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ABSTRACT: The carbonylation of dimethyl ether (DME) over
zeolite catalysts breaks through the traditional concept of metal-
catalyzed carbonylation and has attracted extensive attention as a
critical route for ethanol synthesis. However, the deactivation
mechanism during DME carbonylation is complicated and
controversial, resulting in great challenges for developing efficient
catalysts. Herein, we discovered a catalyst deactivation pathway
induced by cyclic oxygenates over the pyridine-modified H-MOR
(H-MOR-py) catalyst, which is completely distinct from the
classical aromatic-based deactivation route. As the key deactivated
species, cyclic oxygenates are generated by the conversion of
excessive acetyl groups to ketenes in the eight-membered ring (8-
MR) side pockets and further transformation in the 12-MR channel
of the H-MOR-py catalyst. A strategy to improve catalyst stability is proposed by rapidly consuming acetyl groups to inhibit the
formation of cyclic oxygenates. This study would provide inspiration for DME carbonylation over zeolite catalysts.
KEYWORDS: DME carbonylation, mordenite, deactivation, cyclic oxygenate, acetyl group

■ INTRODUCTION
Ethanol is an important bulk chemical used as an environ-
mentally friendly gasoline additive and raw material for various
chemical products.1,2 Currently, it is mainly produced through
the fermentation of starchy crops like corn and wheat.3

Alternatively, ethanol can be synthesized from syngas (STE)
derived from coal, natural gas biomass, and so on.4 STE via
dimethyl ether (DME) carbonylation and the subsequent
methyl acetate (MAc) hydrogenation is a promising novel
route for ethanol production, owing to its mild reaction
conditions, high atomic economy, and friendly environ-
ment.4−6 Since the pioneering works on the acidic zeolites
catalyzing methanol and DME carbonylation were reported,7,8

numerous investigations have been conducted on the design,
preparation, and characterization of zeolites catalysts, as well as
reaction mechanisms.8−17 Recently, the role of intermediates
during the carbonylation reaction, such as acetyl group, ketene,
or acylium ion, has been intensively studied.18−21 Despite
significant progress, achieving high stability of carbonylation
catalysts remains a challenging task. Consequently, there is an
urgent need to further develop stable catalysts and processes
for DME carbonylation, which requires a clear understanding
of the deactivation mechanisms involved.
Among the zeolites investigated for the DME carbonylation

reaction, H-MOR, which is constituted by an eight-membered
ring (8-MR) channel and 12-MR channel with an 8-MR side
pocket, is regarded as the optimal catalyst for the DME

carbonylation reaction. Unfortunately, the rapid deactivation
poses a great challenge for its potential application as an
industrial carbonylation catalyst.18−20,22−24 It is commonly
acknowledged that Brönsted acidic sites (BASs) in the 12-MR
channels are primarily responsible for coke formation, leading
to rapid deactivation, while BASs in the 8-MR side pocket are
active centers for DME carbonylation. Despite extensive
research, there are some contradictions regarding the initial
precursors of coke formation on H-MOR. DME and MAc are
considered to be important sources of coke, which are
converted to coke deposition intermediates on the BAS in
12-MR.22,23 Additionally, ketene, an important intermediate in
the DME carbonylation process,18 is also believed to be
involved in coke generation.19−21 Overall, it is generally
accepted that coke formation during the DME carbonylation
reaction is analogous to DME or methanol-to-hydrocarbon
(DTH/MTH) chemistry, in which olefins/alkyne originating
from DME, MAc, or ketenes produce aromatic cokes that
result in deactivations.18−20,22−26 To enhance catalyst stability
by avoiding coke formation, many efforts have been
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implemented to eliminate or shield the acid sites in 12-MR
using steam treatment, alkaline/acid media treatment, or
selective adsorption pyridine.27−30 The stability of pyridine-
modified H-MOR (H-MOR-py) is improved obviously as
pyridine can selectively enter and completely shield the acid
sites in 12-MR channels of H-MOR. However, gradual
deactivation can still be observed on H-MOR-py during
DME carbonylation.29−31 This prompts us to consider whether
there is a deactivation pathway caused only by acid sites in 8-
MR of H-MOR during the reaction.
Herein, we investigate the evolution of deposited species in

