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ARTICLE INFO ABSTRACT

Keywords: Dimethyl ether (DME) carbonylation to methyl acetate (MAc) catalyzed by H-MOR catalyst has aroused wide
DME CafbonylatiOH interest due to its high efficiency as an emerging method for ethanol production. However, the rapid deactivation
Mordenite of H-MOR catalyst results in great challenges for its industrial application, urging a clear understanding of the
Deactivation P . P . . . X s .

o intricate carbonylation deactivation mechanism. Herein, we discover a CO-mediated deactivation mechanism

over H-MOR catalyst, which is beyond the traditional understanding that deactivation is originated from DME/
methanol-to-hydrocarbon (DTH/MTH) chemistry. It is revealed that the coupling reaction of CO or MAc with
olefins accelerate the catalyst deactivation, and methyl cyclopentenones (MCPOs) are first identified as the key
intermediates for aromatic cokes formation over H-MOR catalyst. A more comprehensive mechanism for DME
carbonylation deactivation is proposed based on the understanding. This study would provide valuable insights
into understanding the carbonylation process and offer potential directions for developing carbonylation cata-
lysts with enhanced stability.

Methyl cyclopentenone

1. Introduction

Ethanol, a significant renewable green energy, can be used as an
environmentally friendly gasoline additive or a raw material to produce
various chemical products [1,2]. Dimethyl ether (DME) carbonylation to
methyl acetate (MAc) is of great significance as an essential step to
produce the green fuel ethanol from syngas [3,4], which has attracted
widespread attention. Since the groundbreaking utilization of
zeolite-catalyzed DME carbonylation reactions [5,6], much effort has
been undertaken, including reaction mechanism [7-12], zeolite syn-
thesis and modification [13-19]. H-MOR zeolite exhibits the highest
carbonylation activity due to its unique Bronsted acid sites (BAS) in
eight-membered ring (8-MR) side pocket among the acidic zeolites
investigated, [7-9,19]. However, it suffers from rapid deactivation due
to the accumulation of coke within 12-MR pores during carbonylation
reaction, presenting a substantial challenge to its large-scale application.

In order to develop a stable H-MOR catalyst for DME carbonylation
reaction, numerous studies have been carried out, especially on the
deactivation mechanism of detrimental coke [11,20-23]. It’s widely
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acknowledged that 12-MR channel of MOR, with its acid sites and large
voids, is beneficial for the formation of coke precursors. Furthermore,
both DME and MAc are considered to induce cokes formation within the
12-MR channel [20-22]. Recent research has unveiled the synergistic
effects of acid sites in the 8-MR and 12-MR channels of MOR during the
formation of aromatic coke [11,23]. Specifically, ketenes, crucial in-
termediates generated during the carbonylation process, are formed in
8-MR BAS and then transformed into coke within 12-MR BAS. Despite
some progress has been made in the influence of BAS distribution on
coke formation, the evolution of coke during DME carbonylation reac-
tion is still Dbelieved to share similarities with the
DME/methanol-to-hydrocarbon (DTH/MTH) chemistry [11,20-27]. In
this context, DME/MAc/ketene are converted into olefins and subse-
quently evolved into aromatic coke via hydrogen transfer reaction
within 12-MR BAS. However, an obvious difference between DME
carbonylation and DTH/MTH lies in the introduction of a substantial
quantity of CO into the reaction system. Excessive CO exist during DME
carbonylation reaction, which are reasonable to infer that CO plays an
important role on the formation of coke specially for the
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Fig. 1. The deactivation behaviors over H-MOR catalyst for DME carbonylation. (a) The catalytic performance at different gas hourly space velocity (GHSV). (b) TG
analyses for coke amount at different time on stream (TOS) and different catalyst bed height at GHSV 2400 h!. (c) GC-MS analyses for retained species after different
TOS of M-6 at GHSV 2400 h™!. Reaction condition: 473 K, 2 MPa, npyg/Nco/Np2 = 5/35/60. GHSV is labeled in the picture. The steady state of conversion and
selectivity is denoted as Csteady and Sieady- The internal standard peak C»Clg (10 ppm) was indicated by * in the chromatograms.

