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Abstract: The transformation of methane into high
value-added chemicals such as aromatics provides a
more desired approach towards sustainable chemistry
but remains a critical challenge due to the low selectivity
of aromatics and poor stability. Herein, we first report a
coupling reaction of CH3Cl and CO (CCTA) based on
methane conversion, which achieves extremely high
aromatics selectivity (82.2%) with the selectivity of
BTX up to ca. 60% over HZSM-5. The promoting
effects have been demonstrated on other zeolites
especially 10-membered rings (10 MR) zeolites. Multiple
characterizations show that 2,3-dimethyl-2-cyclopen-
tene-1-one (DMCPO) is generated from acetyl groups
and olefins. Furthermore, isotopic labeling analysis
confirms that CO is inserted into the DMCPO and
aromatics rings. A new aromatization mechanism is
proposed, including the formation of the above inter-
mediates, which conspicuously weakens the hydrogen
transfer reaction, leading to a considerable increase of
aromatics selectivity and a dramatic drop in alkanes.

Introduction

Due to the depletion of crude oil and the rising demands for
transportable fuels, developments on sustainable production
technologies from non-petroleum carbon resources, e.g.,
natural gas, coal, and biomass, are receiving widespread
attention. Various syngas-based technologies have been
developed and commercialized successfully to date,[1] but
aromatics manufacturing technologies have not been com-
mercialized due to low selectivity and poor stability.[2] In this
case, aromatic synthesis technologies based on methanol/
syngas have been thoroughly researched and focused on
modifying ZSM-5 zeolite.[2,3] Despite tremendous advances,

aromatic selectivity and catalyst stability continue to be key
problems. Consequently, exploiting an efficient approach
for aromatic production from non-petroleum resources is
critical for the sustainable chemical industry.

Natural gas has become a vital and alternative non-
petroleum resource for aromatics production following the
breakthrough of hydraulic fracturing technology.[4] Direct
methane conversion with or without the assistance of small
molecule compounds, e.g., oxygen,[5] CO,[6] and methanol,[7]

appears to be more economical and environmentally
friendly. However, the relatively highly inert nature of
methane, resulting from the high C� H bond strength and
supersymmetric structure, makes it challenging.[8] Moreover,
the indirect pathway via syngas/methanol is still in the
laboratory-scale stage.[2] In doing so, despite significant
attempts to overcome the problem of low aromatics
selectivity and fast deactivation of catalysts during methane
conversion,[9] the slow progress has impeded the further
development of methane to aromatics.

Methyl halide, a vital platform chemical for the trans-
formation of methane, can be obtained readily from
methane halogenation under moderate reaction conditions
with high yields,[10] and also easily converted to high value-
added chemicals and liquid fuels.[11] Studies on methyl halide
to olefins, in particular, were carried out over SAPO-34 at
723 K, 0.1 MPa, obtaining up to 95% ethylene and
propylene selectivity.[11,12] However, few investigations on
the synthesis of aromatics by methyl halide have been
published, with the majority of them focusing on CH3Br-to-
aromatics over HZSM-5[13] or modified ZSM-5 zeolites.[14] It
is apparent that under the conditions of <673 K and
0.1 MPa, 100% conversion of CH3Br was achieved. Unfortu-
nately, the selectivity to aromatics is not high (<50%) in all
reports owing to the inevitable formation of alkanes via a
hydrogen transfer reaction caused by the difference in the
H/C ratios between methyl halide and aromatics, partic-
ularly for BTX.[2] Thus, development of a novel route for
the conversion of CH3Cl to aromatics with high catalytic
performance is attractive, while there remains significant
challenges.

Herein, we present an effective strategy for the selective
conversion of CH3Cl to aromatics, especially BTX, by
CH3Cl carbonylation over H-zeolites with 10 MR. Up to
82.2% aromatics selectivity with ca. 60% BTX was obtained
along with the complete conversion of CH3Cl over HZSM-5
at 673 K and 5.0 MPa. The insertion of CO weakens the
occurrence of the hydrogen transfer reaction, resulting in a
significant increase of aromatics selectivity. Furthermore,
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DMCPO is proven to be synthesized from acetyl groups and
olefins. This work contributes to broadening approaches
towards the transformation of methane into chemicals in a
sustainable way.

