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Reaction mechanism of dimethyl ether
carbonylation to methyl acetate over mordenite -
a combined DFT/experimental study

D. B. Rasmussen,® J. M. Christensen,*® B. Temel,® F. Studt,© P. G. Moses,”
J. Rossmeisl,® A. Riisager® and A. D. Jensen*?

The reaction mechanism of dimethyl ether carbonylation to methyl acetate over mordenite was studied
theoretically with periodic density functional theory calculations including dispersion forces and experi-
mentally in a fixed bed flow reactor at pressures between 10 and 100 bar, dimethyl ether concentrations in
CO between 0.2 and 2.0%, and at a temperature of 438 K. The theoretical study showed that the reaction
of CO with surface methyl groups, the rate-limiting step, is faster in the eight-membered side pockets than
in the twelve-membered main channel of the zeolite; the subsequent reaction of dimethyl ether with sur-
face acetyl to form methyl acetate was demonstrated to occur with low energy barriers in both the side
pockets and in the main channel. The present analysis has thus identified a path, where the entire reaction
occurs favourably on a single site within the side pocket, in good agreement with previous experimental
studies. The experimental study of the reaction kinetics was consistent with the theoretically derived mech-
anism and in addition revealed that the methyl acetate product inhibits the reaction - possibly by sterically
hindering the attack of CO on the methyl groups in the side pockets.

1 Introduction

The global economy and modern society are heavily depen-
dent on a stable price and supply of oil. Currently, most
transportation fuel is of fossil origin and its continuous use is
thus not sustainable. The unstable prices of fossil fuels and
the vulnerability of the global economy to disruption of oil
supplies are other factors, which make it evident that the de-
mand for alternative fuels will continue to increase. Ethanol
(EtOH) can play an important role in this context as a gaso-
line additive or substitute." Catalytic conversion of syngas
(CO/H, mixture) to EtOH is an attractive option due to its flex-
ibility with respect to feedstock and potentially high energy
efficiency. A number of catalysts for direct conversion of syn-
gas to EtOH have been investigated, but their activity and
selectivity towards EtOH are relatively low.*'* Recently, an
alternative, two-stage process was demonstrated wherein
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dimethyl ether (DME), which can be formed efficiently and
selectively from syngas via methanol (MeOH), reacts with CO
by carbonylation to form methyl acetate (MA).">*” MA is then
in a subsequent step hydrogenated to EtOH and MeOH. The
main advantage of this indirect process is its unprecedented
selectivity towards EtOH, while MeOH, the main by-product,
and the unreacted syngas are easily recycled. The challenge
that needs to be solved before this process can find industrial
application is to increase the activity and stability of the cata-
lyst for MA synthesis."® The subsequent hydrogenation of MA
to MeOH and EtOH is facile. A number of acidic zeolites are
selective catalysts for DME carbonylation and mordenite has
the highest activity.">' However, the zeolite catalysts suffer
from rapid deactivation due to build-up of coke and large
carbonaceous species within the zeolite pores.>*>* The frame-
work of mordenite contains two types of cavities: eight-
membered ring (8-MR) side pockets and 12-MR main chan-
nels. It has been reported that MA synthesis takes place in
the 8-MR,***” whereas the 12-MR have been suggested to be
responsible for the coke formation that leads to catalyst deac-
tivation.”>** During the initial phase of DME carbonylation,
DME reacts with the Brensted sites of the zeolite forming sur-
face methyl groups and water [eqn (1) and (2)]:

CH;0CHj; + [SiO(H)AI] = [SiO(CH;)Al] + CH;0H 1)

CH;OH + [SiO(H)Al] = [SiO(CH;)Al] + H,O )
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These reactions, in which the Bregnsted acid sites are
methylated, give rise to an induction period, in which the
coverage of methyl groups is building up, and steady-state is
reached when the zeolite is fully methylated. The steady-state
phase involves the reaction of CO with the methyl groups,
forming surface acetyl species, which in turn react with DME,
to produce MA and regenerate the methyl groups [eqn (3)
and (4)]:

CO + [SiO(CH3)Al] — [SiO(CH;CO)AI] (3)
CH;0CH; + [SiO(CH;CO)Al] — [SiO(CH3)Al] + CH;COOCH; (4)

Previous experimental studies have shown that formation
of the acetyl species [eqn (3)] is the rate-limiting reaction
step; the subsequent reaction between DME and acetyl is
comparatively fast."®?° Also, the reaction kinetics were
studied at differential conditions for pressures up to 12
bar, and the reaction was observed to be 1st order in CO
and Oth order in DME."”*° The previous theoretical studies
employing cluster models showed that the reaction of CO
with methyl groups is faster in the side pockets than in the
main channel, in good agreement with the experimental re-
sults. However, it remains to be demonstrated that the re-
action of DME with acetyl [eqn (4)] in the side pockets is
faster than the reaction of CO with methyl [eqn (3)].>%*°
This is necessary to complete a theoretical explanation of
the experimentally observed preference for carbonylation in
the 8-MR.

In this study, we investigate the induction and the
steady-state phase of DME carbonylation over mordenite in
the main channel and in the side pockets, using periodic
DFT calculations including the dispersion forces. Addition-
ally, we study the reaction kinetics at high pressures, be-
tween 10 and 100 bar, DME concentrations in CO between
0.2 and 2.0%, and at a temperature of 438 K. The insights
obtained from the theoretical and experimental studies are
then used to develop a kinetic model describing the DME
carbonylation.