aromatics-based deactivation species [28,29]. It has been reported that
CO could accelerates coke formation by kinetic studies [23,30]. Unfor-
tunately, few investigations focus on how CO participate in the forma-
tion of the coke species and modulate the deactivation reaction network
[23]. Recently, we reported a cyclic oxygenates-based deactivation
mechanism for DME carbonylation over a H-MOR-py catalysts [31].
Specifically, the excessive acetyl groups produced by CO are converted
to ketenes in 8-MR side pockets and then transformed into cyclic oxy-
genates in 12-MR. Nonetheless, the cyclic oxygenates is difficult to be
observed over H-MOR with the BASs in the 8-MR and 12-MR channel,
indicating that the more complicate deactivation network must be
existed. Consequently, in-depth understanding of the role of CO on the
deactivation mechanism is crucial for designing new catalysts and pro-
moting catalytic performance towards the DME carbonylation reaction,
but it remains challenging due to the complexity of the deactivation
network.

Here, we present a CO-mediated deactivation mechanism for DME
carbonylation over H-MOR catalyst. It is demonstrated that CO could
facilitate the formation of aromatic cokes through a coupling reaction
involving either itself or MAc with olefins using various characteriza-
tions including gas chromatography-mass spectrometry (GC-MS), in situ

Ultraviolet-Visible diffuse reflectance spectrum (UV-Vis DRS), in situ
diffuse reflectance infrared Fourier transform (DRIFT), Bco isotope test
and probe tests. Methyl cyclopentenones (MCPOs) originating from CO
are first captured and proved to be the key precursor of aromatic cokes
over H-MOR catalyst in the DME carbonylation reaction. This is distinct
from the general cognition of the deactivation only caused by the DTH/
MTH reaction. Based on the discovery, a more comprehensive deacti-
vation roadmap is provided. This preliminary work would share an
unusual perspective to understand the deactivation mechanism for small
molecular conversion with CO in zeolites.

2. Experimental section
2.1. Catalyst preparation

MOR zeolite (Si/Al~12) was purchased from YanChang-ZhongKe
Catalyst Ltd, the same as the catalyst used in previous research [31].
Typically, the purchased MOR is calcined to remove template at 823 K
for 4 h. NH4-MOR was obtained by ion-exchanges with 1 mol/L NH4NOg
solution (solution/zeolite mass ratio = 10) at 353 K for 1 h. The solution
was filtered and washed with deionized water. This ion-exchange
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procedure was repeated twice. After drying at 393 K overnight, the
catalyst is calcined at 823 K for 4 h to obtain H-MOR.

2.2. Catalytic tests

The DME carbonylation reaction or experiments with different re-
actants or probe molecules were evaluated in a fixed bed reactor.
Typically, the H-MOR catalyst (20-40 mesh) was pretreated with Ny in
the reactor at 553 K for 2 h, and then cooled to the reaction temperature.
A mixture of reactant gas was introduced. The products were analyzed
by an Agilent 7890 A gas chromatograph equipped with HP-PLOT Q
capillary column and FID detector. In DME carbonylation, H-MOR cat-
alysts were divided into three layers by quartz wool in a continuous flow
fixed-bed stainless steel reactor. The reactant flow passes vertically
through the catalyst from top to bottom, and the height of each catalyst
bed is 6 mm. From top to bottom, each catalyst bed is denoted as the
height starting from the start of catalyst bed: M-6, M-12, M-18, as shown
in Figure S1. To suppressed rapid deactivation of H-MOR catalyst, DME
carbonylation is conducted in Hy atmosphere to capture the potential
intermediates [32,33]. The DME conversion and products selectivity
were calculated on a molar carbon basis.

_ (Zn X CnHm()] - 2 X CDME.oulle()

Conv.(DME, %) = Sn x CHO x 100%
ntm Y1

C,H,,0O
el (CHa 01, %) = = i
nfimY]

x 100%
where C,Hp,O) represents the molar concentration of C,Hy,Oy
and n is the number of carbons in C,H;,0;.

2.3. Catalysts characterization

An SDTQ600 instrument was utilized to perform thermal gravimetric
(TGA) analysis. The instrument was setup at the temperature range of
323 - 1173 K with a heating rate of 10 K/min under an air flow of
100 mL min . Coke content is defined as the amount of carbonaceous
components in the calcined catalyst per unit mass, and mass loss be-
tween 573 — 1173 K measured by TGA is used to estimate coke content.

