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a b s t r a c t

Acetone is currently produced by large amount of propylene and benzene, and its synthesis from a cheap
and non-petroleum material has not yet been reported. Here, we present a new method for acetone pro-
duction, which involves the carbonylation of dimethyl ether (DME) to methyl acetate and its subsequent
ketonization to acetone over pyridine-modified H-mordenite. This convenient approach offers an acetone
selectivity of 73% (CO2 excluded) and a DME conversion of 100% at 553 K. Spectral and isotopic studies
revealed that the ketonization of methyl acetate was promoted by carbonylation, while the formation
of a ketene intermediate was demonstrated by the formation of CH2DCOOD and two types of pyrones.
A ketene-based ketonization mechanism was also proposed based on the kinetic isotope effect of
CH2=

13C@O, indicating that the acetyl moiety contributed to the acyl part of acetone, while the ketene
moiety was responsible for the alkyl part of acetone and the generation of CO2.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Acetone is a bulk chemical, widely used as solvent and raw
material for the production of ketene, acetic anhydride, chloro-
form, iodoform, isopropanol, etc. However, acetone production is
currently based on petroleum industry using large amounts of
propylene, pointing out that novel preparation methods based on
non-petroleum resources need to be developed. Therefore, in this
study, we considered using dimethyl ether (DME) as an alternative
substrate for the direct production of acetone. To the best of our
knowledge, this preparation method has not been reported so far.

DME is an important platform compound in C1 chemistry, as it
can be used to produce a wide range of materials and liquid fuels.
DME can be produced on a large scale from coal, natural gas, or
even biomass, making it an ideal alternative to petroleum. [1–3]
The carbonylation of DME has received great attention in the last
decade due to its potential application for ethanol synthesis, while
it has also been used for the formation of useful oxygenates such as
acetic acid and methyl acetate. The zeolite-catalyzed DME car-
bonylation was first reported by Fujimoto et al. [4], while H-
mordenite (H-MOR) and H-ferrierite (H-FER) have also been
applied with high selectivity [5,6]. Based on studies on the reaction
mechanism of DME carbonylation over H-MOR [7–12], DME ini-
tially generates methoxy species via a methylation step. CO is then
inserted to the methoxy species, forming acetyl species that finally
react with DME, generating methyl acetate and methoxy species
[8]. Additional studies have demonstrated that DME carbonylation
occurs preferably in the eight-membered ring (8MR) side pocket of
H-MOR [8,10,13], whereas the formation of hydrocarbons (coke)
leading to catalyst deactivation is favored in the 12MR main chan-
nel of H-MOR [10,13] and can be suppressed through ionic
exchange [14,15], pyridine modification [16], and selective acid
removal [17] strategies.

Ketonization involves the formation of ketones by carboxylic
acids and esters and has received particular attention due to its
application in the removal of carboxylic components in biomass
conversion [18–20]. Ketonization reaction is also a key step in
the direct conversion of DME to acetone. To date, the ketonization
of carboxylic acids has been successfully performed over various
metal oxides [21,22] and zeolites [19,20]. Recently, there are sev-
eral detailed studies about metal oxide-catalyzed ketonization
from Wang et al. [23,24] and Almutairi et al. [25]. For zeolite-
catalyzed ketonization, an earlier study showed that acetyl species
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could be formed over zeolite after adsorption of acylation agents
(acetyl chloride, acetic acid, and acetic anhydride) and suggested
that acetone and acetylene resulted from the reaction of propylene
and ketene [26]. Recently, Crossley et al. highlighted the impor-
tance of acetyl species during the ketonization of acetic acid [27],
suggesting that an enolized acetic acid can attack a surface acetyl
species, yielding acetoacetic acid that subsequently decomposes
to acetone and CO2. Although the formation of acyl species rather
than carboxylate was expected during ketonization reactions over
zeolite [19,28] and confirmed by NMR studies [29–31], additional
intermediates, such as ketene [32–36], anhydride [37,38], and b-
keto acid [19], have also been identified during ketonization over
metal oxides. However, the formation of these intermediates, espe-
cially of ketene, has been particularly questioned [19,39].

In this study, a new method was developed for the direct syn-
thesis of acetone via the carbonylation of DME to methyl acetate
and its subsequent ketonization over pyridine-modified H-MOR
(Py-H-MOR). The selectivity of acetone reached 73% (CO2 excluded)
with 100% DME conversion at 553 K, indicating that this method
can be used for acetone production from a non-petroleum-based
C1 molecule while offering a new approach to DME carbonylation.
A ketene-based mechanism was also suggested for the reaction to
elucidate the contribution of the surface acetyl species and ketene
to the formation of acetone and CO2, thus providing a new perspec-
tive to ketonization over zeolites.
2. Experimental section

2.1. Materials

H-Beta (Si/Al ~ 20), H-Y (Si/Al ~ 4), H-ZSM-5 (Si/Al ~ 20) and H-
ZSM35 (Si/Al ~ 17) zeolites were obtained from Nankai University
Catalyst Ltd. in the H+ form and used as received. MOR (Si/Al = 16)
was obtained in the Na+ form from YanChang-ZhongKe Catalyst
Ltd. All zeolites were characterized by X-ray diffraction, X-ray flu-
orescence analysis as well as scanning electron microscopy
(Fig. S1).