2 Methods
2.1 DFT calculations

All DFT calculations in this study were performed, using the
grid-based, projector augmented wave, DFT program
GPAW?**! and the ASE program package.*” Periodic bound-
ary conditions were used for all systems except the molecules
in vacuum. A grid spacing of less than 0.18 A was used for all
calculations unless otherwise stated. The reciprocal space
was sampled by a (1,1,2)-mesh of Monkhorst-Pack k-points.*?
The convergence criteria for the integral of the absolute den-
sity change and the integral of the square of the residuals of
the Kohn-Sham equations in the self-consistent field were
1.0 x 107 electrons and 1.0 x 10~ eV> per electron, respec-
tively. The exchange-correlation energy and potential were
calculated within the generalized gradient approximation

with the BEEF-vdW functional.*® The electronic temperatures
of 0.1 and 0.0 eV were used for the periodic and non-periodic
calculations, respectively.

The unit cell parameters of silicate mordenite were calcu-
lated by energy minimization of the optimized structures
with respect to the unit cell parameters. These calculations
employed a grid spacing of 0.10 A. The calculated unit cell
parameters (a = 18.323 A, b = 20.795 A, ¢ = 7.626 A) compare
very well with the experimental values (a = 18.094 A, b =
20.516 A, ¢ = 7.542 A).** The framework of mordenite con-
tains 2 types of cavities: 1) eight-membered ring (8-MR) side
pockets, parallel to the b axis and 2) 12-MR main channels,
parallel to the a axis. The acidic form of mordenite was cre-
ated by replacing a single Si atom in the silicate unit cell with
Al. The unit cell parameters of silicate mordenite were used
in all calculations.

The calculations involving molecules in vacuum em-
ployed supercells with a vacuum layer of 5.0 A around the
molecule. All systems were optimized using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm.**° The locali-
zation of the transition states and the calculation of the en-
ergy barriers were performed using the climbing-image
nudged elastic band method.*® The minimum energy paths
were relaxed using the fast inertial relaxation engine (FIRE)
and the saddle points were verified by vibrational frequency
analysis using a displacement of 0.02 A.*' The structures
and reaction paths were optimized until the residual force,
acting on the atoms, was below 0.03 eV A™. The Gibbs free
energies are calculated using standard formulas from statis-
tical thermodynamics and assuming harmonic limit for
entropy calculations (see Table 5 in Appendix C for the fre-
quencies used for the calculations).*?

2.2 Experimental details

Mordenite (SiO,/Al,O; = 20) was obtained from Zeolyst
(CBV21A) and all Al sites (1.43 x 107> (mol Al) g™*) were used
for calculation of the turnover frequencies. The initial ammo-
nium form was converted to the acidic form by heating it at
773 K for 3 h (heating rate 1 K min™") in a flow of dry air.
Before the experiments the catalyst (0.15-1.50 g, 125-250 um)
was calcined in the reactor at 773 K in a flow (200 N ml
min™" g™') of 10 vol% O, in N, for 3 h (heating rate 1 K
min™") and cooled to the reaction temperature. The experi-
ments were conducted in a high-pressure, fixed-bed flow
reactor in which the catalyst was loaded in a quartz tube (OD
10 mm, ID 8 mm) inside a pressure shell.'> The carbonyla-
tion reaction was performed using 2 vol% DME in CO (AGA)
diluted to the required DME concentration with CO (AGA), at
a flow of 300 Nml min™" and 438 K. The reactor effluent was
transferred by heated lines to a mass spectrometer (Hiden
Analytical QGA) and to a gas chromatograph (Agilent Tech-
nologies, model 6890N) equipped with a DB1 column
connected to flame-ionization detector and a Porapak N col-
umn, followed by a 13x Molesieve column, connected to a
thermal conductivity detector.
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3 Results and discussion
3.1 DFT study of the reaction path

There are 4 nonequivalent tetrahedral sites in the unit cell of
mordenite: T1 in the 12-MR, T2 and T4 at the intersection be-
tween the 12-MR and 8-MR, and T3 in the 8-MR. Because
only the T1 and T3 sites are located solely within the 12-MR
or 8-MR, respectively, they are considered representative of
the main channel and the side pocket. Consequently, all DFT
calculations in this study are only performed on the T1 and
T3 sites. Table 1 shows the calculated energies of the protons
and methyl groups on the T1 and T3 sites of mordenite,
which are a measure of their stability. The optimized struc-
tures of the methyl groups are shown in Fig. 1.

The protons are almost equally stable on the T1 sites with
T1-O4 being only 0.03 eV more energetically favorable than
T1-O1. On the T3 sites the preferred adsorption site is clearly
T3-03, which is more stable than T3-08 (0.19 eV) and T3-09
(0.17 eV). A similar trend in adsorption strength is observed
for methyl groups: T1-O4 and T3-O3 are the favored adsorp-
tion sites, more stable than the other sites by at least 0.12 eV.

During the induction phase of the MA synthesis, the
Bronsted acid sites react with DME and MeOH, and are, as a
result, substituted with methyl groups. Molecules which ad-
sorb on the Brensted acid sites more strongly than DME or
MeOH, without being decomposed, can potentially inhibit
the initiation phase. To investigate this effect, we have calcu-
lated the adsorption energies of the molecules typically found
in the effluent gas during DME carbonylation, on the
Bronsted acid sites on T1-O4 and T3-O3 (Table 2). The ad-
sorption energies of ammonia are also included, as they give
a measure of the acidity of the proton. The optimized struc-
tures of the adsorbed molecules are shown in Fig. 2.