The organic species retained in the spent H-MOR catalysts were
analyzed by the method of Guisnet [34]. 50 mg of the spent H-MOR
catalysts were dissolved in a 1 mL 20 wt% HF solution. After neutralized
by a 5 wt% NaOH solution, the soluble organics were extracted by 2 mL
CH,Cl, which contains 10 ppm CyClg as an internal standard, and then
analyzed via an Agilent 7890B GC-MS instrument which was equipped
with an HP-5 capillary column. All organics inside the spent catalyst in
this experiment is soluble by CH,Cl, and no organic species is observed
in the water phase (Figure S2).

In situ UV—vis DRS were recorded in the diffuse mode on the Cary
5000 spectrometer with the wavenumber range from 200 to 800 nm and
scanning speed at 300 nm/min. H-MOR catalyst powder was loaded into
the diffuse reflectance cell and calcined at 573 K for 30 min with flowing
N,. After cooling to the 423 K, the cofeed of 1DME /49 N, or 1DME
/49CO were introduced into the cell, and in situ UV-vis DRS were
collected with increasing temperature from 423 K to 523 K. All the
UV-vis DRS were obtained by subtracting the spectra of the H-MOR
zeolite framework from the collected spectra at the corresponding
temperatures.

In-situ DRIFT Spectra was carried out on a Bruker Tensor 27 in-
strument equipped with a diffuse reflectance attachment and MCT de-
tector. H-MOR samples was placed in the diffuse reflectance infrared cell
and heated to 573 K for 60 min with flowing N. After cooling to the
473 K, 1DME/49 N5 was first introduced into the cell for 100 min, and
then 1DME/49CO was introduced into the cell for 90 min. The spectra
were scanned by collecting 32 scans at 4 cm ™! continuously to observe
surface species. All the DRIFT spectra were obtained by subtracting the
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spectra of the H-MOR zeolite framework from the collected spectra.

3¢ isotope tracing experiments was carried out in a fixed bed
reactor. Typically, the H-MOR catalyst (20-40 mesh) was pretreated
with N in the reactor at 553 K for 2 h, and then cooled to 473 K. A
mixture of CO and DME was introduced into reactor in the presence of
13CO or '2CO. The catalysts were collected, treated following Guisnet’s
method and analyzed by GC-MS and '3C liquid-state NMR. The *C NMR
spectra of catalyst were collected on a Bruker Avance III 700 MHz
spectrometer.

3. Results and discussion
3.1. Deactivation behaviors of H-MOR in DME carbonylation

H-MOR (Si/Al ca. 12), used in our previous research [31], was
employed as catalyst, which were divided into three layers by quartz
wool in a continuous flow fixed-bed stainless steel reactor. The DME
carbonylation reaction was conducted with different gas hourly space
velocities (GHSV) on the H-MOR catalyst at 473 K and 2 MPa, as shown
in Fig. 1. With the time proceeding, the DME conversion gradually
increased and maintained a steady state for a short time at a constant
GHSV. As GHSV increased from 1000 h™! to 2400 h™!, the time of
steady state declined from 5 h to 3 h and the MAc selectivity decrease
more rapidly, suggesting a more rapid deactivation. Additionally,
Figure S1 showed that the hydrocarbons (CHy) and methanol selectivity
obviously increased after a short steady state, which the higher the
GHSV, the higher the selectivity to CHx and methanol. Moreover, the
amount of aromatic carbon deposit increased with increasing GHSV
(Figure S3), suggesting a more easily formation of aromatic deposit in
the high GHSV. Therefore, these observations can be deduced that a
higher GHSV is detrimental to catalyst stability due to the formation of a
large number of aromatic species. It is known that a higher the GHSV
means the shorter the residence time. The rapid formation of aromatic
deposits may be due to the catalyst being exposed to more reactants in a
short residence time, producing a large number of aromatic deposit
precursors.