the H-MOR-py catalyst during the DME carbonylation
reaction. For the first time, abundant cyclic oxygenates are
detected on the H-MOR-py catalyst and proven to result in
catalyst deactivation, which differs from the general cognition
of the deactivation caused by the aromatic hydrocarbons
originating from the DTH/MTH reaction. According to
various characterizations and probe experiments, we outline a
unique formation roadmap of cyclic oxygenated species during
the DME carbonylation reaction. Furthermore, an effective
strategy is proposed to inhibit coke formation based on an
understanding of the deactivation mechanism.

■ RESULTS AND DISCUSSION
Unique Deactivation Behavior of H-MOR-py in DME

Carbonylation. The detailed structural properties and
chemical information on the catalysts are shown in Figure S1

and Table S1. Remarkably, FT-IR spectra in Figure S1d shows
the hydroxyl vibration region of H-MOR-py catalyst only
observed at 3590 cm−1, indicating that BAS only in the 8-MR
side pockets and the acid sites in 12-MR of the catalyst has
been completely shielded.10,31−33 H-MOR-py catalysts were
loaded in a continuous flow fixed-bed stainless steel reactor
equipped with a quartz lining and divided into three layers by
quartz wool. DME carbonylation performance at 463 K, 2
MPa, and 2000 h−1 is shown in Figures 1a and S2, along with
images of spent catalysts after different times in Figure 1b.
After an induction period of 6 h, nearly 100% DME conversion
can be achieved (Figure 1a), and the color of the spent catalyst
is almost identical across all layers at that time (Figure 1b).
Surprisingly, as the reaction proceeds to 20 h, the color of the
spent catalyst darkens from the top to the bottom layers
(Figure 1b). Furthermore, TG analysis indicates that the
largest amount of deposition species is found in the spent
catalysts collected from the bottom layer (Figure S3 and Table
S2). These observations are distinct from those in traditional
DTH/MTH reactions, in which the color of the spent catalyst
in the top layer is the darkest in the whole reactor and the
reaction zone gradually migrates downward with the reaction
proceeding.25,26,34,35

The retained species in the spent H-MOR-py were identified
using Guisnet’s method.36 Figures 1c and S4 illustrate the
identifications for the retained species and their evolution with
time on stream (TOS) and loading positions. After 6 h of
reaction, trace cyclic oxygenated compounds, including 4,6-

Figure 1. Catalytic and deactivation behavior over H-MOR-py catalyst for DME carbonylation. (a) DME conversion and MAc selectivity of H-
MOR-py with time on stream. (b) Photographs of catalysts after reactions for different times. (c) GC-MS analyses for retained species in different
catalyst beds after the reaction. The internal standard peak C2Cl6 (10 ppm) was indicated by * in the chromatograms, the same in this paper. (d)
DME conversion and MAc selectivity of fresh H-MOR-py and spent H-MOR-py in different catalyst beds after the reaction 20 h of (a); the rate at
TOS 20 h is in a steady state. Reaction conditions: (a−c) 463 K, 2 MPa, gas hourly space velocity (GHSV) = 2000 h−1, nDME/nCO/nHd2

= 5/35/60.
(d) 463 K, 2 MPa, GHSV = 15,000 h−1, TOS = 20 h, nDME/nCO/nHd2

= 5/35/60.
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dimethyl-2-pyrone and dehydroacetic acid, are captured in the
spent catalysts of the down layer, while these compounds are
hardly detected in the spent catalysts of the top and middle
layers (Figure S4). With the reaction proceeding for 20 h,
evident differences in the amount of retained species are
observed with the loading positions (Figure 1c). Specifically,
abundant cyclic oxygenated compounds, such as 4,6-dimethyl-
2-pyrone, 2,6-dimethyl-4-pyrone, dehydroacetic acid, 4,7-
dimethyl-2H,5H-pyrano[4,3-b] pyran-2,5-dione, etc., are
found to be retained in the bottom-layer catalysts. Moreover,
the content of oxygenates in the middle and bottom catalysts is
much greater than those in the top catalysts, consistent with
the TG results.
Polycyclic aromatic hydrocarbons (PAHs), the deactivation