Table 1 Calculated energy of the protons and methyl groups in the main
channel on the T1 site and in the side pocket on the T3 site of mordenite.
The energies are relative to the most stable proton or methyl group on
the same site

H-Z CH,-Z
Position E (eV) Position E (eV) Position E (eV) Position E (eV)

T1-01 0.03 T3-03 0.00 T1-01 0.12  T3-03 0.00
T1-O4 0.00 T3-08 0.19 T1-04 0.00 T3-08 0.12
T3-09 0.17 T3-09 0.49

T1-01

Table 2 Calculated adsorption energies of DME, MeOH, MA, H,O, AcOH,
and NHz on a proton in the main channel on the T1-O4 site and in the
side pocket on the T3-O3 site of mordenite. The energies are relative to
the Bronsted acid site and the molecule in vacuum

T1 H-O4 T3 H-O3
Species Eaas (eV) Eaqs (€V)
NH, -1.37 -1.47
MA -1.12 -1.01
DME -0.98 -0.99
MeOH -0.89 -1.09
AcOH -1.05 -0.90
H,0 -0.74 -0.87

Ammonia is, as expected from its basic nature, the mole-
cule that adsorbs most strongly on the Bronsted acid sites (as
an ammonium cation) and it is 0.10 eV more stable on T3-O3
than on T1-O4. This result shows that the proton is more
acidic in the side pocket than in the main channel, which is
in good agreement with the experimental results.”®*>** The
other molecules adsorb in geometries where the oxygen atom
in the molecule forms a hydrogen bond with the acidic pro-
ton and the molecule is oriented in a manner that leads to
additional, weaker, hydrogen bonds between the hydrogen
atoms in the molecule and the oxygen atoms in the
mordenite framework. AcOH (acetic acid) and MA always ad-
sorb most strongly through the oxygen atom in the carbonyl
group. In the main channel, MA and AcOH adsorb more
strongly than DME (by 0.14 or 0.07 eV) and MeOH (by 0.23 or
0.16 eV), so both species (especially MA) can potentially in-
hibit the initiation phase through blockage of the Bronsted
acid sites. In the side pocket, MA adsorbs with a similar
strength as DME (0.02 eV difference), but weaker than MeOH
(0.08 eV). Consequently, MA may inhibit the formation of
methyl groups from DME in the side pocket; the inhibition
of the path starting from MeOH will likely be less severe. The
adsorption energy of AcOH in the side pocket is lower than
that of DME and MeOH by 0.09 and 0.19 eV, respectively.
AcOH is therefore less likely than MA to inhibit the forma-
tion of methyl groups from DME; the formation of methyl
groups from MeOH is not expected to be affected. Water is
the molecule that adsorbs least strongly and should therefore
not be able to block the Breonsted acid sites. However, we
have only investigated single-molecule adsorption, and clus-
ters of water molecules may be significantly more stable. This

Fig. 1 The optimized structures of the methyl groups in the main channel on the T1 site and in the side pocket on the T3 site of mordenite. O red,

Si blue, H gray, C black, Al green.
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12-MR (T1-04)

NH,*Z- MA

MeOH AcOH H,0

Fig. 2 The optimized structures of the molecules typically found in the effluent gas during DME carbonylation on the Breonsted acid sites within
the 12-MR on T1-0O4 and the 8-MR on T3-O3 on mordenite. N dark blue, other colors as described in Fig. 1.

effect would be especially important in the side pockets,
which have been shown experimentally to be the preferential
location of water clusters.*”

To investigate the reaction path for MA synthesis, we have
calculated the activation and reaction energies for the reac-
tions [eqn (1) to (4)], as shown in Table 3. During the induc-
tion period the formation of the methyl groups in the main
channel is faster from MeOH than from DME (0.07 eV lower
energy barrier), whereas both paths are equally active in the
side pocket (0.01 eV difference in activation energies). The
energy barriers for the reactions of DME and MeOH with a
Bronsted acid site are lower in the side pocket than in the
main channel by 0.25 and 0.17 eV, respectively, showing that
the initiation reactions are significantly faster in the side
pocket. Both DME and MeOH are protonated on the oxygen
atom during the reaction with the acid proton and the transi-
tion states involve a transfer of a methyl group from the pro-
tonated intermediate to the zeolite (Fig. 3). The initiation
phase of the MA synthesis ends when all Brensted acid sites
have reacted to methyl groups.

Table 3 Calculated activation E,.; and reaction AE energies (eV) for reac-
tions [egn (1) to (4)] within the 12-MR on T1-O4 and the 8-MR on T3-O3
on mordenite

T1-04 T3-03

Reaction Eqact AE Eqact AE

DME + H-Z — MeOH + CH;-Z 0.62 0.02 0.37 0.01
MeOH + H-Z — H,0 + CH3;-Z 0.55 -0.18 0.38 -0.19
CO + CH;3-Z — CH3CO" + Z~ 1.09 -0.09 1.03 -0.48
CH,;CO" + Z~ — CH;CO-Z 0.02 —-0.81 0.01 -0.53
DME + CH;CO-Z — CH3;-MA" + Z~ 0.00 -0.24 0.24 0.13
CH;-MA" +Z~ — MA + CH;-Z 0.58 -0.24 0.88 —-0.48
MeOH + CH3CO-Z — MA + H-Z 0.00 -0.50 0.02 —-0.38
DME + CH;-Z — TMO" + Z~ 0.36 -0.03 0.70 -0.09
H,0 + CH3CO-Z — AcOH + H-Z 0.06 -0.36 0.20 -0.24

In the further reaction towards MA, a methyl group reacts
with CO to form an acetyl carbocation, CH;CO" (Fig. 4). This
is the rate-limiting reaction step and the energy barrier for it
is 0.06 eV lower in the side pocket than in the main channel.
The optimized geometries of the reaction steps and transi-
tion states are shown in Fig. 5 (T1-04) and Fig. 6 (T3-03).
Next, the acetyl carbocation is restructured to acetyl with a
very low energy barrier (T1-O4: 0.02 eV, T3-03: 0.01 eV). As
we reported in a recent study, the acetyl carbocation can
alternatively react to ketene with higher activation energies
(T1-O4: 0.09 eV, T3-03: 0.12 eV), and the experimental

