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A B S T R A C T

The mechanism for direct C–C bond formation during the initiation of the methanol-to-olefins (MTO) process
is still under discussion. Carbon dioxide formation is often observed during initiation, but there are only
few investigations into the role of decarboxylation. We investigate decarboxylation pathways in the H-SSZ-13
zeolite from methanol to olefins via direct carbon–carbon coupling. Additionally, the rate-determining steps
were recomputed in the H-ZSM-5 and H-SAPO-34 zeolite. Gibbs free energy barriers were calculated using
periodic density functional theory in combination with CCSD(T) calculations on cluster models. For H-SSZ-13,
kinetic batch reactor simulations were performed. We found for H-SSZ-13 that pathways via decarboxylation
reactions are equally likely as previously computed pathways including decarbonylation mechanisms (also
known as ketene or CO pathway). Lactones formed from ketenes and formaldehyde were identified as the
main intermediates. The decarboxylation mechanism has similar barriers in H-SSZ-13, H-ZSM-5, and H-SAPO-
34, while the barriers for methylation and decarbonylation reactions are significantly lower in H-ZSM-5 and
higher in H-SAPO-34. Decarboxylation reactions of lactones could explain experimentally detected carbon
dioxide during the initial phase of the MTO process.
1. Introduction

The zeolite-catalyzed methanol-to-olefins (MTO) process converts
methanol to light olefins [1,2]. Since methanol can be obtained from
renewable resources, like biomass [3–6] and carbon dioxide [7,8]
captured from industrial processes or air [9–12], this process provides
a sustainable alternative to the utilization of crude oil. In the MTO
process, olefins are formed from methanol catalytically [13,14], which
requires the presence of the hydrocarbon pool (HCP) as co-catalyst.
While these hydrocarbons could be introduced as impurities [15,16],
the first olefins can also be formed via direct C–C coupling from
methanol [17]. The mechanism of this direct formation of olefins
is not completely understood and still subject of recent investiga-
tions [18–24]. Some intermediates formed during the initiation of
the MTO process were also proposed to play a crucial role during
deactivation processes in zeolites [20]. Many initiation mechanisms for
the MTO process have been suggested [1,25,26]. The most important
ones are explained below: In the oxonium ylide mechanism [27],
dimethyl ether (DME) and surface methoxy species (SMS) form a
trimethyl oxonium ion, which can be deprotonated to an ylide. This
ylide reacts intermolecularly with a second SMS or intramolecularly
via Stevens-type rearrangement to ethylmethyl ether which afterwards
decomposes to ethene and methanol. During the carbene mechanism,
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CH2 is formed from methanol [28–30]. Carbenes can then polymerize
or react with methanol or DME. In a proposed radical mechanism, per-
manent localized surface radicals initialize the formation of methyl and
methylmethoxy radicals which couple and react to olefins [31] Tajima
et al. proposed the methane–formaldehyde mechanism describing the
reaction of CH4 and formaldehyde (FA) to ethanol, which further
dehydrates to ethene [32]. Similar mechanisms exist, which involve for
example methanol or DME as a reactant instead of CH4 [33,34]. In a
ketene-mediated mechanism (also called CO catalyzed mechanism), CO
reacts with SMS to ketene, which is further methylated and decarbony-
lated to olefins [35]. Decarbonylation reactions of ketenes have also
been discussed in related mechanism as in the guaiacol pyrolysis [36].

The ketene mechanism as computed previously [19,37] is sketched
in Fig. 1 and described in the following. First, methanol is converted
to SMS and DME. The reactivity of SMS in zeolites including its role
for the MTO process is a broadly investigated area [17,38]. The for-
mation of DME proceeds via a dissociative (mediated by a SMS) or
an associative mechanism [39–46]. FA is formed from methanol or
DME through a hydrogen transfer (HT). Reaction of methanol with a
SMS yields CH4 as a side product, while reaction with the Brønsted
acid site releases FA and H2. Similarly, DME can react through a HT
with a SMS or with the acidic proton from the zeolite to a zeolite
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Fig. 1. Ketene mechanism via decarbonylation (simplified). Blue — formation of CO,
red — C–C coupling via CO and SMS, black — decarbonylation to ethene. Abbreviations
used for adsorbates are added in gray. Hydrogen transfer reactions between educts and
the proton of the zeolite Brønsted acid site yielding H2 or a methylation agent (MeOH,
DME, SMS) yielding CH4 were considered.