Furthermore, the spatiotemporal distribution and evolution of
retained species over the spent catalysts were investigated. Fig. 1b
showed that the coke amount over the spent catalysts in the different
catalyst bed height changes with time under conditions of 473K,
2.0 MPa and 2400 h™. Specifically, only small amount of coke could be
detected on different catalyst bed height within 3 h. However, an
obvious increase in the amount of coke was observed after 6 h, partic-
ularly in the front of the catalyst bed. As shown in Fig. 1c and Figure S4,
the retained species in the spent catalyst collected in the 0-6 mm (M-6)
were analyzed by GC-MS. The retained species mainly involved poly-
methyl benzene, adamantane and methyl cyclopentadiene, which
increased gradually with time particular after 6 h. Thereinto, the ada-
mantane, as a typical coke precursor in MTH/DTH reaction [35,36],
existed after 6 h. At the same time, the DME conversion has decreased
and the content of aromatic species increased. Consequently, it can be
concluded that the above retained species play an important role in
catalyst deactivation. These observations seemed to reveal that the
deactivation process in DME carbonylation reaction is similar with that
in MTH/DTH reaction. Specifically, aromatics were generated from
olefins via hydrogen transfer reactions with methyl cyclopentadienyl
cations as intermediate in the traditional DTH/MTH reaction [25-27].
Nonetheless, a small amount of MCPO was detected for the first time in
DME carbonylation, which also was observed in different catalyst bed
height (Figure S5). Moreover, the content of methyl cyclopentenone and
aromatics also exhibited a positive correlation. Therefore, we speculated
that there were another deactivation pathways reaction with oxygenates
as the intermediate similar with that catalyzed by H-MOR-py. Remark-
ably, cyclic oxygenates emerged as the primary deactivated species in
DME carbonylation reaction catalyzed by H-MOR-py [31]. Conversely,
aromatics species were the main deactivated species when H-MOR was
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Fig. 2. Characterization to prove the CO role in aromatics retained in the spent H-MOR catalyst. (a) In situ UV-vis spectra recorded during the reaction of DME and
CO with increasing temperature from 423 K to 523 K. (b) In situ DRIFT spectra recorded in the coke region during the reaction of DME alone for 100 min and then the
reaction of DME and CO for 90 min. (c) '3C distribution of the hexamethylbenzene GC-MS analyses for retained species in the spent catalyst after'>CO isotope test. (d)
13¢ liquid-state MAS NMR spectroscopy of the retained species in the spent catalyst after'>CO isotope test. 53.7 ppm is assigned to CHyCly; 77.5 ppm is CDClg;

171.5 ppm is unsaturated C atom of MAc. Reaction condition:(a) 0.1 MPa, npyge/nco

49. (), (d) 473 K, 0.5 MPa, npyp/nco = 1/49, GHSV = 3000 h 1.

used as a catalyst. The apparent difference might be caused by the
distinct acid distribution, which also indicated that a more intricate
deactivation mechanism is present over H-MOR due to the complex
distribution of BASs in the different channel.

3.2. Deactivation mechanism of H-MOR in DME carbonylation

To clarify the deactivation mechanism during the DME carbonyla-
tion reaction catalyzed by H-MOR, in situ UV-vis DRS and in situ DRIFT
experiments were conducted under different conditions. Figure S6
showed the evolution of intermediate over H-MOR for the DME con-
version in No atmosphere. The peaks at ca. 360 nm and 465 nm [37-39],
which were assigned to polymethyl benzene and polymethyl naphtha-
lene, respectively, appeared and then increased with temperature. These
changes were agreement with the traditional deactivation mechanism
same as the MTH/DTH reaction. Notably, Fig. 2a illustrated that the new
peak at ca. 240 nm, attributed to unsaturated aldehydes/ketones [37],
appeared and gradually increased in the range of 423 K ~ 463 K in CO
atmosphere, which might be formed by MCPOs. However, the peak
decreased gradually and vanished with increasing temperature. These

=1/49. (b) 473 K, 0.1 MPa, DME: npyg/nyn2 = 1/49; DME+CO: npyg/nco = 1/

observations suggested that MCPOs can be formed and then converted
during the DME carbonylation over H-MOR. Therefore, we inferred that
MCPOs might be an important coke precursor resulting from the exis-
tence of CO. To further verify the role of CO, in situ DRIFT experiments
were performed for the conversion of DME in N or CO atmosphere over
H-MOR at 473 K, as shown in Fig. 2b. According to the previous work
[23], the peak at 1490 cm~! was assigned to the C—=C of aromatics. In
the Ny atmosphere, the peak at 1490 em™? appeared and changed
slightly with time prolonged. Obviously, the growth of the peak at
1490 cm™! was more rapid during the DME carbonylation reaction.
These results indicated that CO participate in and accelerated the for-
mation of aromatics.