Fig. 3 Optimized structures of the transition states for the reaction
of: 1) DME with a Brensted acid site within the 12-MR on T1-O4 on
mordenite, 2) MeOH with a Brensted acid site within the 12-MR on T1-
04 on mordenite, 3) DME with a Brgnsted acid site within the 8-MR on
T3-O3 on mordenite, 4) MeOH with a Brensted acid site within the
8-MR on T3-03 on mordenite.
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Fig. 4 Reaction paths for formation of MA within the 12-MR on T1-O4
and the 8-MR on T3-O3 on mordenite. Reaction steps: 0: CO and DME
in vacuum, methyl group on the zeolite; 1: acetyl carbocation, DME in
vacuum and negatively charged zeolite; 2: acetyl group on zeolite,
DME in vacuum; 3: CH3z-MA cation and negatively charged zeolite; 4:
MA in vacuum, methyl group on zeolite. Full line: reaction steps in the
main channel (T1-O4); dotted line: reaction steps in the side pocket
(T3-03).

observation of ketene supported the theoretical model.*®

Ketene is then restructured to acetyl - the energy barriers for
this step are (not shown in Table 3) 0.18 eV on T1-O4 and
0.12 eV on T3-03. The surface acetyl reacts with DME,
forming a cationic CH;-MA" complex, which subsequently
decomposes to MA in the gas phase leaving a methyl group
on the zeolite. The formation of the CH;-MA" complex occurs

with no energy barrier in the main channel. The activation
energy for this step is 0.24 eV in the side pockets. The trans-
fer of the methyl group from the CH;-MA" complex to the
zeolite proceeds with higher energy barriers (T1-O4: 0.58 €V,
T3-03: 0.88 eV) than the formation of the complex (T1-O4:
0.00 eV, T3-03: 0.24 eV).

Under realistic experimental conditions some MeOH is
always present in the system (due to traces of water in the
feed and/or due to water formation from coke deposition)
and for this reason we have also investigated the reaction
between MeOH and the surface acetyl groups. This reaction
occurs with no energy barrier in the main channel and with a
very low (0.02 eV) energy barrier in the side pocket. This
result shows that if MeOH is present in the system it will
react very rapidly with the acetyl groups (much faster than
DME), forming MA and a Brensted acid site.

Two other reactions, which may play a role during DME
carbonylation over mordenite, are the formation of
trimethyloxonium (TMO) species and AcOH. The energy
barriers for the reaction of methyl groups with DME are 0.36
and 0.70 eV on T1-O4 and T3-03, respectively — much lower
than for the reactions of methyl groups with CO (T1-0O4: 1.09
eV, T3-03: 1.03 eV). Thus, TMO is formed much faster than
acetyl carbocations (which react to acetyl). However, unlike
acetyl, TMO is not very stable - the formation energies on
T1-04 and T3-03 are -0.03 and -0.09 eV, respectively. Conse-
quently, TMO is probably not sufficiently stable to block the
T1-04 and T3-O3 sites, unless it rapidly reacts further to
other, more stable species, such as hydrocarbons. This
hypothesis is supported by the 0th order DME dependence
observed in kinetic studies.'®?® The energy barriers for the

34

Fig. 5 The optimized structures of the reaction intermediates and transition states for formation of MA within the 12-MR on T1-O4 on mordenite.
Reaction steps: 0: CO and DME in vacuum, methyl group on the zeolite; 1: acetyl carbocation, DME in vacuum and negatively charged zeolite; 2:
acetyl group on zeolite, DME in vacuum; 3: CH3-MA cation and negatively charged zeolite; 4: MA in vacuum, methyl group on zeolite.


http://dx.doi.org/10.1039/C6CY01904H

8-MR (T3-03)

Fig. 6 The optimized structures of the reaction intermediates and transition states for formation of MA within the 8-MR on T3-O3 on mordenite.
Reaction steps: 0: CO and DME in vacuum, methyl group on the zeolite; 1: acetyl carbocation, DME in vacuum and negatively charged zeolite; 2:
acetyl group on zeolite, DME in vacuum; 3: CH3-MA cation and negatively charged zeolite; 4: MA in vacuum, methyl group on zeolite.

reaction of acetyl with water (T1-O4: 0.06 €V, T3-O3: 0.20 eV) are
lower than for the reaction with DME (T1-O4: 0.58 eV, T3-O3:
0.88 eV). This result shows that if any water is present in the
system, acetic acid will be the main product instead of MA.

Our DFT calculations show that the attack of CO on a
methyl group, the rate-limiting reaction step, is more facile
in the side pocket than in the main channel (the 0.06 eV dif-
ference in barriers translates into a factor of about 5 on the
rates at 438 K). This is in good agreement with previous
experimental and theoretical studies.>*>° Also, we see that
the energy difference of 0.06 eV in barriers, compares very
well with adsorption energy of ammonia being 0.10 eV larger
in the side pocket than in the main channel. This is in agree-
ment with the proposal that the adsorption energy of ammo-
nia is a good reactivity descriptor in solid acid catalysis.*”*°
Additionally, we show that the reaction of DME with acetyl is
significantly faster than the attack of CO on a methyl group,
both in the main channel and the side pocket, which is in
good agreement with the experimental results."®*° In an ear-
lier DFT study,> it was shown that the reaction between ace-
tyl and DME does not occur in a number of geometries,
where one of the species is in the side pocket and the other
in the 8-MR channel below the side pocket. In our study, we
present a reaction path, in which acetyl is formed from a
methyl group on the T3-03 site (Fig. 6) - this results in an ad-
sorption geometry of acetyl that enables it to react with DME
within the side pocket. This new reaction path occurs with
significantly lower activation energy than the paths investi-
gated in the previous theoretical studies (1.0 eV vs. 2.2 eV).*°
Additionally, the reaction path presented here occurs prefer-
entially entirely inside the 8-MR side pocket facilitated by the
stronger acid sites located there (such as T3-03) and thus

offers a possible explanation of the experimentally observed>®
importance of the sites in the 8-MR.