surface methoxymethyl, also releasing CH4 or H2, respectively. The
surface methoxymethyl group can also be formed through reaction
of FA with a SMS. Dimethoxymethane (DMM) formed from a surface
methoxymethyl group and methanol can react further via HT reactions
to methylformate eventually releasing CH4 or H2 again. Methylformate
decomposes to carbon monoxide and methanol. FA can also react to
carbon monoxide and H2 via HT reactions. Reaction of CO with a SMS
gives a zeolite surface acetate, where the first C–C bond is formed.
This surface acetate can react with methanol to a methyl acetate or
dissociate from the surface, yielding a ketene. Ketene can be methylated
to methyl ketene, which can decarbonylate to ethene. Methyl ketene
can also be further methylated and decarbonylated to propene and
isobutene (not depicted in Fig. 1).

Although it is difficult to detect reactive intermediates in zeolites
[47], many important intermediates of the CO initiation mechanism
discussed above have been observed during the MTO process. SMS [48–
54], DME [41,55,56], and FA [20,57,58] have been detected in mul-
tiple studies and are commonly accepted intermediates. DMM, zeo-
lite surface acetate, and methyl acetate have been detected in H-
SAPO-34 [24]. While surface methoxymethyl groups have not been
detected yet, the hydrolyzed product of DMM, methanediol, has been
identified [24]. In contrast, CO has been frequently observed dur-
ing the MTO process [20,59,60]. In ZnAlO𝑥/H-ZSM-5, surface acetate
and formate have been detected after conversion of syngas [61]. A
zeolite surface acetate was also observed from conversion of SMS
and CO in H-MOR [62]. In H-ZSM-5, methyl acetate and surface
acetate have been detected during methanol conversion [22]. Methyl-
acetate was also detected using methylal as feed in H-ZSM-5 [63].
Conversion of CO/DME/D2O in H-MOR was conducted to identify
ketene via H DCOOD [64]. Ketene was also identified in H-MOR from
2

2

conversion of CH3COCl [23]. Recently, methyl ketene was detected
during conversion of methylacetate in H-ZSM-5 [21]. Methane was
often detected [20,57,65–67] and hydrogen was also observed [22],
however, in another study, formation of hydrogen is reported to be
insignificant [66].

Carbon dioxide was also observed experimentally during the ini-
tiation of the MTO process [13,20,57,59,60,67] which cannot be ex-
plained with the mechanisms discussed above. In principle, CO2 could
also result from the reaction of the produced CO via the water gas
shift reaction. While zeolites cannot catalyze the water gas shift re-
action [66], Chen et al. claimed the stainless steel reactor to catalyze
this reaction during the MTO process [68]. The Lercher group proposed
two mechanisms for the zeolite-catalyzed formation of carbon dioxide.
First, they suggested a ketonic decarboxylation of acetic acid [63].
However, we found this mechanism, including the coupling of two C2
species, to be unlikely in a computational study using the H-SSZ-13
zeolite [69]. The second proposed mechanism comprises the formation
and decarboxylation of acrylic acid, which was detected via IR [20].
For this, they proposed the reaction of FA with a ketene derivative.
They also discussed the role of FA for the deactivation of the zeolite
catalyst and proposed a mechanism involving the reaction of FA with
a zeolite surface acrylate [70].

In this work, we investigate the role of decarboxylation reactions
during the initiation of the MTO process computationally. We consider
acrylic acid as well as lactones, which can also be formed from ketene
and FA, as intermediates. These species can decarboxylate to olefins,
which enter the autocatalytic olefin cycle. We compare these decar-
boxylation mechanisms with the ketene-mediated mechanism com-
puted previously, where olefins are formed through decarbonylation of
ketenes [19,37].