To directly confirm the role of CO in the formation of aromatic
deposition, a 3CO isotope test was conducted. Fig. 2¢ exhibited the 3C
distribution of hexamethylbenzene, a main aromatic species analyzed by
GC-MS (Figure S7). It can be observed that hexamethylbenzene con-
tained a content of 'C atoms, suggesting the participation of CO into
these species. As shown in Figure S7, MCPOs were also detected in the
spent catalyst. Furthermore, the mass fragment of MCPOs and hexam-
ethylbenzene shifted towards larger masses (Figure S8), further



M. Xie et al.

(a) (b)

2.5
14 4 - = -M-6
M-12
;'\.; 12 4 M-18
Tz - .
O‘; 10 4 _ “.';..
2 8 L o
§ ) %2.0
E 61 " o
«
Py <
x 44 0.5+
o
(8]
2
0 T T T T
0.5 1.0 15 2.0 25 0.0

Olefins Selectivity (%)

Applied Catalysis A, General 677 (2024) 119701

(c)

1.0
G o
- /1 C
C;+CO CoeMAC
2
g
©
g
- = < 0.5
©
g
<
— e 0.0 e Ly
Ao e \oO o
;eed 2\ co¥® ;eed 2 co¥®
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Fig. 4. The deactivation mechanism proposed for DME carbonylation in H-MOR catalyst.

suggesting the participation of CO into these species. To further corre-
late the relationship between MCPOs and aromatic cokes, the retained
species were analyzed by 13C MAS NMR. Fig. 2d exhibited obvious peaks
at 131.9 ppm and 206.5 ppm, corresponding to the carbon atoms in the
aromatic ring and the carbonyl of cyclopentenone [29]. Furthermore,
aromatics are also detected when MCPO was introduced into the spent
H-MOR catalyst (Figure S9), which directly demonstrated that MCPOs
can be converted to aromatics species. In summary, these above findings
collectively confirm the involvement of CO in the formation of aromatics
via MCPO intermediate, further suggesting that the deactivation

mechanism during carbonylation reactions differs significantly from
that of traditional DTH/MTH chemistry.

To further clarify the conversion of CO to aromatic coke, probe tests
were conducted. It is known that CO alone cannot be converted in the H-
type zeolite [23], implying that there should be a coupling reaction of
CO and other reactants. Notably, the selectivity to olefins and the
amount of coke exhibited a positive relationship in different GHSV
(Fig. 3a), indicating that the olefins were closely related to the formation
of coke. Ethylene, the most detected olefin during carbonylation
(Figure S10), was employed as a probe molecule here. Obviously, the



M. Xie et al.

amount of hexamethylbenzenes with ethylene as feeding alone was less
than that in CO atmosphere (Fig. 3b). Additionally, more aromatic
species were observed when MAc and ethylene were co-fed compared to
when they were fed alone (Fig. 3c). These indicate that aromatic species
can be induced by olefins or MAc in H-MOR catalyst. More importantly,
beside the reaction of olefins or MAc itself, the coupling reaction be-
tween ethylene and CO/MAc promotes aromatics deposit formation.

Based on the results above and previous research, we constructed a
route map for the reaction and deactivation network of DME carbonyl-
ation over H-MOR, as shown in Fig. 4. With regard to the deactivation
network, there are three different ways. 1. Surface acetyl groups are
converted to ketenes [10,11,21,27,31], and subsequently to deactivated
cyclic oxygenates by polymerization and decarbonylation. 2. Some
olefins produced on H-MOR catalyst during the reaction are converted to
aromatics cokes via methyl cyclopentadienes intermediates, analogous
to DTH/MTH chemistry. 3. Certain olefins can be coupled with CO or
MAc to form MCPOs intermediates on H-MOR catalyst, which are then
converted to aromatics cokes. The latter route is distinct from the con-
ventional cognition about the deactivation and cannot be readily dis-
cerned due to the complexity of the deactivation network.

4. Conclusion

In conclusion, we have successfully demonstrated that there is a
deactivation route induced by CO among the complex deactivation
networks over H-MOR for DME carbonylation. For the first time, we
have illustrated the whole process of the deactivation induced by CO
using various characterization analysis including GC-MS, in situ UV-vis
DRS, in situ DRIFT, '3CO isotope test and probe tests. The olefins pro-
duced from DME, MAc or ketene are coupled with CO or MAc over H-
MOR catalyst to generate MCPOs intermediates. These MCPOs are easily
converted to aromatic cokes, accelerating the deactivation of the
carbonylation reaction. Consequently, we provide a more comprehen-
sive roadmap for the DME carbonylation deactivation over H-MOR
catalyst. These might provide valuable insights into the understanding
of intricate reaction networks involved in DME carbonylation reaction.
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