3.2 Experimental study of the reaction path

The DFT study of the reaction mechanism (section 3.1) has
shown that the carbonylation of the surface methyl groups is
the rate-limiting reaction step and the reaction rate is higher
in the side pockets; the subsequent reaction of the formed sur-
face acetyl with DME is comparatively fast. Additionally, the
theoretical studies also suggested that MA can potentially
block the Bronsted acid sites in the main channel, and to a
lesser extent in the side pockets. To supplement the theoreti-
cal results we have also conducted experimental studies of the
carbonylation reaction with the aim of investigating, if there
are phenomena not accounted for by our theoretical model.
Fig. 7 shows the rate of MA synthesis at a fixed total pres-
sure of 10 bar and various DME concentrations in CO. The
reaction rate is constant (0.68 mol (mol Al)™" h™) for DME
concentrations between 0.5 vol% (33% DME conversion) and
2 vol% (9% DME conversion). These results show that the
rate of MA synthesis does not depend on the DME pressure
even at a value as low as 0.0335 bar (outlet pressure with 0.5
vol% DME in feed). This is in good agreement with the theo-
retical study as eqn (3) (which does not involve DME) is
found to be rate limiting and with previous experimental
studies'®* reporting a Oth order dependence on DME. At the
lowest DME concentration of 0.15 vol% (85% DME conver-
sion) the reaction rate decreases by 19% to a value of 0.55
mol (mol Al)™ h™". At this high DME conversion, the DME
pressure becomes very low towards the end of the catalyst
bed (0.00225 bar), and eqn (4) begins to exert a limitation on
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Fig. 7 MA synthesis rate and DME conversion as functions of feed DME
concentration in CO at a total pressure of 10 bar: (®) measured MA
synthesis rate, 1.5 g catalyst; (o) measured DME conversion, 1.5 g catalyst;
(®) measured MA synthesis rate, 0.5 g catalyst; (-) measured DME
conversion, 0.5 g catalyst. Dashed lines are the kinetic model in [egn (8)].

the rate. Under these conditions, the rate of MA synthesis be-
gins to show a dependence on the DME pressure.

For a fixed composition of the reaction mixture (2 vol%
DME in CO), the rate of MA synthesis increases with increas-
ing total pressure (Fig. 8). However, the relationship is not
linear as would be expected from the kinetics proposed in
the literature.'>*° The measured reaction rates should lie on
a straight line as the reaction is first order in the CO pressure
and does not depend on the DME pressure under these con-
ditions. Also, it has been confirmed that the measured reac-
tion rates were not limited by diffusion (Appendix A). A possi-
ble explanation is the existence of product inhibition by
formed MA, which was found theoretically to bind strongly at
Bronsted acid sites (Table 2). To test this we performed two
experiments with a reduced catalyst amount (and hence
lower product concentration). In the experiment performed
at 10 bar and 1 vol% DME in CO (Fig. 7), the catalyst mass
was decreased to 1/3 but the TOF per Al atom remained
unchanged (<3% change) indicating no product inhibition at
this pressure. In the experiment at 100 bar and 2 vol% DME
in CO (Fig. 8) the catalyst mass was decreased to 1/10
whereby the TOF per Al atom increased by 39% indicating
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Fig. 8 MA synthesis rate as a function of total reaction pressure (2 vol%
DME in CO): (¢) measured MA synthesis rate, 1.5 g catalyst; (a)
measured DME conversion, 1.5 g catalyst; (®) measured MA synthesis
rate, 0.15 g catalyst; (-) measured DME conversion, 0.15 g catalyst. (+)
measured MA synthesis rate (100 bar, 1.1 vol%» DME in CO, 15 g
catalyst). Dashed lines are calculated from the kinetic model [eqn (11)].

product inhibition at this pressure. These results indicate
that MA synthesis is inhibited by the reaction product if the
partial pressure of MA is sufficiently high. Further support
for this can be found in Fig. 9, which shows how the devia-
tion from the 1st order behavior expected on the basis of
measurements of the rate at differential conditions correlates
with the average MA pressure in the catalyst bed.'®>°

To further examine the nature of the MA inhibition, we
performed an experiment at 100 bar in which the concentra-
tion of DME in CO was reduced from 2 to 1 vol% (Fig. 8).
Despite the reduction of the DME pressure in the system, the
reaction rate remained the same showing that MA does not
react with acetyl; a reaction, in which MA would compete
with DME and the reaction rate would depend on the DME
pressure. Thus, it seems likely that MA suppresses the reac-
tion by blocking the methyl groups.

Our DFT model shows (Fig. 4) that the formation of the
cationic CH;-MA complexes from a methyl group and a MA
molecule in vacuum is endothermic both in the main chan-
nel (0.24 eV) and in the side pocket (0.48 eV). Consequently,
the CH;-MA species are not very stable and cannot explain
the detrimental effect of MA on the reaction rate. However,
MA binds to protonated sites with sufficient strength to in-
hibit methylation (Table 2), and this may lead to hampering of
re-methylation at sites where water (from e.g. coke formation)
has restored the protonated site. MA at such sites close to the
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Fig. 9 Top: The deviation from 1st order behavior as a function of total
reaction pressure (2 vol% DME in CO, 1.5 g catalyst); the dashed line is
the expected 1st order pressure dependence of the MA synthesis rate.
Dotted lines indicate deviation from 1st order behaviour. Bottom: The
deviation from 1st order behaviour (marked by dotted lines in the top
figure) as a function of the average MA pressure in the catalyst bed.
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opening of the 8MR could also block access to the side
pockets, rendering the methyl groups inside inactive. Currently,
the exact nature of the inhibition remains equivocal, but, as
discussed above, likely involves MA sterically hindering the
attack of CO on the methyl groups in the side pockets.