2. Computational details

We investigated the H-SSZ-13, H-SAPO-34, which crystallize in the
chabazite framework, and H-ZSM-5 zeolite, which crystallizes in the
MFI framework. While the chabazite structure has only one unique T-
site, H-ZSM-5 has twelve T-sites of which we considered the T12-site.
For all zeolites, we used models with one active site per unit cell. For
H-SSZ-13 and H-SAPO-34, which are isoelectronic, this leads to a Si/Al
ratio and an (Al+P)/Si ratio, respectively, of 35. The lattice constants
are 𝑎 = 𝑏 = 13.625Å and 𝑏 = 15.067Å for H-SSZ-13 and 𝑎 = 𝑏 = 13.875Å
and 𝑏 = 15.017Å as used in previous studies [19,71]. For H-ZSM-5, the
Si/Al ratio is 96 and lattice constants are 𝑎 = 20.340Å, 𝑏 = 19.988Å and
𝑏 = 13.492Å as used earlier [71]. The 46 T-site and 52 T-site cluster
models for the chabazite and MFI framework, respectively, were cut
from periodic structures, where terminal Si-O was replaced with Si-
H groups pointing in the same direction with a fixed bond length of
1.489Å. All structures were optimized in periodic density functional
theory (DFT) calculations using the PBE-D3 [72,73] functional with
a convergence criterion of 0.001 eV Å−1 for the atomic forces. The
automated relaxed potential surface scans (ARPESS) [74], nudge elastic
bond (NEB) [75], and dimer [76] method were used to search for
transition states. Transition states were verified to have only a single
imaginary frequency along which the transition state was distorted and
optimized to determine reactant and product structures. The oxygen
atoms at which the reactions occur are listed in Table S10. Gibbs free
energies were computed at 400 ◦C. For the contribution of vibrations,
the harmonic oscillator approximation was used where frequencies
below 12 cm−1 were increased to this value to reduce errors of the
harmonic approximation [77]. A partial Hessian was used for adsorbed
structures considering the adsorbed molecule, the Al atom, and the four
adjacent Si-O groups only. For gaseous molecules, translational and
rotational degrees of freedom were considered additionally within the
free-translator and rigid-rotator approximation. Since DFT at the GGA-
level underestimates barriers [78], we employ ab initio calculations
on cluster models, an approach that was pioneered by the group of
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Fig. 2. (a) Periodic and (b) cluster-model structure of H-SSZ-13. The unit cell of the
periodic structure is indicated with black lines and the part cut for the cluster model
is colored while the remaining framework is depicted in gray. Color code: Al — blue,
Si — yellow, O — red, H — black, C — brown, remaining framework — gray.

Joachim Sauer [79]. We performed single-point calculations on cluster
models to obtain a correction term 𝛥𝐸CM (see Eqs. (1) and (2)):

𝐺 = 𝐸PBC
PBE−D3 + 𝛥𝐸CM + 𝛥𝐺PBC

harm (1)

𝛥𝐸CM = 𝐸CM
DLPNO−CCSD(T)∕DZ + 𝛥𝐸CM

MP2∕CBS − 𝐸CM
PBE−D3 (2)

Here, 𝐺 is the cluster-model corrected Gibbs free energy, 𝐸PBC
PBE−D3 is

the periodic DFT energy, and 𝛥𝐺PBC
harm is the Gibbs free energy contribu-

tion at 400 ◦C and 1 bar. 𝐸CM
DLPNO−CCSD(T)∕DZ is the DLPNO-CCSD(T) [80]

energy with the cc-pVDZ [81] basis set and 𝐸CM
PBE−D3 is the DFT energy

of cluster models using the def2-TZVPP [82] basis set. 𝛥𝐸CM
MP2∕CBS is

a correction term for a complete basis set (CBS) extrapolation carried
out separately for the Hartree Fock (HF) and the MP2 limit. The three-
point exponential fit [83] with the cc-pVXZ [81] basis sets (X = D,T,Q)
was used for the HF limit and the two-point 𝑋−3 fit [84] with the cc-
pVXZ basis sets (X = D,T) was used for the MP2 limit. Periodic DFT
calculations were carried out with the Vienna Ab Initio Simulation
Package (VASP, version 5.4.1.) [85–89] using an energy cutoff of
400 eV. The atomic simulation environment was employed [90]. The
ORCA program package [91] was used for HF, MP2, and CCSD(T) cal-
culations. The DLPNO approximation [80] and the ‘‘TightPNO’’ setting
were employed for the correlation methods. For HF calculations, the
RIJCOSX approximation [92] using the X6 grid was applied. DFT calcu-
lations on cluster models were performed with the Turbomole program
package [93] using the resolution of identity approximation [94].