D2O (99.99%) was purchased from Shanghai ANNAIJI Chemical
Co. Ltd.. DME as a mixture with 95% Ar (Dalian GuangMing Gas.),
CO (13CO used in the isotopic experiment was purchased from
Cambridge Isotope Laboratory Inc. 99.99% 13C, 13CO as a mixture
with 50% He), and Ar were controlled by a mass flow controller
(SLA5850, Brooks Instrument). The reaction pressure was main-
tained by a back pressure regulator (TESCOM). Methyl acetate,
acetic acid, and acetic anhydride were carried by Ar through a bub-
bler. The partial pressure of the liquid supply was adjusted by the
bubbler temperature. Ar used as carrier gas was also controlled by
a mass flow controller (5850E, Brooks Instrument). The line con-
necting the bubbler to the reactor was heated to prevent the con-
densation of the reactant.
2.2. Catalyst preparation

For the preparation of H-MOR, Na-MOR was first calcined at
823 K for 4 h in air to remove residual templates. NH4-MOR was
then obtained through ion exchange upon treatment with a NH4-
NO3 solution (1.0 mol L�1, solution/zeolite mass ratio = 10) at
353 K for 2 h. The solution was then filtered, the obtained NH4MOR
was washed with deionized water, and the ion exchange process
was repeated twice. After drying at 393 K overnight, NH4-MOR
was measured by X-ray fluorescence spectrometry (XRF) to ensure
the complete Na+ removal. H-MORwas then obtained after calcina-
tion of NH4-MOR at 773 K for 3 h in flowing dry air.

Partially ion-exchanged MOR samples (NaNH4-MOR) were also
prepared through a single ion exchange process of NH4-MOR (15 g)
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using a NaNO3 aqueous solution with concentrations of 0.005–
0.1 mol L�1 at 333 K for 3 h [40]. The obtained samples were then
washed by deionized water, filtered, and dried at 393 K overnight.
NaH-MOR was obtained similarly to H-MOR after the calcination of
NaNH4-MOR.

To obtain pyridine-modified samples, catalysts (40–60 mesh)
was loaded into a stainless fix-bed reactor (7 mm i.d.) and sepa-
rated from quart sands by glass wool. Two K-type thermocouples
were used to control and measure the reaction temperature. The
catalyst was heated at 673 K for 2 h in flowing N2 (40 mL min�1)
to remove moisture and then cooled to 553 K for pyridine
pretreatment.

Following an already reported process [16], Py-H-MOR was pre-
pared by treating H-MOR with a 98% N2/2% pyridine mixture
(30 mL min�1) at 553 K for 2 h, followed by treatment with
60 mL min�1 pure N2 for 2 h to remove physically adsorbed pyri-
dine. The temperature was then adjusted to the desired reaction
temperature (453–653 K).

2.3. Characterizations

The powder X-ray diffraction (XRD) patterns of the commercial
samples were recorded using a PANalytical X’Pert PRO X-ray
diffractometer with Cu Ka radiation (k = 0.154059 Å) at 40 kV
and 40 mA from 5 to 60�. The elemental compositions of the zeo-
lites were measured on a Philips Magix-601 X-ray fluorescence
(XRF) spectrometer. The scanning electron microscopy (SEM)
images of the zeolites were recorded on a Hitachi SU8020 SEM
equipment.

The transmission infrared (IR) spectra of the NaH-MOR samples
were recorded on a Bruker Tensor 27 instrument equipped with a
vacuum system and a mercury cadmium telluride (MCT) detector.
The samples were pressed in a self-supported wafer
(~22.5 mg cm�2) and heated to 623 K at 10 K min�1 for 45 min
under vacuum (10�2 Pa). After cooling to room temperature, the
spectra were obtained at a resolution of 4 cm.

In situ diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy was performed using a Bruker Tensor 27 instrument
equipped with a diffuse reflectance attachment and a MCT detec-
tor. Py-H-MOR was smashed into powder and placed in a diffuse
reflectance IR cell with a ZnSe window. Afterward, the catalyst
powder was first heated at 473 K under vacuum for 2 h to remove
moisture and then treated with flowing N2 (30 mL min�1), passing
through a methyl acetate bubbler, which was maintained at 313 K
at the upper stream of the IR cell at ambient pressure for 2 h. The IR
cell was then flushed with 30 mL min�1 pure N2 for 1 h to remove
residual gas and physically absorbed methyl acetate. After purifica-
tion, the IR cell was filled with CO at a different pressure that was
maintained by a back pressure regulator (XiongChuan). The in situ
absorbance spectra were obtained by collecting 16 scans at 4 cm�1

resolution 3 min after the pressure adjustment.
The temperature-programmed desorption (TPD) measurements

were conducted in the reactor. After pyridine modification, the
reactor was cooled to 473 K and the catalyst (0.4 g) was treated
at ambient pressure for 2 h with 30 mL min�1 Ar passing through
a methyl acetate bubbler that was maintained at 313 K at the
upper stream of the reactor. The catalyst was then treated at ambi-
ent pressure with pure Ar (50 mL min�1) for 1 h to remove physi-
cally absorbed methyl acetate. The desorption of products during
the temperature rise was monitored by mass spectrometry (MS)
(Pfeiffer, GSD320).

The products in the continuous flow reaction were analyzed by
an on-line gas chromatograph (GC) (Agilent 7890B) equipped with
a flame ionization detector connected with a HP-PLOT/Q capillary
column (30 m � 0.53 mm � 40 lm), and a thermal-conductivity
detector connected with a TDX-01 packed column. The line con-
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necting the reactor outlet and the GC inlet was heated to avoid the
condensation of the products.

The Guisnet’s method [41] was also used to analyze the prod-
ucts deposited on the spent catalyst, which was dissolved in 20%
HF, extracted with dichloromethane, and analyzed by GC–MS (Agi-
lent 7890/5975C). The products collected from the isotopic exper-
iment using 13CO were collected by deionized water and a gas bag,
and analyzed by GC–MS (Agilent 7890/5975C). The products
obtained after the injection of deuterated water were analyzed
by MS (Pfeiffer, GSD320).

All the above characterization experiments were performed
separately and the data were collected when the acetone selectiv-
ity reached its maximum value. The conversion was calculated as
follows:

Conversionð%Þ ¼ 100� Finlet � Foutlet
Finlet

ð1Þ

where Finlet and Foutlet represent the flow rate of the reactant at the
reactor inlet and outlet, respectively.

Moreover, the selectivity of the products was calculated based
on the moles of carbon:

SelectivityðCnHmOlÞ ¼ n� NðCnHmOlÞP
n� NðCnHmOlÞ ð2Þ

where N(CnHmOl) represents the molar concentration of CnHmOl

and n is the number of carbons in CnHmOl.
The molecular weight distribution of the product obtained

using 13CO was correspondingly converted to probability distribu-
tion (Pn) as follows:

Pn ¼ InP
In

ð3Þ

where n is the 13C amount in the molecule and In is the intensity of
mass-spectrometry signal of the molecule.