Interestingly, it appears from results in the patent litera-
ture that this blockage effect also hampers the reactions lead-
ing to deactivation (primarily carbon deposition) of the zeo-
lite and can be used to extend the life of the catalyst.”®

3.3 Kinetic model of the steady-state reaction phase

To describe the state of the catalyst under experimental condi-
tions in steady-state (after the initiation phase), we have
developed a kinetic model based on the experimental data in
section 3.2 (see Appendix B for the definition of the steady-
state). Our DFT calculations show that the activation energies
for the carbonylation of the methyl groups are significantly lower
than the energy barriers for the reverse reaction (>0.9 eV differ-
ence, Table 3). Consequently, we assume an irreversible reaction
of CO with a methyl group, in which acetyl is formed [eqn (5)].
The irreversibility of the reaction of CO with a methyl group has
also been shown experimentally in previous studies.'**°

CO+CH,~Z—%CH,CO-Z (5)

The methyl group can be blocked by MA in a quasi-
equilibrated reaction forming an inactive complex, here de-
noted C:

KZ
MA +CH,~Z&C-7Z (6)

Acetyl reacts with DME, in a quasi-equilibrated reaction,
forming MA and regenerating the methyl group:

K,
DME + CH,CO-Z&MA + CH,-Z ?)

The elementary reactions [eqn (5) to (7)], the quasi-
equilibrium assumption for the reactions [eqn (6) and (7)],
and a steady-state assumption lead to the following expres-
sions for coverage of the surface species:

1

@cm =
14K,y + KD 8)
Ppome
O¢ = Kz‘PMA'@CH3 9)
@Accm =K; ! Puia '@cr-l_1 (10)
Pome

and the rate expression for the MA synthesis rate:

o= kPeo

MA
1+ K, py, + K3 26 (11)

Pome

The rate expression [eqn (11)] shows that the reaction rate
is first order with respect to the pressure of CO. The first term

describing the MA inhibition is proportional to the MA pres-
sure and the equilibrium constant for reaction [eqn (6)].
The second MA-inhibition term is proportional to the MA pres-
sure and inversely proportional to the DME pressure. Thus, it

will become prominent at high MA pressures and high ;—MA
DME

ratios; which is the case at high DME conversions.

We determine the parameters k4, K,, and K3 in the kinetic
model by modeling the catalyst system as a plug flow reactor,
assuming no pressure drop in the catalyst bed, with the de-
sign equation:

X
W= Foe o f, ——dX (12)

0 _
"bMmE

where Fpyg o is the molar flow of DME at the reactor inlet, X
is the conversion of DME at the reactor outlet, rpyg is the
rate of DME consumption, which equal the rate of MA syn-
thesis (rva), and W is the mass of the catalyst. The parame-
ters in the kinetic model are determined by fitting eqn (12)
to the experimental data using non-linear least squares re-
gression, see Table 4. Fig. 7 and 8 show the rates of MA syn-
thesis and the conversion degrees of DME, as measured ex-
perimentally and as calculated using the kinetic model. As
seen in Fig. 7 and 8 the developed kinetic model provides a
good description of the experimental data.

To obtain information on the state of the catalyst surface
under experimental conditions we have calculated the cover-
age of the surface species as a function of the catalyst mass
passed on the way through the bed in a plug flow reactor at
10 and 100 bar (Fig. 10). This is done using the kinetic model
for a feed composition of 2 vol% DME in CO. At the total
pressure of 10 bar, methyl, acetyl, and CH;-MA cover 87, 5
and 8% of the catalyst surface, respectively, at the reactor
outlet, thus showing that methyl groups are the most abun-
dant surface intermediate. The CH;-MA complexes, which
block the methyl groups that are necessary for further reac-
tions, cover only 8% of the surface, reflecting a very limited
MA inhibition at these conditions. At the high pressure of
100 bar, the surface coverages of methyl, acetyl, and CH;-MA
are 21, 7, and 72%, respectively, at the reactor outlet, and the
CH;-MA coverage quickly grows to approximately 50% after
about 1/6 of the catalyst mass. This result shows that under
these conditions, the majority of the methyl groups is
blocked as inactive CH;-MA complexes and is not available
for the reaction with CO. The surface coverage of acetyl is low
(7%); however, it is 28% higher compared to the acetyl cover-
age at 10 bar.

Table 4 Parameters in the kinetic model

Parameter Value

ky 2.28 x 107> mol (mol Al)™ s™* per bar
K, 4.65 per bar

K; 1.76
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of: (x) methyl, (-) acetyl, (®) CHz-MA complex.

At differential reaction conditions, the MA pressure is neg-
ligible, and the rate expression [eqn (11)] reduces to:

'ma = KiPco (13)

Thus, our results are in good agreement with the previous
experimental studies, in which the DME carbonylation over
mordenite was studied at differential reaction conditions.">*°
The rate expression [eqn (11)] proposed here is, however, also
able to describe the reaction rates at high DME conversions
and product concentrations, which are interesting from an
industrial point of view.

4 Conclusions

Our detailed DFT study of the DME carbonylation over
mordenite shows that the reaction of CO with a surface
methyl group, the rate-limiting step in the reaction, is faster
in the side pocket than in the main channel. The difference
between the energy barriers for the rate limiting step at these
two sites compares very well to the difference in adsorption
energies of ammonia, supporting the hypothesis that the ad-
sorption energy of ammonia is a good activity descriptor in
solid acid catalysis. Also, we demonstrate that the reaction of
DME with a surface acetyl group, a reaction in which MA is
formed and the methyl group is regenerated, is possible en-
tirely within the side pocket and is not rate-limiting. We have
thus identified a path, where the entire reaction occurs favor-
ably on a single site within the side pocket. Additionally, we
show that MA and AcOH adsorb stronger than DME and
MeOH on the Brgnsted acid sites in the main channel where
deactivation is thought to be focused,>*>*> which may help to
explain why co-feeding of MA and AcOH inhibits the deacti-
vation of mordenite during DME carbonylation.”® In the side
pocket, MA adsorbs on the Brgnsted acid site with a similar
strength as DME and MeOH. Consequently, the length of the
initiation phase may depend of the MA pressure. Our experi-
mental studies of the reaction kinetics are consistent with
the theoretically determined mechanism and furthermore

support the view that MA inhibits the reaction rate of MA
synthesis. We hypothesize that this inhibition is due to
sterical hinderance of the CO attack on the methyl groups
within the side pockets. The kinetic model that we have de-
veloped for the steady-state phase of the reaction includes
the effect of MA inhibition and provides a good description
of the experimental data over a wide range of pressures and
DME conversion levels.