3. Results and discussion

Gibbs free energy profiles for H-SSZ-13

We investigated several mechanisms for the coupling of formalde-
hyde with acetic acid derivatives, which yields acrylic acid. For these
derivatives, acetic acid, 1,1-dihydroxyethene, and ketene were
considered.

Structures were optimized with periodic DFT using the PBE-D3
functional and a correction term was added to the DFT energy at the
CCSD(T) level of theory obtained from single-point calculations at 46T
cluster models. The periodic and cluster-model structure of H-SSZ-13
are shown in Fig. 2. Gibbs free energies were calculated at 400 ◦C.
The energetic span model [95] was used to calculate energy barriers.
Adsorbed and gaseous states have been considered for all species and
the state with lower Gibbs free energy is considered.

The most favorable path for the formation of acrylic acid is the
reaction of a ketene with a FA to propiolactone (see Figs. S2 and S3),
which can react further to acrylic acid with a zeolite bound species
as an intermediate. The rate-determining barrier is 𝛥𝐺‡ = 205 kJ∕mol
referenced to gaseous methyl acetate, FA, and the empty zeolite. Methyl
3

acetate can easily be formed from ketene (via surface acetate) and
has a 51 kJ∕mol lower free energy. The decarboxylation of acrylic acid
to ethene has a higher barrier of 𝛥𝐺‡ = 236 kJ∕mol (referenced to
adsorbed acrylic acid, see Fig. S2). We also investigated the direct
decarboxylation of propiolactone which has a lower barrier of 𝛥𝐺‡ =
217 kJ∕mol (referenced to adsorbed acrylic acid). Thus, decarboxyla-
tion via propiolactone is more likely than via acrylic acid. However,
formation of acrylic acid has a lower barrier than decarboxylation of
propiolactone which explains the observed acrylic acid during the initi-
ation of the MTO process [20]. For the decomposition of propiolactone
in the gas phase, a free energy barrier of 157 kJ∕mol was determined
experimentally at 400 ◦C [96]. Referenced to propiolactone, we obtain
a barrier of 165 kJ∕mol, which is thus in very good agreement.

We further investigated decarboxylation mechanisms via lactones
and compared these to the previously computed decarbonylation mech-
anism [19]. In Fig. 3a, both the decarboxylation and decarbonylation
mechanism are depicted. Ketene can be further methylated to methyl
ketene, dimethyl ketene, and a pivaloyl cation. As conversions between
ketene, acylium cations, and zeolite surface esters have low barriers,
these reactions are equilibrated fast. For clarity, only one of these
species is depicted in Fig. 3; however, all can be formed easily (see
SI). Methyl ketene, dimethyl ketene, and the pivaloyl cation can be de-
carbonylated yielding CO and ethene, propene, and isobutene, respec-
tively. Structures of methylation and decarbonylation reactions have
been taken and recomputed from previous work [19]. Ketene, methyl
ketene, and dimethyl ketene can also couple with FA to lactones (propi-
olactone, 3-methyloxetan-2-one, and pivalolactone). These lactones can
decarboxylate to CO2 and ethene, propene, and isobutene, respectively.
When comparing decarboxylation and decarbonylation, an important
distinction is that for the formation of a specific olefin, decarbonylation
requires one more methylation step. For example, decarbonylation of
methyl ketene gives ethene, while its reaction with formaldehyde and
subsequent decarboxylation gives propene. The ketene species can also
easily react to methyl esters (see Fig. 3b) with all barriers ≤ 114 kJ∕mol.
Since these esters have low Gibbs free energies, they have to be
considered as the reference states when calculating barriers within the
energetic span model [95]. For methyl pivalate (ME4), the situation
is different, because of the extremely low barrier for decarbonylation
(76 kJ∕mol relative to K4), which is lower than the barrier for the
formation of the methyl ester (110 kJ∕mol). For the sake of consistency,
we have nevertheless referenced the barriers for decarbonylation of
K4 to ME4 in both Fig. 3d) and Table 2 with a value of 140 kJ∕mol.
The computed reactions from ketenes to methyl esters proceed in
several steps. Ketenes become protonated to acylium cations and react
to zeolite surface esters. These esters react with methanol to methyl
esters (see SI). In Fig. 3c, the transition states are depicted for the
C–C coupling of ketene with FA, the decarboxylation of propiolactone,
the methylation of ketene, and the decarbonylation of methyl ketene.
These transition states are exemplary for analogous transition states
of higher methylated species. The corresponding Gibbs free energy
diagram of the initiation mechanism is shown in Fig. 3d, where the
decarboxylation and decarbonylation barriers are compared.