3. Results and discussion

3.1. Coupling carbonylation and ketonization reactions

The coupling carbonylation of DME and the subsequent
ketonization reaction were performed over various zeolites with
different topologies and the results were compared (Fig. 1a).
Specifically, only hydrocarbon products were observed over H-
Beta, H-Y, and H-ZSM-5, whereas a methyl acetate selectivity of
17.3% was obtained over H-ZSM-35. However, when the reaction
was performed over H-MOR, 35% acetic acid and a low amount
of acetone (1.6%) was detected.

To limit the effect of the methanol-to-hydrocarbons (MTH)
reaction over H-MOR, the catalyst was modified with pyridine
(Py-H-MOR). H-MOR has two parallel 8MR and 12MR channels
that are connected by an 8MR side pocket. The acid sites in the
12MR channel are responsible for the hydrocarbon formation
[10,13] and can be deactivated by pyridine. Pyridine can also pen-
etrate into the 8MR side pocket of H-MOR and desorb upon heating
[42], as confirmed by IR measurements (Fig. S2). In particular, after
treatment of H-MOR with pyridine, the peak corresponding to –OH
stretching shifted from 3606 to 3585 cm�1, indicating the success-
ful blockage of the acids in the 12MR channel. Similar results were
obtained in earlier studies, where the IR peaks at 3616 and
3595 cm�1 were attributed to the Brønsted acid sites in the
12MR channel and 8MR side pocket of H-MOR, respectively [43–
45]. After pyridine modification, the selectivity of acetone over
Py-H-MOR increased to 73%, while the hydrocarbon selectivity
was significantly decreased to 2.2%. The time-on-stream of the
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reaction is shown in Fig. 1b. Pyridine desorption was also consid-
ered by comparing the time-on-stream of 18 h of two reactions,
which one of them possessed 18 h of pyridine desorption under
the condition same to the reaction (except the addition of DME)
before DME was introduced. The trend and the value of product
selectivity were about same (Fig. S3). The similar time-on-stream
of two reactions indicated that the effect of pyridine desorption
was little.

In addition, it has been reported that the acid sites in the 8MR
side pocket of H-MOR are active for DME carbonylation [8] and
can catalyze the formation of acetic acid over H-MOR and Py-H-
MOR. Comparison of the results obtained over H-MOR and Py-H-
MOR revealed that the acetone formation was mainly catalyzed
by the acid sites in the 8MR side pocket, while the formation of
hydrocarbons was catalyzed by the acid sites in the 12MR channel,
leading to lower acetone selectivity. Although the H-ZSM-35 zeo-
lite also consists of an 8MR channel that can catalyze the carbony-
lation of DME [13], its 10MR channel promotes the MTH reaction
and coke formation, and the water produced hydrolyzes DME, thus
limiting the acetone production.

The effect of the reaction conditions, including the tempera-
ture, partial pressure of reactants (P), and contact time of the
reactants with the catalyst was also investigated. As shown in
Fig. 2a, the acetone selectivity was low at < 493 K, but
increased significantly with increasing temperature, reaching a
maximum at 573 K. In contrast, the selectivity of methyl acet-
ate was rapidly reduced as the temperature increased, while at
temperatures higher than 573 K, the formation of hydrocarbons
(C2

= + C3
=) was observed. Carbonylation could take place easily

at < 493 K, and methyl acetate was mainly formed, complying
with already reported results [5,16]. Further increase of the
reaction temperature (>493 K) favored the subsequent ketoniza-
tion reaction, as confirmed by the detection of CO2 in the
products, and an increasing acetone content was observed.
Moreover, the molar flow rate ratio of CO2/acetone at 553 K
was found to be about 1.1 (Fig. S4), i.e., close to the reported
theoretical ratio (CO2/ketone = 1) [19], further confirming the
ketonization reaction. We also found that ketonization was
more favored at about 550 K, as already reported in the liter-
ature [26,27]. Therefore, we concluded that the DME conversion
to acetone could be achieved by adjusting the reaction temper-
ature. However, it should be noted that temperatures higher
than 573 K would activate side reactions, leading to the forma-
tion of hydrocarbons from DME or acetone and reducing the
acetone selectivity [46,47].

The product selectivity was closely related with the reactants’
partial pressure (P). Specifically, the DME conversion to acetone
and acetic acid was higher with increasing PCO, whereas the selec-
tivity to methyl acetate was significantly reduced as PCO increased
(Fig. 2b). As expected, the opposite results were obtained with
increasing DME pressure (Fig. 2c). Moreover, the maximum ace-
tone selectivity was achieved at high PCO/PDME values, because
the CO excess along with low DME content benefited the formation
of acetone instead of methyl acetate.

Furthermore, in this study, the contact time was adjusted by
the amount of catalyst loaded into the reactor, and the contact
time variation indicated the change in the product distribution
along the catalyst. Based on Fig. 2d, long contact times favored
the acetone formation while reducing the selectivity of methyl
acetate, whereas the acetic acid formation was almost indepen-
dent from contact time, as a selectivity of about 28.5% ± 1.5
was observed throughout the experiment. Consequently, acetone
was mainly formed by the ketonization of methyl acetate, while
the contribution of the acetic acid ketonization was much
smaller.



Fig. 1. (a) Results of the coupling carbonylation of DME and its subsequent ketonization reaction over commercially available zeolites and Py-H-MOR. (b) Time-on-stream of
the reaction over Py-H-MOR. 553 K, 2 Mpa, PDME = 56 kPa, PCO = 888 kPa, total GHSV = 504 h�1. Ar was used as balancing gas.