Results and Discussion

ZSM-5, an efficient catalyst for the production of aromatics
from oxygenates and hydrocarbons, is first employed as a
catalyst for the coupling of CH3Cl and CO. Figure 1a shows
that the product distribution changes significantly after
introducing CO instead of N2 under reaction conditions of
0.1 MPa, 673 K, and 3000 mLgcat

� 1h� 1. Remarkably, the
selectivity of aromatics increases from 11.6 to 40.5% at
ambient pressure, whereas C2–C4 olefins selectivity dramat-
ically decreases from 68.5 to 36.7%. The corresponding
aromatic selectivity varies from 1.4 to 5.9% for toluene, 2.6
to 11.6% for xylene, 3.3 to 14.7% for A9 and 1.6 to 4.2%
for A10 in the products after the introduction of CO instead
of N2 (Figure S1). It is worth noting that about 7% of
oxygenates, including acetone, acetic acid, and methyl

acetate, were detected in the products after introducing CO.
These findings differ from the results based on the hydrogen
transfer mechanism such as methanol/alkanes-to-
aromatics,[2,15] indicating that a significant change in the
reaction networks may occur during the CH3Cl conversion
to aromatics in the presence of CO.

As demonstrated in Figure 1b, the reaction pressure is
an important factor in converting CH3Cl to aromatics, and a
higher reaction pressure promotes the formation of aro-
matics in the presence of CO. In comparison to the ambient
data, the aromatics selectivity increases to 71.2% at 1.0 MPa
with complete conversion of CH3Cl. More surprisingly,
aromatics selectivity as high as 82.2% (BTX selectivity up to
59.3%) is obtained at the reaction pressure of 5.0 MPa,
which is far higher than any prior results reported in the
literature.[14] Simultaneously, the oxygenates existing at
ambient pressure vanish completely, and the selectivity to
C2

=–C4
= is low to about 2.1% in the products. It should be

noted that the selectivity to methane and C2–C4 gaseous
hydrocarbons decrease with increasing selectivity to aro-
matics, indicating that the hydrogen transfer reaction is

Figure 1. Catalytic performance of ZSM-5 with CO co-feeding at sub-complete chloromethane conversion. a) Catalytic performance in
chloromethane-to-aromatics under N2 and CO co-feeding. b) Catalytic performance in the CCTA reaction under different total pressures. c) The
aromatics rings formation rate with different CO partial pressures. d) Catalytic performance in CCTA reaction at different reaction temperatures.
Reaction conditions: a) 673 K, P(N2 or CO)=86 kPa, P(CH3Cl)=0.7 kPa, Ar as balance gas, 0.1 MPa, 3000 mLgcat

� 1 h� 1; b) 673 K, 3000 mLgcat
� 1 h� 1,

Ar as balance gas. c) 673 K, 2.0 MPa, P(CO)=0.4–1.72 MPa, P(CH3Cl)=0.014 MPa, Ar as balance gas, 3000 mLgcat
� 1 h� 1; d) 2.0 MPa,

P(CO)=1.72 MPa, P(CH3Cl)=0.014 MPa, Ar as balance gas, 3000 mLgcat
� 1h� 1; C2–C4 represents paraffin, C2

=–C4
= represents olefins, C5+

excludes aromatics, oxygenates include acetic acid, methyl acetate and acetone.
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obviously suppressed with increasing the total pressure from
1.0 to 5.0 MPa.

Figure 1c depicts the change on aromatic formation rate
with CO pressure during CH3Cl conversion. The rate of
aromatics rings formation increases monotonically with
increasing CO partial pressure, implying that the formation
of aromatics is closely related to CO similar with the
coupling of small molecule compounds and CO.[3d,16] In
addition, the trends in selectivity to C2–C4 alkanes (from
22.2 to 3.1%) and olefins (from 23.6 to 5.6%) are opposite
to that of aromatics (from 39.0 to 79.3%) with increasing
partial pressure of CO (Figure S2). As a result, we further
corroborate the significance of CO in enhancing aromatics
selectivity. These results obtained with HZSM145 zeolite at
temperatures of 523–723 K and 2.0 MPa (P(CO)=

1.72 MPa) are shown in Figure 1d and Figure S3. Note that a
carbon balance of 96.2% was obtained under reaction
conditions of 2.0 MPa, 673 K, and 3000 mLgcat