The barriers shown in Fig. 3d are often relatively similar, with no
obvious preference for the reactivity of the ketenes. Generally, the
reactions with formaldehyde preceding the decarboxylation reactions
only require low barriers and will thus be discussed separately. Starting
from ketene, decarboxylation to ethene requires a barrier of 213 kJ∕mol,
while further methylation occurs with a barrier of 216 kJ∕mol. Methyl
ketene can either be methylated (𝛥𝐺‡ = 207 kJ∕mol), decarbony-
lated to ethene (𝛥𝐺‡ = 214 kJ∕mol) or decarboxylated to propene
(𝛥𝐺‡ = 199 kJ∕mol). Finally, methylation of dimethyl ketene (𝛥𝐺‡ =
182 kJ∕mol), its decarbonylation (𝛥𝐺‡ = 170 kJ∕mol) or its decarboxy-
lation (𝛥𝐺‡ = 182 kJ∕mol) are again relatively similar. The decarbony-
lation of the pivalyl cation requires only a low barrier of 140 kJ∕mol
relative to the ester ME4 and, as discussed above, of 76 kJ∕mol relative

to K4. In general, the decarboxylation mechanism is slightly more
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Fig. 3. (a) Mechanism for the initiation of the MTO process via decarboxylation reactions of lactones and decarbonylation reactions of ketenes. (b) Formation of methyl esters.
(c) Atomic structure of transition states. Atomic distances are given in pm. (d) Corresponding Gibbs free energy diagram at 400 ◦C. Reference state at 0 kJ∕mol is methyl acetate.
Methylation (black), decarboxylation (blue), decarbonylation (orange), and methyl esters (green).
favorable than the decarbonylation mechanism when referring to Gibbs
free energy barriers.

Next, we discuss the reaction mechanisms in more detail. For the
formation and decarboxylation of lactones, several barriers have been
calculated. The ketenes can react with FA in either a direct or a
step-wise mechanism. The direct lactone formation as well as the
decarboxylation reactions can proceed catalyzed by the zeolite or un-
catalyzed in the gas phase. The lowest barriers are depicted in Fig. 3d.
Table 1 lists all barriers for these lactone-related reactions. For the step-
wise lactone formation, first a C–C bond is formed while the oxygen of
FA becomes protonated (see structure TS(K1-P1) in Fig. 3c). Secondly,
the ring closes and the oxygen is deprotonated again. For P1 and P2,
the direct catalyzed mechanism is initialized by a bond formation of
the electrophilic carbon atom of the ketene and the oxygen of FA. The
C–C bond is formed afterwards without an additional barrier. For P3,
the direct catalyzed mechanism is initialized by a C–C bond formation
resembling the step-wise mechanism. This is also reflected by a barrier
more similar to the barriers of the other step-wise than to the direct
mechanisms. The direct mechanisms in the gas phase proceed through
concerted formation of C–C and C–O bonds. The decarboxylation reac-
tions initialized by C–O bond cleavage have higher barriers than the
formation of lactones. For P1 and P2, this reaction is more favorable in
the gas phase due to entropy (see structure TS(P1-X1) in Fig. 3c); for
P3, it is more favorable when catalyzed by the zeolite due to increasing
dispersion energies for larger molecules in the adsorbed state. As shown
in Table S9, starting from the lactones, the contribution of entropy to
activation barriers (-𝑇𝛥𝑆‡) is below 10 kJ/mol in the gas phase, while
4

Table 1
Barriers for step-wise and direct lactone formation as well as lactone decarboxylation.
For the latter, barriers for uncatalyzed and catalyzed states were computed. Barriers in
kJ/mol referenced to the previous most stable state (previous methyl ester) at 400 ◦C.
Bold values are used in Fig. 3d.