Fig. 2. Effect of (a) temperature (2 MPa, PDME = 26.2 kPa, PCO = 420 kPa, total GHSV = 1200 h�1), (b) PCO (553 K, 2 MPa, PDME = 26.2 kPa, total GHSV = 1200 h�1), (c) PDME (553 K,
2 MPa, PCO = 420 kPa, total GHSV = 1200 h�1), and (d) contact time (553 K, 2 MPa, PDME = 26.2 kPa, PCO = 420 kPa) on DME conversion and acetone selectivity over Py-H-MOR. In
all experiments, Ar was used as balancing gas.

Z. Zhou, H. Liu, Y. Ni et al. Journal of Catalysis 396 (2021) 360–373
3.2. Promotion of carbonylation to ketonization

The effect of CO on the ketonization was also examined, as CO is
a key reaction component and no relevant study has been reported
so far. Therefore, two experiments were performed over Py-H-MOR
in the presence and absence of CO to evaluate the contribution of
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CO to the ketonization of methyl acetate. The results were also
compared with those obtained during the reaction of DME with
CO (Fig. 3a).

During the ketonization of methyl acetate in the presence of CO,
a selectivity of 68% and 32% was observed for acetone and acetic
acid, respectively. However, significantly lower selectivities were



Fig. 3. (a) Ketonization of methyl acetate in CO or Ar atmosphere over Py-H-MOR. The orange square indicates the conversion of DME and methyl acetate (MAc) from left to
right. Conditions for DME + CO: 553 K, 2 MPa, PDME = 26.2 kPa, PCO = 420 kPa, total GHSV = 1200 h�1; MAc + CO: 553 K, 2 MPa, PCO = 666.7 kPa, Pmethyl-acetate = 53.8 kPa, total
GHSV = 1800 h�1; and MAc: 553 K, 2 MPa, Pmethyl-acetate = 53.8 kPa, total GHSV = 1800 h�1. (b) Effect of PCO on methyl acetate ketonization over Py-H-MOR (553 K, 2 MPa, total
GHSV = 1800 h�1, Pmethyl-acetate = 53.8 kPa). In all experiments, Ar was used as balancing gas. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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obtained for acetone (10%) and acetic acid (57%) in Ar atmosphere,
while the formation of DME (23%), C4 hydrocarbon (6%), and
methyl propionate (4%) was also observed. Based on these results,
the product distribution obtained from the reaction of methyl acet-
ate with CO was similar to that of the reaction between DME and
CO, where 63% acetone and 30% acetic acid were formed, indicating
that CO can greatly affect the ketonization of methyl acetate for
highly selective acetone production. Additionally, significant dif-
ferences were observed between the conversion of methyl acetate
(93% in MAc + CO, 4% in MAc) and the selectivity of acetone (68% in
MAc + CO, 10% in MAc) during the CO-mediated reaction. There-
fore, the effect of PCO on the ketonization of methyl acetate was
also studied. As shown in Fig. 3b, the increase in PCO values only
increased the conversion of methyl acetate, whereas the selectivity
of acetone and acetic acid were maintained at 64% and 34%, respec-
tively, further confirming that the ketonization of methyl acetate
was significantly promoted by CO.

The treatment of H-MOR with pyridine is an effective method of
adjusting its acidity, as pyridine can selectively block the acids in
the 12MR channel without affecting the acids in the 8MR side
pocket. Since the carbonylation is catalyzed by the acids in the
H-MOR side pocket [48], we assumed that the ketonization of
methyl acetate can be promoted by the preceding carbonylation
step. Indeed, both the conversion of methyl acetate and the selec-
tivity of acetone over Py-H-MOR were higher than over H-MOR
(Fig. 4a). Given also that the ability of CO to promote the ketoniza-
tion of methyl acetate depends on the zeolite topology, the reac-
tion was performed over alternative zeolites, i.e., H-Beta, H-Y, H-
ZSM5, and H-ZSM35, to examine their effect on acetone selectivity.
However, all four zeolites afforded a low acetone amount with a
selectivity of < 10% along with acetic acid, DME, and hydrocarbons
(Fig. 4a), probably due to their weak performance in carbonylation
[5]. Their pyridine-treated samples were also prepared and tested
for their efficiency toward the CO-mediated ketonization of methyl
acetate. However, the product distribution was not improved and
the conversion of methyl acetate was even lower than over the
untreated samples, because nearly all acids were hindered by pyr-
idine (Fig. 4a), indicating that pyridine acts as an acidity modifier
rather than a selectivity modifier and does not catalyze the forma-
tion of acetone.
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To study the evolution of product distribution along the Py-H-
MOR, the effect of contact time to the conversion of methyl acetate
and the selectivity of acetone were also examined. Upon initial
contact of methyl acetate with Py-H-MOR, the selectivity of ace-
tone started to increase, while that of acetic acid gradually
decreased, reaching steady ~ 65% and ~ 35%, respectively. These
results confirmed that acetone was obtained from the CO-
mediated ketonization of the methyl acetate, while only part of
acetic acid contributed to acetone formation at the initial contact
with zeolite.

Considering that the carbonylation of DME and the subsequent
ketonization reaction were catalyzed by the acids in the 8MR side
pocket of the catalyst, as proved by the significant difference in
acetone selectivity over Py-H-MOR and H-MOR and the CO-
mediated ketonization of methyl acetate, NaH-MOR was used to
quantitatively study the role of the acids [48,49]. To that end, six
NaH-MOR samples with different Na+ content were prepared and
their IR spectra were recorded. Increasing the Na+ content in the
NaH-MOR samples resulted in a decrease in the IR peaks at 3609
and 3590 cm�1, because the proton in the Si–OH–Al moiety in
the 12MR main channel and 8MR side pocket of the catalyst was
exchanged with Na+ (Fig. S5).

The IR spectra were further used to determine the quantity of
acids following an already reported process [50], and the acetone
formation rate was examined as a function of the number of acids
in the NaH-MOR samples with varying Na+ content. Moreover, all
samples (n = 6) were treated with pyridine before the experiment,
so that only the acids in the 8MR side pocket would be available for
the reaction. As shown in Fig. 5a, sample 1# showed poor reactivity
due to almost complete ion exchange of its acids. For samples 2#–
6#, the acetone formation rate increased with increasing number
of acids in the side pocket, and their correlation showed good lin-
earity (R2 = 0.995), indicating that the reaction was catalyzed by
the acids in the 8MR side pocket.

