mechanism
in which the reaction proceeds through a carbonium ion as its transition state. Subsequently, the
carbonium ion formed by the direct pronation of the Bronsted acid to MA collapses, leading to
scissions of weak bonds to generate lighter products. Since the C3-O4 bond is weak, the highly
reactive CH3C(=OH)OCHj3 intermediate decomposed to acetic acid and the adsorbed methoxyl
species through the breaking of the C3-O4 bond without energy barriers. For the channels through
TS5, the adsorbed CH3COOH and methoxy species bonded to the zeolites are produced from the
protolytic cracking at the C3-O4 bond of MA with an energy barrier of 41.6 kcal/mol, which is more
energetically favorable than that of protolytic cracking at the C1-C2 bond of MA by 31.9 kcal/mol.
For the channels through TS6, the carbonium ion is generated directly by the Bronsted H1 proton
bond to C4 and then decomposes presumably to the CH;COO and CHj3 radicals with the activation

energy of 43.3 kcal/mol, which is comparable to that of TSS5.
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3.3 High-pressure limit rate coefficients

10"
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Fig. 5. High-pressure limit rate coefficients of main reactions in the MA catalytic pyrolysis.
High-pressure limit rate coefficients of isomerization and decomposition reactions in the
catalytic pyrolysis of MA are displayed in Fig. 5, and their fitted Arrhenius expressions are listed in
Table 1. It is noted that the rate coefficients of the reactions forming the Ads P1 were derived using
the steady-state approximation, in which k; is the rate constant of reactions from Ads MAlto
Ads INT and £ is that of reactions connecting the Ads INT with Ads P1. For the multi-step
reactions from Ads MAI1 to the ketene formation, where the k; >> k», thus its reaction constant

expressed as follows:

k = takz (E6)

k_y+k;

It is seen that the reaction generating the Ads P3 (ketene + methanol) is the most favorable
reactions since it has the lowest energy barrier, and that the reaction leading to the Ads P4 (CHs +
CH;COO) is secondary. Because of its higher barrier height, Ads MA1 decomposition to Ads_P2 in
a single step shows less reactivity. The main products are ketene + methanol and CH; + CH3COO.
Overall, the reactions to Ads P3 (ketene + methanol) account for more than 50% consumption of

MA at low and intermediate temperatures.
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Table 1. Rate constants &(T) and change of Gibbs free energy (4G) of key reactions for MA catalytic
pyrolysis “

Reactions A n E 4G
Ads MA1—Ads INTI1(TS1) | 2.97E+12 -0.08  31.28 29.48
Ads INT1—Ads PI1(TS2) 1.58E+13  0.00 4493 4.24
Ads MA1—Ads P1(Overall) | 3.61E+12 -0.11  31.36 33.73
Ads MA1—Ads P2(TS3) | 3.41E+13 0.12 78.46 42.36
Ads MA2—Ads P3(TS4) | 3.98E+12 0.10 35.32 30.81
Ads MA1—Ads P4(TS5) | 5.80E+13 -0.04 43.05 13.65
Ads MA2—Ads P5(TS6) 1.57E+10 045 42.04 37.84

“units of 4, E and 4G are s, kcal mol™ and kcal mol™, respectively. k(T)= AT" exp(-E./RT).
3.4 Comparisons with the gas-phase pyrolysis of MA

To illustrate the superiority of the catalytic pyrolysis over the gas-phase pyrolysis of MA,
potential energy surfaces of both the gas-phase pyrolysis and catalytic pyrolysis of MA are compared

in Fig. 6.

The reaction scheme of the four primary dissociation reaction channels for MA is shown in Fig.
6. The energy barrier for the ketene and methanol formation through the single transition state is 72.0
kcal/mol, in a good agreement with that calculated at the CCSD(T)//cc-pvooz//B3LYP/6-311++G(d,p)
level of theory by Peukert et al. [11]. Additionally, the ketene and methanol can also be produced
through a two-step reaction. First, a hydrogen atom is transferred from the methyl group to the
oxygen atom of the carbonyl group through a four-membered-ring transition state with the energy
barrier of 70.5 kcal/mol, leading to the generation of the MA enol isomer (CH>=C(OH)OCH3)
intermediate. Then, CH,=C(OH)OCH3 dissociates to the ketene and methanol through a S-scission
reaction with the transition state energy of 69.2 kcal/mol. The other two important reaction channels
proceed through the direct cleavage of the C-O bond via a barrier-less reaction that leads to the
formation of CHz + C(=0O)OCH3 and CH3C(=0)O + CHs, for which the relative energies are 93.4

kcal/mol and 88.2 kcal/mol, respectively.

It is seen that the overall activation energies in the catalytic pyrolysis are considerably lower
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than those in the gas-phase pyrolysis of MA. The overall energy barrier of TS4 is 13.8 kcal/mol,
which is lower than that in the direct pyrolysis by 58.2 kcal/mol. For reactions in the stepwise
mechanism, the isomerization step in the catalytic pyrolysis of MA with activation energy of 6.8
kcal/mol is more energetically favorable than that in the direct pyrolysis of MA by 53.6 kcal/mol.
The monomolecular C-O bond breaks through an apparent transition state TS5 with the energy of
18.5 kcal/mol and is much more energetically favorable than the barrierless reaction producing the
acetyloxy + CHs with the energy barrier of 88.2 kcal/mol. The energy barriers of the dissociation
reactions for MA over H-ZSM-5 zeolites decrease significantly due to the electronic interaction
between MA and the Bronsted proton within the zeolite pore. The significant activation energy
decrease effectively leads to the reduction in the pyrolysis temperature, which is environmentally
friendly for the VOC controlling. The branching ratios between these radical channels and molecular
product channels have a strong influence on the radicals available to a combustion process.
According to branching ratios obtained by Peukert et al. [11], the methyl carbonyl produced in the
reaction occupies approximately 87% of MA consumption. The acetyloxyl and direct ketene-forming
reactions are the secondary products with the branching ratio of approximately 6%. In contrary, most
of the MA over H-ZSM-5 zeolites is dissociated to yield ketene and methanol in a single step and the

secondary production is the compounds of CH3z+ CH3COO.