Remaining challenges in a theoretical
description of DME carbonylation

The Gibbs free energy diagram for the reaction (Fig. 11) indi-
cates that there are still open questions concerning this reac-
tion, as our current estimate of the entropic contribution
makes the formation of MA from acetyl prohibitively difficult
in the 8-MR, and since the available experimental data, if
interpreted correctly, suggests the 8-MR as the focal point of
the reaction.>® However, it may also be added that this inter-
pretation of the experimental data has been contested.”

The present work represents a breakthrough in terms of
identifying a site in the 8-MR where both steps of the reac-
tion mechanism (carbonylation and reaction between acetyl
and DME) can occur with favorable energetics (Fig. 4), in
agreement with the present interpretation of the experimen-
tal results. However, as noted, it is at present unclear, if the
entropic contribution is prohibitive for the occurrence of the
second step in the 8-MR. Molecular dynamics calculations
could possibly yield a more accurate estimate of the entropies
but this is outside the scope of our work.

In previous theoretical work the second step of the mecha-
nism has been observed to occur with a prohibitively high
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Fig. 11 Minimum Gibbs free energy path for formation of MA within
the 12-MR on T1-O4 and the 8-MR on T3-O3 on mordenite (438 K, 10
bar CO, 0.2 bar DME, 0.02 bar MA). Reaction steps: 0: CO and DME in
vacuum, methyl group on the zeolite; 1: acetyl carbocation, DME in
vacuum and negatively charged zeolite; 2: acetyl group on zeolite,
DME in vacuum; 3: CHz-MA cation and negatively charged zeolite; 4:
MA in vacuum, methyl group on zeolite. Full line: reaction steps in the
main channel (T1-O4); dotted line: reaction steps in the side pocket
(T3-03).
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barrier in the 8-MR, even in terms of the energies before con-
sideration of the entropic contributions. To harmonize this
disparity between experiments and theory Boronat et al. instead
hypothesized a mechanism mediated by water, which is always
present in small amounts due to the inevitable coke forming
side-reactions.> This would allow the MA formation to occur in
the 8-MR by an easier reaction between acetyl and CH;OH:

H,O + [SiO(CH;)Al] = [SiO(H)AI] + CH;0H (14)
CH;0H + [SiO(CH3CO)Al] — [SiO(H)AI] + CH;COOCH; (15)
CH;0CH; + 2[SiO(H)AI] = 2[SiO(CH;)Al] + H,O (16)

This mechanism would reconcile the disparities between
theory and the interpretation of the experiments. Since the
mechanism involves H-Z sites, also during the steady-state
phase, this mechanism would also offer a straightforward ex-
planation of the inhibition by MA from the strong adsorption
of MA on H-Z sites (Table 2). However, the very low concen-
trations of methanol leaving the reactor at steady-state and
the observation of inhibition by water added to the feed are
on the other hand arguments against this mechanism."*° A
number of open questions thus remain for future theoretical
and experimental studies of the DME carbonylation.

Appendix A

In this section we calculate the effectiveness factor for the cat-
alyst particles used in this study. We only consider the effect
of DME diffusion on the reaction rate because the concentra-
tion of CO, the other reactant, was very high in the reactant
mixture in all experiments (at least 98 vol%). Consequently,
the diffusion of CO is unlikely to be rate-limiting. The general-
ized Thiele modulus (p) and the effectiveness factor (i) are cal-
culated as described by Froment and Bischoff.>*
The effectiveness factor (7) is calculated as [eqn (A.1)]:

3( 1 1J
]7 = — —_——
o\ tanhgp ¢
The generalized Thiele modulus (¢) for a spherical particle
and a zero order reaction is calculated using equation

[eqn (A.2)]:

(A1)

Q= (A.2)

where R is the particle radius, k is the pseudo zero order rate
constant for conversion of DME (k = k;-Pco,s) under conditions
with no MA present, p is the particle density, Cpmg,s and Poo s
are the concentration of DME and the partial pressure of CO

at the particle surface (assumed the same as in the bulk), and
D is the effective diffusivity, which is calculated as:

D. = D12'¢p

eff

(A.3)

where D12 is the binary diffusion coefficient, ¢, is the particle
porosity and 7 is the tortuosity. D;, for the diffusion of DME in
CO is 2.29 x 10 em® s™* (438 K, 100 bar), calculated using the
method of Brokaw for polar gases and Lennard-Jones
potentials.>®>* The parameter values used in the calculations
are: particle radius R = 93.8 um (mean of the sieve range
used), rate constant k = k;-Pgo = 3.18 X 10°° mol g* s™* (the
highest rate constant, k;, in the kinetic model), the pressure of
100 bar (the highest reaction pressure), particle density p =
1.09 g cm™®, concentration of DME CpbMEs = 5.49 X 107> mol
cm® (2 bar, 438 K), porosity ¢, = 0.36 and tortuosity = 5.6.°
The generalized Thiele modulus and the effectiveness factor
are 4.59 x 10~ and 1.00, respectively. Thus, the reaction is not
limited by the diffusion.