� 1h� 1 after 3 h.
The selectivity to aromatics first increases with reaction
temperature and then reaches the maximum of 82% at
623 K. After that, the selectivity of aromatics declines with
reaction temperature up to 723 K. However, the maximum
selectivity to BTX is approximately 50% at 673 K, followed
by a slight decrease with temperature. It should be noted
that, at the relatively low reaction temperature of 523 K, the
majority of the products are oxygenates (up to about 49%)
and C2

=–C4
= (about 30%) with a few aromatics (around

3%). Surprisingly, when the reaction temperature is raised
from 523 to 573 K, most oxygenates and C2

=–C4
= convert to

aromatics. Therefore, we deduce that olefins and oxygenates
are the critical intermediate compounds during the con-
version of CH3Cl to aromatics. The emergence of consid-
erable oxygenates in CCTA, including methyl acetate, acetic
acid, and acetone, might be attributed to carbonylation
reactions of CH3Cl with CO on zeolite. These imply that the
presence of CO significantly inhibits the hydrogen-transfer
reactions. On the other hand, properly increasing the
temperature is beneficial to enhance the conversion of
CH3Cl (Figure S3) and CO (Figure S4), which fits with the
thermodynamic analysis results that the Gibbs energy
decreases with increasing reaction temperature (Figure S5).
Remarkably, the NZSM-541 displays no obvious deactivation
during the 100 h test (Figure S6), which the selectivity of
aromatics and BTX maintain at ca. 80% and ca. 50%,
respectively, with complete conversion of CH3Cl.

Other than ZSM-5, typical zeolites such as MCM-22,
ZSM-22, ZSM-35, MOR, BETA, Y, and SAPO-34 are
employed in the CCTA reaction. The detailed textural
properties and chemical characteristics of the zeolite
samples are shown in Figures S7–S10, and Table S1. As
shown in Figure 2a and Figure S11, different zeolites exhibit
different promoting effects and product distribution in the
CCTA reaction. Apparently, coupling conversion of CH3Cl
with CO favors the formation of aromatics on the zeolite
catalyst with various topologies. Interestingly, the selectivity
of aromatics markedly increases by 40.5%, 41.8%, and
56.0% over ZSM-5, ZSM-22, and MCM-22, respectively
(Figure 2a), outperforming other zeolites containing 8 MR
or 12 MR. In particular, MCM-22, an aluminosilicate

material with MWW framework type, exhibits a significant
increase on aromatics selectivity (�20×) in the presence of
CO, while the low C2–C4 paraffin selectivity decreases (73.9
to 6.9%). ZSM-22 with TON framework type also displays
significantly enhanced aromatics selectivity (18.2 to 59.9%)
with CO. Nevertheless, only 25.5% aromatics selectivity is
obtained with 32.8% olefins, and 13.0% oxygenates in the
products over ZSM-35 consisted of 8 MR and 10 MR
(Figure S11). Low aromatics selectivity over ZSM-35 might
be due to the low conversion of the intermediate formed in
CCTA. In brief, our findings clearly demonstrate the
applicability of our strategy of co-feeding CO to promote
aromatics selectivity during CH3Cl conversion over various
zeolites especially with 10 MR.

In contrast to the hydrogen transfer mechanism in
CH3Br-to-aromatics[13,14] that a tremendous amount of light
alkane formed during the CH3Br conversion, the higher
aromatics selectivity obtained in the current work is
invariably accompanied by lower alkane selectivity over
different 10 MR zeolites. Furthermore, oxygenates such as
DMCPO extracted from spent zeolites after coupling
conversion of CH3Cl with CO are detected. Nevertheless, as
seen in Figure 2b, the carbonaceous species are mainly
polymethylbenzene with N2 co-feeding, which is consistent
with the hydrogen transfer mechanism. These results vali-
date that there might exist another route of aromatics
formation. Thus, it should be emphasized again that there

Figure 2. Catalytic performance over zeolites with different topologies.
a) Aromatics selectivity in CCTA reaction under N2 or CO co-feeding.
b) GC-MS chromatograms of carbonaceous species retained in spent
HZSM-5145. Reaction conditions: 673 K, 2.0 MPa, P(CO or N2) -
=1.72 MPa, P(CH3Cl)=0.014 MPa, Ar as balance gas,
3000 mLgcat

� 1 h� 1.
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must exist another reaction mechanism for the CCTA
reaction.