%, O=C=CH,

" on,0H

Energy(kcal/mol)
I
|

Ads_P1

Ads_INT1

— " Ads_MA2 Ads_MA2
Ads_MAl  Ads_MAIl

Fig. 6. Potential energy surfaces consisting of selected favorable dissociation reactions for the

conventional pyrolysis (dash lines) and the catalytic pyrolysis over H-ZSM-5 zeolites of MA (solid
14



lines).

4. Conclusions

Catalytic pyrolysis of MA has been investigated theoretically in the present work and its
decomposition reactions were modeled using the 12T H-ZSM-5 cluster calculated at the
M06-2X/6-311++G(d, p) level of theory. Kinetic parameters of chemical rate constants for the
surface-solid reactions were obtained by using the transition state theory. Firstly, this study on the
kinetic mechanisms of MA catalytic pyrolysis demonstrated that the ketene produced in the
concerted mechanism and cracking reactions leading to the formation of acetyloxy + CH3 provide the
most competitive MA consumption channels and the branching ratios were also shown roughly for
further comparisons. Secondly, compared+ to the gas-phase pyrolysis of MA, the energy barriers of
the corresponding reactions in the catalytic pyrolysis decrease considerably, which cut off the
reaction temperatures and that is the key for the efficient combustion and pollution controlling,
demonstrating the superiority of the catalytic pyrolysis in MA. In addition, the ketene becomes the
main dissociation product instead of the methyl radicals. And lastly, ketene, the curious case in
zeolite chemistry and catalysis, is the main product of MA catalytic pyrolysis. As ketenes have great
influence on controlling selectivity of important zeolite-catalyzed process, explicit discussions were
made on the stepwise and the concerted mechanisms of the ketene formation. The present reaction
mechanism of MA over H-ZSM-5 zeolites provides guidance for the catalytic combustion behavior
of biodiesels, will promote the mechanism development of ketene-selecting catalytic conventions,

and extends kinetic data for VOC processing.
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List of Figure captions

Fig. 1. 12T cluster represents the pore structure of H-ZSM-5 in (a) straight view and (b) side view.
Fig. 2. Optimized structures of (a) Ads MA1, MA adsorption through H1-O3 hydrogen bond, and (b)
Ads MA2, MA adsorption through H1-O4 hydrogen bond.

Fig. 3. Potential energy surface of the catalytic pyrolysis reactions of MA at the M06-2X/ 6-311++
G(d, p) level.

Fig. 4. Optimized structures of the transition states and the intermediate involved in the formation of
the methanol and ketene from (a) the Ads MA1 in stepwise mechanism, (b) from Ads MA1 in
concerted mechanism, and (c) from Ads_ MA?2 in concerted mechanism.

Fig. 5. High-pressure limit rate coefficients of main reactions in the MA catalytic pyrolysis.

Table 1. Rate constants &(T) and change of Gibbs free energy (4G) of key reactions for MA catalytic
pyrolysis.

Fig. 6. Potential energy surfaces consisting of selected favorable dissociation reactions for the
conventional pyrolysis (dash lines) and the catalytic pyrolysis over H-ZSM-5 zeolites of MA (solid

lines).
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Two Supplemental Materials

Table S1. Geometric parameters of transition states for the catalytic cracking of MA at C1-C2 bond
over H-ZSM-5 zeolites®

Table S2. Geometric parameters of species for the ketene formation of MA over H-ZSM-5 zeolites in
the stepwise mechanism®.

Table S3. Geometric parameters of transition states and products for the ketene formation of MA
over H-ZSM-5 zeolites in the concerted mechanism ¢

Table S4. Geometric parameters of transition states and products for acetyloxy and CH3 formation of
MA over H-ZSM-5 zeolites”

Fig. S1. Optimized structures of all species for the protolytic cracking of MA from Ads MAI1 at the
CI1-C2 bond. (a) The adsorbed transition state of the intermolecular hydrogen transfer from the
zeolites to C1 atom, links to the formation of (b) adsorbed methane and methoxy carbonyl. Only the
5T active region within the H-ZSM-5 is displayed for clarity.

Fig. S2. Optimized structures of the transition states of the protolytic cracking of MA at C3-O4 bond
from (a) the Ads MA1 and (b) the Ads MA2.

Fig. S3. Optimized structures of all species for the protolytic cracking of MA from Ads MAI at the
CI1-C2 bond. (a) The adsorbed transition state of the intermolecular hydrogen transfer from the
zeolites to C1 atom, links to the formation of (b) adsorbed methane and methoxy carbonyl.

Fig. S4. Optimized structures of the products involved in the protolytic cracking of MA at C3-O4
bond from (a) the Ads MAT1 and (b) the Ads MA2 in monomolecular mechanism.

Cartesian coordinates for all the stationary points and transition states in all the reaction paths with

the 12T H-ZSM-5
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