Appendix B

As already discussed in the article, carbonylation of DME to
MA over mordenite begins with an induction phase, in which
the reaction rate of MA synthesis increases to a maximum,
followed by a gradual loss in MA production, due to catalyst
deactivation (Fig. 12). For kinetic modeling of the steady state
reaction rate, a representative rate needs to be extracted from
the measurements, and here two options are considered:
namely 1) the maximum reaction rate reached during an ex-
periment, or 2) an extrapolation of the measured activity to
time 0 (assuming a constant deactivation rate throughout the
entire experiment, see Fig. 12). In this work we have chosen
to use option 1) because, even though the deactivation rate
appears to be constant in Fig. 12, the chemical environment
in the catalyst, such as the concentration of water and metha-
nol is not the same during the induction phase and the
period after maximal activity has been reached. Thus, the as-
sumption of a constant deactivation rate throughout the
experiment may not be valid. The choice of one or the other
option will only lead to minor quantitative differences in
the obtained kinetics. Although the rates extrapolated back
to time 0 are higher than the peak rates, the relative depen-
dence on the reaction conditions are similar for the two mea-
sures of activity (Fig. 12).
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Appendix C

Table 5 Calculated frequencies of the reaction intermediates and transition states in formation of MA within the 12-MR on T1-O4 and the 8-MR on T3-
O3 on mordenite. Reaction steps: 0: CO and DME in vacuum, methyl group on the zeolite; 1: acetyl carbocation, DME in vacuum and negatively
charged zeolite; 2: acetyl group on zeolite, DME in vacuum; 3: CH3z-MA cation and negatively charged zeolite; 4: MA in vacuum, methyl group on

zeolite
Reaction 1104 13-03
step em™ em ™
0 CO(v) 2157
DME(v) 195, 252, 415, 900, 1082, 1143, 1153, 1172, 1243, 1439, 1460, 1468, 1472, 1481, 1494, 2927, 2940, 2976, 2980, 3075, 3077
CH;-Z 20,107, 253, 654, 1137, 1155, 1451, 1466, 1491, 3030, 3115, 3158 60, 155, 283, 647, 1129, 1156, 1449, 1475, 1486, 3041, 3132, 3158
0—1 476, 36i, 119, 165, 167, 191, 214, 326, 358, 1066, 1096, 1206, 490i, 43, 93, 105, 117, 140, 214, 345, 351, 1089, 1129, 1210, 1369,
1365, 1388, 2191, 3025, 3222, 3277 1387, 2174, 3065, 3248, 3290
1 68i, 124, 125, 137, 195, 317, 423, 481, 951, 994, 1007, 1311, 1335, 82, 126, 175, 187, 210, 339, 423, 463, 970, 1002, 1020, 1347,
1354, 2070, 2286, 2998, 3055 1358, 1378, 2240, 2602, 2801, 3038
1-2 113i, 93i, 106, 109, 177, 320, 432, 484, 928, 981, 1005, 1253, 69i, 51, 71, 118, 173, 292, 368, 403, 931, 1011, 1014, 1326, 1356,
1306, 1314, 1997, 2246, 2985, 3040 1387, 2260, 2841, 2876, 3038
2 52i, 42, 116, 142, 280, 377, 537, 589, 963, 1038, 1097, 1386, 1435, 42i, 101, 165, 186, 281, 348, 536, 575, 962, 1048, 1095, 1381,
1460, 1880, 3008, 3094, 3142 1443, 1459, 1881, 3032, 3103, 3150
2-3 64i, 39i, 64, 75, 85, 95, 117, 138, 177, 187, 211, 229, 278, 375, 129i, 32i, 67, 104, 124, 127, 146, 169, 197, 211, 239, 250, 271,
437, 510, 519, 780, 931, 949, 1013, 1054, 1129, 1142, 1177, 1243, 320, 337, 378, 444, 887, 906, 998, 1011, 1058, 1132, 1161, 1164,
1356, 1422, 1432, 1438, 1455, 1463, 1469, 1472, 1480, 2048, 2951, 1236, 1342, 1389, 1396, 1445, 1471, 1479, 1486, 1496, 1531,
3014, 3018, 3030, 3111, 3117, 3138, 3139, 3174 2275, 2977, 2994, 3016, 3060, 3083, 3095, 3161, 3181, 3196
3 105i, 62i, 26i, 49, 79, 109, 122, 163, 189, 203, 251, 263, 290, 357, 91, 108, 117, 119, 131, 153, 176, 202, 207, 276, 326, 339, 365,
442, 497, 509, 765, 926, 972, 1015, 1050, 1118, 1136, 1163, 1234, 406, 463, 531, 555, 752, 908, 989, 1040, 1075, 1141, 1148, 1181,
1362, 1427, 1429, 1438, 1460, 1462, 1468, 1479, 1483, 2031, 2911, 1246, 1386, 1439, 1447, 1453, 1470, 1473, 1486, 1490, 1498,
3003, 3018, 3045, 3100, 3105, 3114, 3142, 3143 1957, 2969, 3074, 3089, 3099, 3172, 3187, 3246, 3254, 3279
3—4 342i, 91i, 15, 85, 97, 115, 125, 148, 163, 170, 194, 284, 298, 362,  391i, 61, 114, 167, 168, 173, 183, 198, 249, 271, 307, 336, 356,
439, 563, 614, 654, 898, 986, 1021, 1038, 1091, 1103, 1151, 1176, 387, 459, 583, 617, 714, 889, 986, 1042, 1055, 1118, 1141, 1166,
1265, 1378, 1386, 1403, 1441, 1449, 1458, 1460, 1467, 1854, 3001, 1171, 1265, 1384, 1392, 1406, 1448, 1467, 1476, 1485, 1497,
3018, 3072, 3106, 3108, 3114, 3143, 3294, 3314 1817, 3037, 3093, 3128, 3150, 3188, 3208, 3225, 3332, 3391
4 MA(v) 105,155,171, 286, 423, 588, 630, 819, 968, 1026, 1040, 1154, 1182, 1214, 1373, 1446, 1458, 1465, 1466, 1478, 1749, 3024, 3024,
3090, 3099, 3125, 3127
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