The acetone formation rate was also measured using six
untreated NaH-MOR samples with the same Na+ concentrations
as before, where the acids were active in both the 8MR side pocket
and the 12MR channel of the catalyst (Fig. 5b). Although acetone
was formed, the formation rate was much lower than that obtained
over the corresponding Py-treated samples due to the active acids



Fig. 4. (a) Effect of zeolite topology on the CO-mediated ketonization of methyl acetate (553 K, 1 MPa, total GHSV = 1800 h�1, Pmethyl-acetate = 53.8 kPa, PCO = 425.5 kPa, balanced
by Ar). (b) Conversion of methyl acetate and selectivity of acetone and acetic acid at different contact times over Py-H-MOR (553 K, 1 MPa, Pmethyl-acetate = 53.8 kPa,
PCO = 333.3 kPa, balanced by Ar).

Fig. 5. Acetone formation rate per unit mass plotted against the number of acid sites per unit mass of NaH-MOR samples (a) treated and (b) untreated with pyridine at 553 K,
1 MPa, total GHSV = 2250 h�1, Pmethyl-acetate = 80 kPa, PCO = 333.3 kPa. In all experiments, Ar was used as balancing gas.
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of the 12MR channel, which were more likely to consume acetone.
Moreover, no specific correlation was observed between the ace-
tone formation rate and the number of acids, confirming that pyr-
idine in the Py-treated samples blocked the acids in the 12MR
channel and hindered the acetone consumption.

The ketonization of methyl acetate was also studied under dif-
ferent reaction temperatures (533 and 573 K) to further study the
role of CO. The conversion of methyl acetate was higher in the
presence of CO, where acetic acid and acetone were mainly formed.
In contrast, a significantly different product distribution was
observed during CO-free ketonization, affording acetic acid and
DME as the main products (Fig. 6a). Other H-zeolites such as H-
ZSM5, H-ZSM35, H-Y and H-Beta were also tested for the CO-free
ketonization of methyl acetate (Fig. 6b), but afforded a low acetone
selectivity (<10%) and high content of acetic acid and DME. The
incapability of acetone generation could be caused by the dissoci-
ation of methyl acetate over H-zeolites. Studies on the reaction of
methyl acetate over H-ZSM5 have revealed that methyl acetate
could first alkylate the zeolite (Eq. (4)) [51,52]. In our study, inter-
action of methyl acetate with the alkyl species on the zeolite then
led to the formation of DME (Eq. (5)). In addition, the MTH reaction
consumed DME, thus providing water that could hydrolyze the
acetyl species (Eq. (6)) and recover the zeolite in its initial form.
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CH3COOCH3 + H-zeolite ! CH3-zeolite + CH3COOH ð4Þ

CH3COOCH3 + CH3-zeolite ! CH3OCH3 + CH3CO-zeolite ð5Þ

CH3CO-zeolite + H2O ! H-zeolite + CH3COOH ð6Þ
Consequently, the hydrolysis of methyl acetate (Eq. (7)) and

MTH reaction were the main reactions of methyl acetate over H-
zeolite. The MTH reaction is complicated and is currently not
shown.

2CH3COOCH3 + H2O ! CH3OCH3 + 2CH3COOH ð7Þ
The ratio of the selectivity of acetic acid to the selectivity of

DME was determined at 63.4/30 (%) and 57.6/32.7 (%) during the
CO-free ketonization of methyl acetate over Py-H-MOR at 533 K
and 553 K, respectively (Fig. 6a), which was similar with the ideal
value (~2) in Eq.7. However, the ratio was>2 when the reaction was
performed over other zeolites (Fig. 6b), probably because the MTH
reaction was more promoted over H-zeolites than over Py-H-MOR.

Nevertheless, the acetic acid content was particularly high,
leading to low methyl acetate conversion, especially over Py-H-
MOR. This was attributed to the reversibility of Eq. (7), as the ester-
ification of acetic acid and DME to methyl acetate has a lower acti-



Fig. 6. (a) Ketonization of methyl acetate over Py-H-MOR at different temperatures (1 MPa, total GHSV = 1410 h�1, Pmethyl-acetate = 53.8 kPa, PCO (if added) = 425.5 kPa). (b)
Ketonization of methyl acetate over different H-zeolites (553 K, 1 MPa, total GHSV = 1410 h�1, Pmethyl-acetate = 53.8 kPa). (c) Ketonization of methyl acetate over Py-H-MOR at
633 K, 1 MPa, total GHSV = 1410 h�1, and Pmethyl-acetate = 53.8 kPa. In all experiments, Ar was used as balancing gas.
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vation energy than the ketonization of acetic acid [53]. Here, we
studied the reaction of acetic anhydride and DME to confirm that
esterification is easier than ketonization. As shown in Fig. S6, ace-
tone could be produced by the ketonization of acetic anhydride,
but the addition of DME increased the formation rate of methyl
acetate (~22 � 10�4 mol g�1h�1) by about 7.3 times compared to
that of acetone (~3 � 10�4 mol g�1h�1). These results could explain
the particularly low acetone selectivity and methyl acetate conver-
sion observed in our study during ketonization without CO. Since
several zeolite-catalyzed ketonization reactions have been per-
formed at temperatures above 573 K [27,28,54–56], we also exam-
ined this temperature (>573 K). A higher temperature (i.e., 633 K)
was also applied to stimulate the ketonization of acetic acid, but
the selectivity of acetone remained very low (<10%), although the
conversion of methyl acetate was significantly improved (Fig. 6c),
indicating that the ketonization over Py-H-MOR was not favored
under these conditions.