The study on the effect of contact time on product
distribution can effectively explore the reaction intermedi-
ates, and the results are illustrated in Figure 3a. With
decreasing contact time, the selectivity to olefins and oxy-
genates including acetic acid, methyl acetate and acetone
increase gradually, whereas aromatics selectivity decreases.
These findings suggest that the enhancement of aromatics
formation should stem from the transformation of olefins
and oxygenates initially generated in CCTA. Moreover, the
selectivity of olefins and oxygenates obtained at 0.1 MPa are
higher than that at 2.0 MPa regardless of whether the
reactions are performed at 523 K or 673 K (Figure 1a,
Figure 3b and Table S2). Increasing temperature under the
same pressure, the aromatics selectivity significantly in-
creases while the selectivity of olefins and oxygenates
decreases which further confirms that aromatics might be
produced from olefins and oxygenates. As a consequence,
we preliminarily speculate that the observed improvements
in aromatics selectivity result from the change of reaction
mechanism under CO co-feeding, which olefins and oxygen-
ates might form aromatics.

In order to further clarify the reaction mechanism, more
experiments were conducted, including in situ DRIFT and
13C isotope-labeling experiments. As shown in Figure 4a, the
surface species over ZMS-5 are detected at different
reaction temperatures. The negative peak at 3602 cm� 1 is
caused by the chemical adsorption of CH3Cl. A wide peak
appears at 3210 cm� 1 below 523 K due to the physical
adsorption of CH3Cl[17] and gradually disappears with
increasing temperature. Meanwhile, the new peaks at
2863 cm� 1, 2921 cm� 1, 2944 cm� 1, 2958 cm� 1 and 2977 cm� 1,
which are assigned to methoxy groups formed by the
dissociation of CH3Cl,[17] are observed to decrease as the
temperature increases. These imply that CH3Cl is initially
adsorbed on Brønsted acid sites to form methoxy groups.
Note that the peak at 1710 cm� 1 attributed to acetyl
groups[18] exists below 523 K but is difficult to detect at high

temperature. Another new band at 1510 cm� 1 appears at
573 K assigned to alkenyl carbonium ions in DMCPO[19] and
gradually disappears as the temperature rises. These obser-
vations illustrate that the acetyl groups formed during the
CCTA conversion to DMCPO and subsequently to aro-
matics sequentially. In addition, the reactions are stopped
using liquid nitrogen, and the carbonaceous species confined
in HZSM-5145 were analyzed (Figure 4b). Considerable
DMCPOs are detected at 573 K and gradually decrease with
increasing temperature, consistent with the change of peaks
at 1710 cm� 1 and 1510 cm� 1. The amount of polymeth-
ylbenzene increases with increasing temperature below
573 K and gradually decreases above 573 K because high
temperature is conducive to the formation and desorption of
aromatics. According to the above results, it is deduced that
DMCPO is a crucial intermediate in the formation of
aromatics generated from olefins and acetyl groups.

To validate our hypothesis, Figure 4c and d show the 13C
distribution in aromatics, propane, and propylene collected
from the reaction of CH3Cl and 13CO. Figures S12–S14
provide a comprehensive analysis of the MS spectra of the
product in the presence of 12CO or 13CO. Almost all
aromatics contain at least one 13C atom and the quantity of
13C in aromatics is significantly higher than that in
propylene, as shown in Figures 4c and d. As we know, the
13C distribution in aromatics and olefins should be consistent
if the aromatics are formed via the hydrogen transfer
reaction. However, one 13C atom in the product is mainly
observed in our current work. Additionally, if aromatics are
formed directly from oxygenates such as acetone and acetic
acid, the product should mainly contain two or three 13C
atoms according to previous reports.[6,20] Therefore, these
results reveal that CO participates in aromatics formation
but follows a distinct mechanism. Moreover, the 13C NMR
spectra of the products exhibit some signal at 125–137 ppm
attributed to the C atom at aromatic rings (Figure 4e),
confirming that CO inserts into the aromatic rings and
changes the reaction mechanism. To further understand the
new reaction mechanism, we detected the active species

Figure 3. Catalytic performance over zeolites under different conditions in CCTA. a) Catalytic performance over HZSM-5145 at different contact
times. b) Catalytic performance over HZSM-5145 under different total pressures. Reaction conditions: a) 673 K, 2.0 MPa, P(CO)=1.72 MPa,
P(CH3Cl)=0.014 MPa, Ar as balance gas; b) 523 K, 3000 mLgcat