species in DTH/MTH reactions,25,26,34,35 have been regarded
to be responsible for the deactivation of H-MOR (with acid
sites in both 8-MR side pocket and 12-MR channel) during
DME carbonylation.18−20,22−24 However, PAHs are hardly
detected in the H-MOR-py catalyst (with only acid sites in the
8-MR side pocket) in our study. To clarify the influence of the
oxygenates on the catalytic performance of the DME
carbonylation reaction, the spent samples at TOS of 20 h in
different layers and the fresh sample were evaluated at 463 K, 2
MPa, and 15,000 h−1. As shown in Figure 1d, the DME
conversion (∼29%) of the spent samples in the top layer is
almost the same as that of the fresh sample. However, an
obvious decrease in DME conversion can be observed in the
spent catalysts of the middle and bottom layers (∼25 and

∼13%, respectively). Combined with the retained species
distribution in different layers, we can confirm that the cyclic
oxygenate deposited in H-MOR-py is one of the important
factors leading to the deactivation of the DME carbonylation.
Therefore, we speculate that there should be a unique
deactivation mechanism based on cyclic oxygenate during
the DME carbonylation reaction over the H-MOR-py catalyst.

Formation Route of Cyclic Oxygenate in H-MOR-py.
To identify the origin of the cyclic oxygenates, DME, MAc, or
their mixture is employed as reactants on H-MOR-py under a
CO-free or a CO atmosphere at 463 K and 2 MPa for 6 h
(Figures 2a and S5). The focus is mainly on the differences in
the species deposited in H-MOR-py. Obvious distinctions can
be observed when DME or MAc is used as a reactant. A trace
amount of cyclic oxygenates, such as 4,6-dimethyl-2-pyrone, is
detected on the catalyst when MAc is used as a reactant, while
nothing is found when DME is employed. Notably, a larger
amount of cyclic oxygenated species is captured in H-MOR-py
when co-feeding MAc and CO into the reaction system, which
is consistent with those in Figure 1c. These suggest that the
formation of cyclic oxygenates in H-MOR-py might be related
to MAc or its induced intermediate species, and the presence
of CO accelerates their generation. Interestingly, cyclic
oxygenates cannot be detected when co-feeding the mixtures
of MAc and DME under the CO-free or CO atmosphere with
the constant MAc partial pressure, indicating that the presence
of DME inhibits the formation of oxygenated compounds.
Under a CO atmosphere, MAc can produce acetyl groups

Figure 2. Characterization to prove the formation way of cyclic oxygenates retained in the H-MOR-py catalyst. (a) GC-MS analyses for retained
species in the spent catalyst after the reaction with different reactants. (b, c) In situ diffuse reflectance Fourier transform (DRIFT) spectra of H-
MOR-py during the DME carbonylation reaction. (d, e) MS spectra of 2,6-dimethyl-4-pyrone (d) and dehydroacetic acid (e) in 12CO (top) and
13CO (bottom) during the DME carbonylation reaction. (f) GC-MS analyses for retained species in the spent catalyst after the reaction with acetyl
ketene as a probe molecule at different reaction temperatures. Reaction conditions: (a) 463 K, 2 MPa, GHSV = 24,000 h−1, Ar as balance gas. MAc
+ CO: 12.3 kPa MAc, 172.8 kPa CO; MAc + DME + CO: 12.3 kPa MAc, 6.2 kPa DME, 172.8 kPa CO; MAc: 12.3 kPa MAc; MAc + DME: 6.2
kPa DME, 12.3 kPa MAc; DME: 6.2 kPa DME; DME + CO: 6.2 kPa DME, 172.8 kPa CO. (b, c) 473 K, 1 MPa, and nDME/nCO = 1/49. (d, e) 473
K, 0.5 MPa, nDME/nCO = 1/80, GHSV = 1200 h−1. (f) 2 MPa, GHSV = 24,000 h−1, Ar as balance gas.
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through direct adsorption or the carbonylation reaction of its
methyl group on H-MOR-py catalysts.37 Consequently, the
environment of excessive acetyl groups should exist when co-
feeding MAc and CO. Thus, we deduce that the formation of
cyclic oxygenates might be related to the excessive acetyl
groups, which are retained in the H-MOR-py catalyst due to
the failure to react with the methoxy group of DME in time to
form a more stable MAc.
In order to further verify the role of the acetyl groups in the