Reaction ∖ intermediate P1 P2 P3

Step-wise formation TS1 188 146 159
Step-wise formation TS2 149 114 113
Direct formation catalyzed 296 276 142
Direct formation gas phase 273 278 267
Decarboxylation catalyzed 231 203 185
Decarboxylation gas phase 213 199 188

it is > 100 kJ/mol for the transition states in the zeolite. Conversely,
the activation enthalpy is about 100 kJ/mol higher for the gas phase
so that the activation Gibbs free energies are eventually in the same
range.

The methylation reactions of ketenes proceed via SMS (see structure
TS(K1-K2) in Fig. 3c) and yield the corresponding acylium cation.
For K1, K2, and K3, the free energies of the ketenes are depicted
in Fig. 3d, while for K4, the free energy of the zeolite surface ester
is shown. Decarbonylation reactions to olefins start from the zeolite
surface esters, not from the ketene. The transition state TS(K2-N1) (see
Fig. 3c) actually yields a zeolite ethoxy group. The elimination from
the zeolite to ethene has a low barrier of 𝛥𝐺‡ = 152 kJ∕mol compared
to the formation of the ethoxy group with 𝛥𝐺‡ = 214 kJ∕mol.

We additionally calculated a deactivation pathway comprising the
coupling of FA and acrylic acid to 2(5H)-furanone, which further reacts
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with ethene to phenole (see SI). A similar mechanism was proposed
by Müller et al. [70]. However, with a barrier of 285 kJ∕mol for the
reaction of FA with acrylic acid, this pathway is unlikely. Ketene
could also dimerize and decarboxylate to isobutene in principle via
several pathways, which we investigated previously [69]. Here, we
additionally computed the coupling of two ketenes (as well as coupling
of methylated ketene species) and further decarboxylation reactions to
cumulenes. However, these reactions are unfavorable, due to their high
barriers (>250 kJ/mol, see SI).

Comparing barriers is a straightforward approach to discussing
the relevance of reaction mechanisms, however, it does not capture
all aspects. During the initiation of the MTO process, FA is present
in significantly lower concentration than methanol. This makes the
decarboxylation mechanism involving the reaction of ketene with FA
inherently less favorable. In contrast, the decarbonylation mechanism
does not require FA but methanol for the reaction with ketene. This
issue can be addressed in a kinetic simulation, where concentrations
are explicitly taken into account.

Kinetic modeling for H-SSZ-13

For a quantitative analysis of the above discussed reaction mech-
anism, we applied kinetic batch reactor simulations at 400 ◦C. We
assumed perfect mixing in our reactor model and used an active site
concentration of 17.9mol∕m3 as in previous work [37]. For the ki-
netic models, we considered (i) barriers computed for the initiation
from methanol to surface acetate [19], (ii) barriers discussed in this
work, i.e., decarboxylation mechanisms via acrylic acid and lactones
and decarbonylation mechanisms, and (iii) barriers for methylation
and cracking reactions [97] within the autocatalytic cycle after the
initiation. Barriers taken from other studies [19,97] applied correction
terms for cluster models at the MP2 level of theory. The difference to
DLPNO-CCSD(T) used in this work was found to be less than 10 kJ∕mol
on average [78]. The simulated pressures of methanol, water, DME,
and olefins are shown in Fig. 4a and the pressures of carbon monoxide,
carbon dioxide, and FA are shown in Fig. 4b. Methanol is consumed,
water is formed, and after a certain light-off time, the olefin pressure
raises rapidly. The pressures of carbon monoxide, carbon dioxide, and
FA are low during the whole simulation. We define the initiation time
as the time when olefins reach a pressure of 0.005 bar. To compare
the above discussed initiation mechanisms, kinetic simulations were
carried out by considering only one of these mechanisms, i.e., ei-
ther the mechanism involving the decarbonylation of ketenes (M1),
the mechanisms involving the decarboxylation of acrylic acid (M2),
or the mechanism involving the decarboxylation of lactones (M3).
Additionally, a simulation with all three mechanism was performed
(also see Fig. 4). The initiation time considering all mechanisms is
8.72 s. While M1 and M3 have comparable initiation times of 8.80 s
and 8.87 s, respectively, M2 has a significantly longer initiation time
of 10.64 s. Thus, the decarboxylation of acrylic acid is unlikely to be
responsible for experimentally observed carbon dioxide. The formation
and decarboxylation of lactones, in contrast, might explain the CO2
formation.