� 1 h� 1, P(CO)=1.72 MPa, P(CH3Cl)=0.014 MPa, Ar as balance gas; Note that C2–
C4 represents paraffin, C2

=–C4
= represents olefins, C5+ excludes aromatics, oxygenates include acetic acid, methyl acetate and acetone.
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after quenching the reaction by liquid nitrogen by GC-MS.
DMCPO is directly observed by GC-MS, which is consid-
ered an essential intermediate for aromatics formation
(Figure S15). The ion fragments of the DMCPO detected by
GC-MS display that 13CO is incorporated into DMCPO,
consistent with the 13C distribution of products (Figure S16).
Ulteriorly, the signal at 207 ppm collected by 13C liquid-state
NMR is attributed to the C atom in C=O, whereas other
signals assigned to DMCPO cannot be observed (Figure 4f).
The evidence clearly demonstrates that CO is incorporated
into DMCPO and further converted into aromatics rings in
the coupling of CH3Cl and CO.

Overall, the enhancement of aromatics selectivity is
mainly due to a shift in reaction mechanism, and the
coupling reaction between olefins and oxygenates occurs
more readily than olefins polymerization for the production
of aromatics. Consequently, the reaction mechanism is
proposed based on understanding the coupling of CH3Cl
and CO (Figure 5). 1) CH3Cl is adsorbed on Si(OH)Al
forming a methoxy and HCl. 2) The acetyl groups are
generated from CO incorporated into methoxy groups. 3)
The acetyl groups react with olefins such as propylene to
form DMCPO. 4) These DMCPO further convert into
aromatics after dehydration through a series of reactions.[21]

Note that the carbonyl compounds, such as acetone and
acetic acid, can also be converted to aromatics, as shown in
Figure S17, which is consistent with the previous reports.[22]

Meanwhile, the hydrogen transfer route might also be
competitive with the new aromatization route. These mean

that the reaction network is complex in CCTA and indepth
investigations are needed in the future.

Conclusion

In conclusion, we have proposed and demonstrated an
enhanced aromatics production strategy enabled by coupling

Figure 4. Characterization of the reaction mechanism. a) In situ DRIFT spectra from CCTA over ZSM-536 with increasing reaction temperature.
b) GC-MS chromatograms of organic materials retained in catalysis for different reaction temperatures collected from in situ DRIFT by liquid N2.
c) 13C distribution in liquid products of the coupling reaction of CH3Cl and

13CO. d) 13C distribution in propylene and propane collected from the
coupling reaction of CH3Cl. e)

13C liquid-state NMR spectra of products in the presence of 13CO during the CH3Cl-to-aromatics reaction over
HZSM-5145. f)

13C liquid-state NMR spectra of coke species in the presence of 13CO during the CCTA reaction over ZSM-5145. Reaction conditions:
a) 1.0 MPa, 0.14 gCH3Cl gcat

� 1 h� 1, CO/CH3Cl=17, Ar as balance gas; b c and d) HZSM-5145, 673 K, 3150 mLgcat
� 1 h� 1, CO/CH3Cl=60, Ar as balance

gas, 1.0 MPa.

Figure 5. The proposed mechanism in the CCTA reaction over HZSM-5.
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CO with CH3Cl over zeolites, especially with 10 MR. After
introducing CO into CH3Cl, the product distribution under-
goes striking changes. Higher aromatics selectivity can be
achieved along with fading of C2–C4 olefins and oxygenates
by increasing the reaction pressure, CO partial pressure, and
reaction temperature over HZSM-5. Under the conditions
of 673 K, 5.0 MPa, and 3000 mLgcat

� 1h� 1, 82.2% aromatics
and ca. 60% BTX selectivity are obtained, which are nearly
5-fold greater than those in the traditional conversion of
CH3Cl. Combined with in situ DRIFT and 13C isotope-
labeling experiments, CO has been proved to insert into
aromatics in CCTA reactions leading to the improvement of
aromatics selectivity. Furthermore, DMCPO is proved to be
a significant intermediate generated from acetyl groups and
olefins. Based on these results, a new aromatization for
CH3Cl-to-aromatics is proposed, in which the hydrogen
transfer reaction is drastically suppressed. Altogether, this
strategy offers a new idea for producing aromatics from
non-petroleum resources and shows great potential for
sustainable chemical industries.
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