formation of cyclic oxygenates, more experiments were
conducted such as in situ DRIFT experiments and 13C isotope
tracing. As shown in Figure 2b,2c, the evolution of the surface
species over the H-MOR-py is monitored at different reaction
times using in situ DRIFT. The bands at 2965 and 2865 cm−1,
attributed to the surface methoxy group,19,22 appear when
DME and CO are introduced into the reaction system. The
relative intensities increase initially with reaction times and
remain constant after 2 h, indicating that DME is absorbed
initially and reaches a dynamic equilibrium between the
adsorption and reaction of DME on BAS in 8-MR of H-MOR-
py after 2 h. The band at 1633 cm−1 assigned to acetyl
groups19,20 appears along with increases of the peak attributed
methoxy group, reaching a maximum at 2 h and then
decreasing. A new band at 1581 cm−1, assigned to the
vibration of cyclic oxygenates (Figure S6), appears and
increases, accompanied by a decrease in the peak attributed
to the acetyl group. These observations suggest that the
carbonylation reaction occurs and cyclic oxygenates in the H-
MOR-py are produced from acetyl groups.
Furthermore, a 13C isotope tracing experiment was carried

out to verify our speculation. After DME was fed with 12CO or
13CO, massive cyclic oxygenates were both found on the H-
MOR-py catalyst. Specifically, feeding 13CO as a reactant shifts
the mass pattern to larger masses (Figures 2d,e and S7). The
resulting mass increment of each maximum peak relative to
that for 12CO as the reactant corresponds to the exact number
of CO insertions (denoted as n(CO)). Mathematically, the
value is half the number of carbon atoms in the corresponding
oxygenates with an even carbon number (denoted as n(e),
n(e) = 2 × n(CO)), indicating that half of the carbon in the
formation of oxygenates comes from CO, in line with the
polymerization of acetyl groups. As for oxygenates with an odd
carbon number (denoted as n(o)), the addition of one carbon
number is twice the addition of one CO insertion number

(n(o) + 1 = 2 × (n(CO) + 1)), suggesting that there should be
a decarbonylation or a methylation during the reaction apart
from the polymerization of acetyl groups. 13C MAS NMR
spectra of the solutions display signals at 201.4, 190.4, 179.1,
164.8, and 148.6 ppm (Figure S8), attributed to the C atoms in
the cyclic oxygenates. These results confirm that CO is
inserted into the oxygenated species. Consequently, it can be
concluded that the formation of cyclic oxygenates is directly
related to the acetyl groups.
To further validate whether the acetyl group can be

converted into oxygenates, probe experiments were carried
out. As shown in Figure S9, a substantial number of cyclic
oxygenated compounds, such as 4,6-dimethyl-2-pyrone, 2,6-
dimethyl-4-pyrone, dehydroacetic acid, etc., are found when
acetic anhydride (Ac2O) is introduced into the H-MOR-py
catalyst at 463 K and 2 MPa. Moreover, these oxygenates are
also detected in the spent catalyst when co-feeding CH3Cl and
CO at 463 K and 2 MPa. It is known that Ac2O