In contrast, a great improvement in acetone selectivity was
observed after the CO addition. More specifically, the conversion
of methyl acetate and the selectivity of acetone were higher than
those observed in the CO-free reaction (Fig. 6a) due to carbonyla-
tion. As already mentioned, the ketonization of methyl acetate over
Py-H-MOR occurred at the active acids sites of the catalyst’s 8MR
side pocket, which can also promote carbonylation. Thus, the
methyl acetate-derived methoxy species could be then converted
to acetyl species [8], as confirmed by the absence of DME in the
product mixture, which are important for the subsequent zeolite-
catalyzed ketonization [27] and can significantly improve the ace-
tone selectivity. Moreover, the alkylation reaction (Eq. (4)) and the
subsequent formation of DME (Eq. (5)) and esterification of acetic
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acid with DME (reversed Eq. (7)) were suppressed by carbonyla-
tion, resulting in a significantly improved CO-mediated conversion
of methyl acetate.

The methoxy and acetyl species of methyl acetate over H-MOR
were studied by in situ diffuse reflectance IR Fourier transform
(DRIFT) spectrometry. It should be noted that we did not use Py-
H-MOR for the observation of methoxy species, because the C–H
stretching peak of the methyl acetate-derived methoxy species
would be covered from that of pyridine. New peaks were detected
at 2856, 2960, and 2980 cm�1 after the adsorption of methyl acet-
ate over H-MOR at 473 K (line 2, Fig. 7a). The peaks at 2960 and
2856 cm�1 could be assigned to the anti-symmetric and symmetric
C–H stretching of the external CH3–O–Si species, respectively,
while the peak at 2980 cm�1 was assigned to the C–H stretching
of the internal CH3–O–Al species [57]. These new peaks indicated
that zeolite was successfully alkylated by methyl acetate, which
was also consistent with Eq. (4).

The DRIFT spectra could also confirm the formation of acetic
acid. Compared to the IR spectrum of Py-H-MOR (line 3, Fig. 7b),
the peak intensities at 1710, 1725, and 1745 cm�1 increased after
the adsorption of methyl acetate. The peak at 1725 cm�1 was
assigned to surface-adsorbed acetic acid [27], whereas the peaks
at 1710 and 1745 cm�1 corresponded to acetyl species [8,27], indi-
cating that methyl acetate serves simultaneously as an alkylation
and an acylation agent to MOR. The formation of new acetyl spe-
cies by the addition of CO via the carbonylation of the methoxy
species, especially those located in the 8MR side pocket, was also
observed by in situ DRIFT measurements. After the adsorption of
methyl acetate over Py-H-MOR (line 4, Fig. 7b), the IR chamber
was filled with 2.5 MPa CO. The enhancement of the peak at



Fig. 7. In situ DRIFT study of the methoxy and acetyl species. Spectra of (a) (1) H-MOR, (2) H-MOR flushed by N2 at 473 K after the adsorption of methyl acetate, (b) The
difference spectra of (3) Py-H-MOR at 523 K, (4) Py-H-MOR flushed by N2 at 523 K after the adsorption of methyl acetate, and (5) Py-H-MOR after the introduction of 2.5 MPa
CO to (4) for 3 min at 523 K, to the spectra of Py-H-MOR at 523 K.
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1745 cm�1 (line 5, Fig. 7b) indicated the generation of new acetyl
species.

The role of carbonylation in the ketonization of methyl acetate
could be further studied by TPD analysis, even two reactions were
performed at different temperature,. The ion current of acetone (m/
e = 58) was measured by MS to evaluate the formation of acetone
with increasing temperature. According to Fig. 8, acetone was
hardly generated as the temperature increased during the CO-
untreated desorption (black line). Although the importance of
acetyl species in the ketonization over zeolite has been previously
reported [27] and methyl acetate can sufficiently provide acetyl
species, the methoxy species formed in our study seem to hinder
the CO-free ketonization. In contrast, acetone production was
detected at 500 K upon treatment with static 1 MPa CO at 473 K
(Fig. 8, red line), as new acetyl species could be generated. These
results were consistent with our previous findings in the current
study and highlighted the importance of carbonylation to the
ketonization of methyl acetate and the production of acetone with
high selectivity.

The participation and the final location of CO in acetone
formation was further studied isotopically by GC–MS. The main
Fig. 8. Acetone (m/e = 58) formation during TPD analysis. The acetone signal of the
CO-free desorption was recorded after the adsorption of methyl acetate at 473 K
(black line). For the CO-mediated experiment (red line), the catalyst was treated
after the adsorption of methyl acetate with static 1 MPa CO at 473 K for 1 h,
decompressed to ambient pressure, and flushed by Ar, and then the temperature
was increased. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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fragments of acetone obtained from the carbonylation of DME with
13CO were at m/e = 59 and 44, while those of CO2 were found at m/
e = 45 and 29. In contrast, the corresponding peaks using commer-
cial CO were detected at m/e = 58 and 43 for acetone, and at m/
e = 44 and 28 for CO2 (Fig. 9). The mass difference suggested that
CO contributed to the carbonyl (C@O) group of acetone (CH3

13-
COCH3) and the formation of CO2 (13CO2). In addition, the reaction
of methyl acetate and 13CO afforded acetone in a mixture of CH3

12-
COCH3 and CH3

13COCH3 with two fragments at m/e = 58/59 and
43/44, while a fragment at m/e = 44/45 was detected for CO2 cor-
responding to a mixture of 12CO2 and 13CO2. The results demon-
strated that CO also participated in the generation of acetone
through carbonylation and showed that the carbonyl group
migrated over the zeolite during ketonization. Moreover, the iso-
topic studies suggested that both the carbonyl carbon of acetone
and CO2 originated from the carbonyl carbon atom of the acetyl
group. The corresponding reactions could be expressed by Eqs.
(8), Eqs. (9) and (10), which show the DME carbonylation to methyl
acetate, CO-mediated ketonization of methyl acetate and the over-
all coupling reaction.