As discussed in Ref. [37], the amount of olefins formed directly by
initiation is very low and the observable amount of olefins is formed
mainly by the HCP. The pressure of FA formed during our simulation
is significantly lower than in experiments. The maximum pressure up
to the initiation time is 1.69 ⋅ 10−4 bar. This corresponds to a selectivity
of 0.17% to FA during the initiation time, while 86.64% of methanol
is consumed. In experiments with H-ZSM-5, selectivities up to several
percentage points were observed at low methanol conversions [20,65].
For instance, in H-ZSM-5, a MeOH/DME conversion of 0.24% yielded
a FA selectivity of 25% at 475 ◦C [20]. However, we computed a FA
selectivity of 4 ⋅ 10−5% at a methanol conversion of 0.25%.

To discuss the reaction mechanisms at more realistic FA pressures,
we performed additional kinetic simulations, where we used different
5

Fig. 4. Kinetic batch reactor simulations at 400 ◦C. All three initiation mechanisms
and reactions within the autocatalytic olefin cycle are considered. Pressures of water,
methanol, and olefins (a) and pressures (logarithmic scale) of carbon monoxide, carbon
dioxide, and formaldehyde are given (b).

Fig. 5. Varying FA pressures (a) and varying pressures of FA and CO with p(FA) =
p(CO) (b) as co-feed to 1 bar methanol at 400 ◦C. For both figures, co-feeds of p(FA) of
0.00 bar, 0.01 bar, 0.05 bar, 0.10 bar, 0.20 bar, 0.30 bar have been used. Pressures of carbon
monoxide and carbon dioxide are given at the initiation time.

pressures of FA as a co-feed to 1 bar methanol. Fig. 5a shows that the
initiation time is reduced from 8.72 s to 6.56 s for a co-feed of 0.3 bar
FA. The pressure of CO2 increases more strongly than the pressure
of CO for larger FA pressures. It is noteworthy, that the activity of
decarbonylation and decarboxylation for initiation cannot be compared
based on CO and CO2-formation. This is because CO is only catalytic,
i.e. each ketene is formed from CO and decarbonylation only results
in the formation of the same amount of CO already present. CO2-
formation, on the other hand, is a dead-end, at least in our kinetics
so it is a direct measure of decarboxylation activity. For a FA co-feed
of 0.3 bar, olefins of 1 ⋅ 10−9 bar are formed through decarboxylation of
lactones while only 4 ⋅ 10−13 bar are formed through decarbonylation
of ketenes up to the initiation time. Thus, higher FA pressures clearly
favor the decarboxylation pathway.
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Not only the FA pressure but also the CO pressure is underestimated
by our kinetic simulation (all considered mechanisms for FA- and CO-
formation are shown in Fig. S9). In another experimental study [67],
DME was converted in H-ZSM-5 at 475 ◦C to about 0.08% CO, 0.02%
CO2, and 0.06% FA at a low contact time with a DME conversion
< 0.3%. For comparison, we performed a simulation with 1 bar DME
instead of methanol as feedstock, but no CO2 was formed at a DME con-
version of 0.33%. To mimic the experimental conditions, we used 0.08%
CO and 0.06% FA as a co-feed to DME, where 2 ⋅10−18 and 1 ⋅10−10 CO2
were formed after a DME conversion of 0.33% and up to the initiation
time (3.17 s), respectively. Fig. 5b shows the pressures of CO2 formed up
to the initiation time when using different pressures of co-feed for CO
and FA to MeOH in a kinetic simulation with p(FA) = p(CO). The CO2
pressure increases to 2⋅10−8 bar for a co-feed of p(CO) = p(FA) = 0.01 bar
Overall, the amount of CO2 formed in our simulations is lower than
reported in experiments [13,20,67]. This is at least partially due to the
fact that the precursors, CO and FA, are already formed in much lower
amounts.