38 and the
carbonylation of CH3Cl

39 can produce acetyl groups on the
zeolite catalyst. Thus, it is convincing that cyclic oxygenates
can be produced by the acetyl groups. In addition, there is no
methyl group during the Ac2O probe experiment, indicating
that cyclic oxygenates should be formed by the polymerization
and decarbonylation of acetyl groups.
The acetyl group is suggested to be relatively stable within

the confined 8-MR side pocket due to its interaction with the
H-MOR framework.18,20,40 Moreover, it is almost impossible
for the small 8-MR side pocket of the H-MOR-py catalyst to
provide enough space to accommodate such bulky cyclic
oxygenates due to steric hindrance. These inspired us to
consider how acetyl groups are converted to cyclic oxygenates.
Notably, the acetyl group has been identified as a derivative of
highly reactive ketene, which is supposed to be an important
intermediate to form MAc.20,21 More importantly, the ketene is
also detrimental to DME carbonylation as it results in catalyst
deactivation, which can be transformed into aromatics cokes
via olefins or acetyl ketene-diene/alkyne.18−20,40 Interestingly,
massive cyclic oxygenates instead of aromatic cokes are found
in our experiments. These observations indicate that a new
ketene conversion pathway should exist in H-MOR-py
catalysts without acid sites in the 12-MR channel. In addition,
ketene is readily dimerized to acetyl ketene in the zeolite as a
thermodynamically favorable process.20,37,41 Therefore, we
used acetyl ketene as a probe molecule in the H-MOR-py

Figure 3. Cyclic oxygenate-based deactivation mechanism proposed for DME carbonylation.
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catalyst to study the ketene conversion. As shown in Figure 2f,
oxygenates such as dehydroacetic acid and 2,6-dimethyl-4-
pyrone are found in the catalyst at 298 K. After increasing the
temperature to 463 K, dehydroacetic acid disappears along
with the amount of 4,6-dimethyl-2-pyrone increases. The
phenomenon is consistent with previous studies that dehydro-
acetic acid can be dimerized from acetyl ketene; 2,6-dimethyl-
4-pyrone can be dimerized from acetyl ketene and further
decarboxylated.37,41,42 Overall, these results indicate that
oxygenates can be formed by the successive polymerization
and decarbonylation reaction of ketenes.
The N2 physical adsorption and desorption results show that

the micropore area and volume of the spent catalyst (the
deactivated catalyst in the bottom layer of Figure 1a) decrease
significantly from the initial 197 to 35 m2/g and 0.092 to 0.016
cm3/g, respectively (Table S1). These results indicate that the
oxygenated species might be located in the 12-MR channel of
H-MOR-py due to the highly steric hindrance in the 8-MR side
pocket. To clarify the role of the 12-MR channel in forming
oxygenates, we introduced acetyl ketene into Na-MOR without
BAS and H-MOR with BAS at 463 K and 2 MPa, respectively.
As shown in Figure S10, the oxygenates are detected in the Na-
MOR, suggesting that the 12-MR pore without BAS provides a
confined space for oxygenate formation. Interestingly, in
addition to cyclic oxygenates, additional aromatic species are
observed on H-MOR (Figure S11), which is consistent with
previous studies,19,20 suggesting that BAS in 12-MR of H-
MOR catalyst can alter the conversion pathways of ketene/
acetyl ketene. In all, it can be deduced that the BAS in 8-MR
favors the formation of highly reactive ketene, and the 12-MR
channel provides sufficient accommodation for the successive
conversion of ketene into bulky cyclic oxygenates for the H-
MOR-py catalyst.
Based on the results presented above, we have outlined a

unique deactivation route map for the DME carbonylation in
H-MOR-py, as shown in Figure 3. Typically, DME and
hydrogen protons in the zeolite react to form surface methoxy
groups. Subsequently, the carbonylation reaction of surface
methoxy groups and CO leads to the formation of acetyl
groups, which then react with the methoxy of DME to produce
MAc. More importantly, there exists a dynamic equilibrium
between the acetyl group and ketene, and the equilibrium
tends to shift to ketene if the acetyl group fails to react with
DME in time. Finally, ketene or acetyl ketene triggers the

generation of cyclic oxygenated compounds by polymerization
and decarbonylation, including 4,6-dimethyl-2-pyrone, 2,6-
dimethyl-4-pyrone, dehydroacetic acid, 4,7-dimethyl-2H,5H-
pyrano[4,3-b] pyran-2,5-dione, etc., which are detrimental to
the catalyst activity during the reaction.