CH3OCH3 + CO ! CH3COOCH3 ð8Þ

CH3COOCH3 + CO ! CH3COCH3 + CO2 ð9Þ

CH3OCH3 + 2CO ! CH3COOCH3 + CO2 ð10Þ
3.3. Ketonization mechanism

Despite the importance of acetyl species in the zeolite-
catalyzed ketonization, the mechanism of the acetyl species con-
version to acetone and CO2 has not been extensively studied. Con-
sidering that the formation of a new C–C bond is involved, we
herein suggested that the ketonization reaction involves the for-
mation of a ketene intermediate. The ketene is in equilibrium with
acetyl species by leaving an a-hydrogen [19] at the ketonization
temperature. The prediction of the ketene formation by density
functional theory calculations and the indirect experimental cap-
ture of ketene in DME carbonylation has been reported in a previ-
ous study, where the ketene and acetyl species could be
distinguished by the formation of CH3COOD. The reaction of D2O
with ketene would also yield CH2DCOOD (m/e = 62), which would
in turn generate CH3COOD (m/e = 61) upon reaction with acetyl
species. [35] Therefore, in this study, we used the same strategy
to capture and study ketene and further elucidate the ketonization



Fig. 9. GC–MS spectrum of acetone and CO2 derived from 13CO. Reaction conditions for CO + DME: 553 K, 1 MPa, total GHSV = 675 h�1, PDME = 27.3 kPa, PCO = 222.2 kPa;
13CO + DME: 553 K, 1 MPa, total GHSV = 675 h�1, PDME = 27.3 kPa, PCO = 222.2 kPa, PHe = 222.2 kPa; 13CO + methyl acetate: 553 K, 1 MPa, total GHSV = 840 h�1, Pmethyl-

acetate = 53.8 kPa, PCO = 142.8 kPa, PHe = 142.8 kPa. All experiments were performed over Py-H-MOR for 1 h and Ar was used as balancing gas.

Fig. 10. MS spectra of CH3OD (m/e = 33), CH3COOD (m/e = 61), and CH2DCOOD (m/
e = 62) after injection of 0.3 mL D2O (553 K, 1 MPa, PDME = 17.2 kPa, PCO = 444.4 kPa,
balanced by Ar, total GHSV = 1350 h�1 over Py-H-MOR). The � axis refers to the
time around the D2O injection moment.
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mechanism. As shown in the MS spectrum (Fig. 10), the pulse
injection of 0.3 mL D2O during the carbonylation of DME to acetone
rapidly increased the signals at m/e = 62 and 61, indicating the
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existence of both ketene and acetyl species. CH3OD was also
formed by D2O hydrolysis of the methoxy species. It should be
noted that D2O was injected 100 min after the start of the carbony-
lation reaction to ensure that acetone was formed from DME
carbonylation.

Furthermore, the presence of ketene could be confirmed by the
detection of two types of pyrones in the spent Py-H-MOR catalyst.
3,5-Dimethyl phenol, resulting from the aldol condensation of ace-
tone [58,59], and pyrones were the main identified coke species
(Fig. 11). Dehydroacetic acid and 2,6-dimethyl-4-pyrone were also
found in the spent catalyst. In addition, a diketene could be easily
formed by the condensation of two ketenes, and could be further
dipolymerized to dehydroacetic acid or 3-carboxy-2,6-dimethyl-
4-pyrone, which can subsequently afford 2,6-dimethyl-4-pyrone
via decarboxylation [60] (Scheme 1).

To confirm that these two pyrones derived from the ketene
intermediate, their GC–MS spectra obtained using 12CO and 13CO
were compared (Fig. 12). The molecular weight of dehydroacetic
acid obtained by the reaction of DME with 13CO and the reaction
of methyl acetate with 12CO was 172 and 168, respectively. These
mass values corresponded to the total mass of ketenes needed to
polymerize and their difference indicated the number of ketenes
involved in the reaction, suggesting that dehydroacetic acid was
formed via ketene polymerization. The molecular weight of 2,6-
dimethyl-4-pyrone obtained from the same reactions was 127
and 124, respectively. Due to the loss of a carboxyl group as CO2,
the mass difference was 3, which could however prove the forma-
tion of 2,6-dimethyl-4-pyrone from ketene.



Fig. 11. GC–MS spectrum of the coke species deposited in the spent Py-H-MOR catalyst.

Scheme 1. Condensation of ketene and dimerization of diketene to dehydroacetic acid and 2,6-dimethyl-4-pyrone [59].
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Moreover, the molecular weight of dehydroacetic acid obtained
from the methyl acetate + 13CO reaction varied from 168 to 172
(Fig. 13a), suggesting that the amount of 13C derived from 13CO
in dehydroacetic acid varied from 0 to 4 due to the different possi-
ble combinations of CH2=12C@O and CH2=13C@O for polymeriza-
tion to dehydroacetic acid. The molecular weight distribution of
dehydroacetic acid was also converted to the corresponding distri-
bution of the 13C amount (Fig. 13c), which could be fitted into the
following binominal distribution.
B ðX ¼ k;n ¼ 4; P ¼ 47:5%Þ ¼ k
4

� �
Pk 1� Pð Þ4�k

;where

k ¼ 0� 4 and
k
4

� �
¼ 4 !

k!ð4� kÞ ! ð11Þ

The GC–MS spectrum of 2,6-dimethyl-4-pyrone obtained by the
reaction of methyl acetate with 13CO (Fig. 13b) revealed that its
molecular weight varied from 124 to 127, indicating that the com-
bination of ketene is also possible in this reaction. The molecular
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weight distribution was further converted to the corresponding
probability distribution. However, due to decarboxylation for the
formation of 2,6-dimethyl-4-pyrone, the binominal distribution
(Eq. (11)) could not be directly used. Thus, only the possibilities
for k = 0–3 were considered for the calculation (Eq. (12)) using
B’(X = k, n = 4, P = 44%) based on B(X = k, n = 4, P = 44%) (Fig. 13d).