Comparison to H-ZSM-5 and H-SAPO-34

We chose the H-SSZ-13 zeolite as catalyst for our investigation,
primarily due to its structural simplicity and computational efficiency
since it has a small unit cell and only one unique T-site. For in-
dustrial application, other zeotypes like H-ZSM-5 or H-SAPO-34, are
more relevant. H-ZSM-5 has a larger unit cell and twelve T-sites, of
which we considered only the T12 site. The periodic structure and
the cluster model of H-ZSM-5 are depicted in Fig. S4. H-SAPO-34 has
the same framework as H-SSZ-13 (with one unique T-site), but is an
aluminophosphate substituted with a silicon atom at the active center.
We studied the discussed mechanism for the H-ZSM-5 and H-SAPO-
34 zeolite, but considered only the rate-determining reaction steps
(see Table 2). In most cases, decarboxylation is most favorable in the
gas phase, leading to identical activation barriers, except for dimethyl
ketene where TS(P3-X3) is in H-SSZ-13 and H-SAPO-34 slightly more
favorable when occurring in the zeolite. Uncatalyzed decarboxylation
reaction are generally preferred entropically since the transition state
has three translation and three rotational degrees of freedom. Catalyzed
reactions benefit from dispersion interaction with the framework and
of course from the interaction with the acidic proton. The uncatalyzed
reactions encountered in this work are a somewhat rare case, since they
can proceed without an acid catalyst, which is typically not the case for
most zeolite-catalyzed reactions, such as methylation reactions.

Compared to H-SSZ-13, the barriers for methylation and decar-
bonylation are about 10 to 20 kJ∕mol lower in H-ZSM-5 and about 10
o 20 kJ∕mol higher in H-SAPO-34. As shown in the parity plots in
ig. S5, the difference in decarbonylation barriers is already present
t the PBE-D3 level of theory, but slightly increases when applying
he cluster corrections. Thus, when evaluating free energy barriers, the
ecarbonylation mechanism is more favorable in H-ZSM-5 than in H-
SZ-13, while in H-SAPO-34 the decarboxylation mechanism is more
avorable than in H-SSZ-13.

. Conclusion

MTO initiation pathways in the H-SSZ-13 zeolite were investigated
omputationally. We found a decarboxylation mechanism via lactones
o be reasonable with a barrier of 𝛥𝐺‡ = 213 kJ∕mol for the decar-
oxylation of propiolactone. The rate-determining step for a previously
omputed decarbonylation mechanism has a similar barrier of 𝛥𝐺‡ =
16 kJ∕mol. Thus, both mechanisms are likely and CO as well as CO2
an be formed together with olefins. Based on the computed free energy
arriers, kinetic batch reactor simulations were performed. We found
hat both decarboxylation of lactones and decarbonylation of ketenes
re similar in activity for initiation. Formation of CO2 during the
nitiation of the MTO process could thus be due to the decarboxylation
6

Table 2
Rate-determining reaction barriers in H-ZSM-5, H-SAPO-34, and H-SSZ-13. The barriers
are referenced to the corresponding methyl ester. All barriers are given at 400 ◦C in
kJ/mol. For decarboxylation reactions, the uncatalyzed gas phase reaction barrier is
lower in most cases, and is the one listed if that is the cases. All decarboxylation
barriers are listed in the SI.

Reaction Reactant H-ZSM-5 H-SAPO-34 H-SSZ-13

Methylation of ketenes

TS(K1-K2) (OCCH2) 202 232 216
TS(K2-K3) (OCCHCH3) 181 218 207
TS(K3-K4) (OCC(CH3)2) 167 202 182

Decarboxylation of lactones

TS(P1-X1) (OC3H4) 213a 213a 213a

TS(P2-X2) (OC3H3CH3) 199a 199a 199a

TS(P3-X3) (OC3H3(CH3)2) 188a 187 185

Decarbonylation of ketenes

TS(K2-N1) (OCCHCH3) 190 236 214
TS(K3-N2) (OCC(CH3)2) 146 187 170
TS(K4-N3) (OCC(CH3)+3 ) 118 163 140

a Barriers for uncatalyzed gas phase reactions.

of lactones formed from the coupling of ketenes and formaldehyde.
However, quantitative agreement with experiments is not reached,
since our simulations generally predict too low CO2 pressures. This
is to some extent due to too low CO- and formaldehyde-pressures, as
simulations with co-feeds of these gases show.

In addition to H-SSZ-13, free energy barriers were computed for
the rate-determining steps in H-ZSM-5 and H-SAPO-34. The barriers
for decarboxylation reactions are similar in all three zeotypes, while
barriers for methylation and decarbonylation reactions are somewhat
lower in H-ZSM-5 and higher in H-SAPO-34 compared to H-SSZ-13.
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