Strategy to Prevent Coke Formation. On the basis of
the understanding of the deactivation mechanism, we designed
stability tests via controlling the content of acetyl groups by
adjusting DME conversion during the reaction to clarify their
effect on the catalyst stability. As shown in Figure 4a, the
reaction is initially carried out with ∼28 to ∼29% DME
conversion and 0.70 g gcat.−1 h−1 MAc space-time yield (STY)
after an introduction period at 463 K and 2 MPa with a GHSV
of 15,000 h−1. When GHSV is decreased to 2400 h−1 at TOS
24−70 h, the DME conversion is increased to ∼94−95%. After
GHSV is increased back to 15,000 h−1, the MAc STY decreases
from the initial 0.70 g gcat.−1 h−1 to 0.65 g gcat.−1 h−1.
Additionally, compared to the initial stage (TOS 0−23 h), the
stability becomes poor and MAc STY continues to decrease to
0.60 g gcat.−1 h−1 at TOS 100 h. The decline in catalyst stability
may be attributed to a large amount of acetyl groups that are
not consumed in time at such a high DME conversion at TOS
24 h−70 h, resulting in more acetyl groups being retained in
the catalyst and generating more cyclic oxygenates. Interest-
ingly, when GHSV was maintained at 15,000 h−1 throughout
the reaction, the catalytic activity remained stable within 100 h
with ∼28 to ∼29% DME conversion and ∼0.70 g gcat.−1 h−1

MAc STY (Figure 4b). In contrast, when GHSV was
maintained at 2400 h−1, the DME conversion can reach up
to ∼95% after the induction period but decreases to ∼89%
within 100 h (Figure S12). These indicate that DME with a
high concentration in the reaction system plays an important
role in enhancing stability by consuming acetyl groups quickly.
Moreover, the GC-MS analysis of the spent catalysts after two
tests in Figure 4 revealed that the H-MOR-py catalyst in Figure
4b had fewer remaining carbon deposits (Figure S13),
although it produced more MAc, indicating that consuming
acetyl groups quickly during the reaction can reduce
oxygenated coke formation.
Furthermore, we investigated the influence of the reaction

temperature on stability. As shown in Figure S14, the stability
is poorer at higher temperatures (503 K) compared to that at
the lower reaction temperature (463 K) in Figure 4.
Correspondingly, many more cyclic oxygenates can be

Figure 4. Stability test for the DME carbonylation over the H-MOR-py catalyst. Reaction conditions: 463 K, 2 MPa. nDME/nCO /nHd2
= 5/35/60. (a)

GHSV = 15,000 h−1 at TOS 0−23 h, GHSV = 2400 h−1 at TOS 24−70 h, GHSV = 15,000 h−1 at TOS 71−100 h. (b) GHSV = 15,000 h−1 for 100
h.
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captured for the spent catalyst evaluated at 503 K. These prove
further that minimizing the accumulation and reaction of
excess acetyl groups will be beneficial for improving the
stability of the DME carbonylation reaction. Accordingly, there
should be many other strategies such as modifying the reaction
conditions or catalyst design to optimize the stability based on
our proposed deactivation mechanism.

■ CONCLUSIONS
In summary, we have successfully demonstrated a unique
deactivation roadmap induced by cyclic oxygenates for DME
carbonylation over H-MOR-py zeolites through various
characterizations and probe experiments. Abundant cyclic
oxygenated compounds retained in the H-MOR-py catalyst are
first reported to be detrimental to the catalyst activity during
the DME carbonylation reaction. It has been demonstrated
that the excessive acetyl group on the BAS in the H-MOR-py
8-MR side pocket, which is retained in the catalyst due to the
failure to react with the methoxy group of DME in time to
form a more stable MAc, tends to form ketenes in 8-MR and
their successive conversion to produce cyclic oxygenates by the
reaction of polymerization and decarbonylation in 12-MR
channel without the BAS. Based on this understanding, the
strategy of consuming and minimizing excessive acetyl groups
during the reaction is proposed and verified to achieve
excellent catalyst stability. It is expected that the deactivation
mechanism proposed in this work will guide rational catalyst
design for the DME carbonylation reaction and provide
theoretical guidance for industrial production.
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