B
0
X ¼ k;n ¼ 4;P ¼ 44%ð Þ ¼

k
4

� �
Pk 1� Pð Þ4�k

P3
i¼0

i
4

� �
Pi 1� Pð Þ4�i

;where k ¼ 0� 3

ð12Þ
Parameter P is the probability of CH2=13C@O participating in the

ketene polymerization reaction. Considering also the natural 13C
abundance, the ideal probability should be 50.5% because the reac-
tion of methyl acetate with 13CO provides one CH2=13C@O ketene
via carbonylation and one CH2=12C@O ketene from the acetyl
group of methyl acetate. CH2=12C@O and CH2=13C@O can be distin-
guished by the isotope effect. CH2=13C@O is less likely to partici-
pate in the reaction because more energy is required to break a



Fig. 12. Molecular weight of dehydroacetic acid and 2,6-dimethyl-4-pyrone obtained from the reactions of DME + 13CO (553 K, 1 MPa, total GHSV = 675 h�1, PDME = 27.3 kPa,
PCO = 222.2 kPa, PHe = 222.2 kPa, balanced by Ar, Py-H-MOR, 1 h) and methyl acetate + 12CO (553 K, 1 MPa, total GHSV = 1410 h�1, Pmethyl-acetate = 53.8 kPa, PCO = 425.5 kPa,
balanced by Ar, Py-H-MOR).
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bond directly linked to an isotopic atom [61]. Namely, 12C–12C can
break more easily than 12C–13C, leading to P < 50.5% for
CH2=13C@O.

As already shown in Fig. 9, the imbalanced intensity of m/e = 43
and 44 in acetone and that ofm/e = 44 and 45 in CO2 obtained from
the methyl acetate + 13CO reaction indicated that ketonization was
affected by the kinetic isotope effect (KIE). If CH2=13C@O and
CH2=12C@O contributed equally to the reaction, the probability
for acetone should also be equally distributed to acetone and CO2

considering the natural 13C abundance. However, acetone was
more likely to be isotopic labeled than CO2 and their respective P
values were 56.5% and 42.2%, which allowed the suggestion of a
reaction mechanism for ketonization over zeolite.

The mechanism of the carbonylation-assisted ketonization of
methyl acetate is shown in Scheme 2. The formation of methyl
acetate by DME carbonylation is not shown, because it has already
been studied [8]. Methyl acetate first alkylates the zeolite, thus
generating methoxy species and acetic acid. Acetyl species are then
formed by the acylation of acetic acid and the carbonylation of
methoxy species. The acetyl species can be subsequently trans-
formed to ketene through an a-hydrogen elimination. The Cb (car-
bon at b-position relative to oxygen) and Ca (carbon at a-position
relative to oxygen) atoms of CH2=12C@O are negatively and posi-
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tively charged, respectively, thus allowing the nucleophilic addi-
tion of Cb to a positively charged atom [62]. Hence, the
nucleophilic addition of ketene to the positively charged acetyl
species yields an acetoacetyl intermediate, which affords ace-
toacetic acid upon reaction with water and decomposes into ace-
tone and CO2 via decarboxylation. Acetone is finally produced
from one of the two acetyl species, whereas the other acetyl spe-
cies turns into ketene, thus contributing to the alkyl group of ace-
tone and the formation of CO2.

When 13CO was used for the methyl acetate ketonization, com-
pared with CH2=12C@O, it is more difficult for CH2=13C@O to partic-
ipate in the nucleophilic addition to acetyl species due to KIE. For
CH2=13C@O, it converts back into acetyl species and attacked by
CH2=12C@O, which eventually leads to 13C accumulation in the
acetyl species, resulting in acetone, and CO2 with 13C content above
and below 50.5%, respectively. The primary KIE reported in the lit-
erature for 12C/13C is about 1.04 [63–65], and the possibility shift in
acetone derived from the methyl acetate + 13CO reaction is
56.2%/50.5% = 1.113. Here, this can be caused by the double break-
ing of the C@C ketene bond during the formation of acetoacetyl
species via the nucleophilic addition of ketene to acetyl species,
and the decarboxylation of acetoacetic acid with a possibility shift
of 1.042 = 1.082, a value very close to 1.113.



Scheme 2. Proposed reaction mechanism of methyl acetate ketonization for acetone formation.

Fig. 13. GC–MS spectra of (a) dehydroacetic acid and (b) 2,6-dimethyl-4-pyrone obtained from the methyl acetate + 13CO reaction (553 K, 1 MPa, total GHSV = 840 h�1, Pmethyl-

acetate = 53.8 kPa, PCO = 142.8 kPa, PHe = 142.8 kPa, Py-H-MOR, 1 h, balanced by Ar). (c) Conversion of molecular weight distribution to probability of 13C amount distribution
fitted by Eq. (11). (d) Conversion of molecular weight distribution to probability of 13C amount distribution fitted by Eq. (12).
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4. Conclusions

A novel acetone production method was developed based on
the carbonylation of DME to methyl acetate and its subsequent
ketonization to acetone. The reaction cascade was catalyzed by
the acid sites in the 8MR side pocket of H-MOR, and the acetone
selectivity was significantly enhanced using Py-H-MOR as the cat-
alyst, as side reactions consuming acetone were efficiently sup-
pressed by pyridine. In addition, we found that the carbonylation
step is important for promoting the conversion of methyl acetate
and improving the acetone selectivity. In situ DRIFT studies showed
that methyl acetate served as both an alkylation and acylation
agent for H-MOR, and new acetyl species were generated by the
carbonylation reaction. The participation of CO in the ketonization
of methyl acetate was confirmed by isotopic experiments, while
the formation of a ketene intermediate was verified by the forma-
tion of CH2DCOOD using D2O and the presence of 2,6-dimethyl-4-
pyrone and dehydroacetic acid in the spent catalyst. According to
the binominal distribution of 13C in the two pyrone types obtained
by the 13CO-involved ketonization of methyl acetate, CH2=13C@O
was less likely to participate in the nucleophilic addition than
CH2=12C@O due to the KIE. A mechanism for the ketonization reac-
tion toward acetone and CO2 was also proposed involving the for-
mation of a ketene intermediate, indicating that the acetyl species
contribute to the acyl part of acetone, while ketene is involved in
the formation of the acetone alkyl group and CO2.
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