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High carbon utilization for CO, conversion with
chloromethane to aromatics over acidic zeolite

catalyst

Aromatics Sel.:71%

BTX Sel.:50% 2

Achieving the conversion of CO, and CHy4 to aromatics is a sustainable pathway for
reducing greenhouse effects. The key obstacles are the high thermodynamic
stability and C—C coupling barriers. Liu’s team report a novel route via coupling
conversion of CO, and CH3Cl, as an important methane derivative, catalyzed by
acidic zeolites, which obtains up to 71% aromatics selectivity with 50% BTX
selectivity. Importantly, this work demonstrates that CO, directly participates in
the formation of aromatics via lactone as key intermediate.
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SUMMARY

Carbon dioxide (CO;) and methane (CH,4) are major greenhouse
gases, and the use of these C1 resources to produce high-value
chemicals is significant for sustainable chemistry. Due to the high
stability and C-C coupling barriers, simultaneous conversion of
CO, and CH,4 to aromatics remains challenging. Herein, we report
a sustainable strategy for utilizing greenhouse gases based on the
conversion of CO, and CH3Cl, an alternative of CH,, that yields a
high aromatics selectivity (71.3%) with ~50% BTX selectivity using
H-ZSM-5 as catalyst at 723 K and 3 MPa. In situ characterization
and '3C isotope-labeling experiments demonstrate that CO,
directly participates in the formation of aromatics via lactone
species instead of undergoing a classical reverse water-gas shift
reaction. Furthermore, a unique mechanism for CO, conversion is
proposed, involving the formation and subsequent transformation
of lactone and cyclopentenone species. This work expands high
carbon utilization pathways for converting greenhouse gases into
chemicals.

INTRODUCTION

Carbon dioxide (CO,) is a major greenhouse gas, provoking serious environmental
problems. In principle, CO is also considered a significant and alternative C1 feed-
stock since it is inexpensive and substantial.’? Therefore, efficiently utilizing CO, to
produce high-value chemicals has attracted much attention'** but remains a great
challenge owing to the inertness of CO, (AG° = —396 kJ/mol). Thermodynamically,
combining CO; and high-energy reactants like H; is an ideal strategy to obtain a
driving force. As a result, extensive research has been achieved in CO, hydrogena-
tion to oxygena’ces,s’7 o|e1‘ins,8'9 and aromatics.'%!" Aromatics, as one of the most
important chemicals, have enormous market demands for synthetic rubber,
polymers, medicines, etc.'” Considering the hydrogen cost and product market,

13- and aromatization'’""”

CO;-assisted alkane dehydrogenation are other path-
ways for utilizing CO,. In these processes, CO;, usually consumes hydrogen via the
reverse water-gas shift reaction to facilitate the conversion of alkanes. As a matter
of fact, the carbon atom of CO, does not directly participate in the formation of
products but is emitted as CO, resulting in a lower atom economy. Although a series
of scientific advances have been made toward the reaction mechanism or modifica-

tion of catalysts,?%%*

the aforementioned constraints still prevent the commerciali-
zation of CO,-based aromatic synthesis techniques. Consequently, exploiting

efficient and sustainable CO, utilization pathways is a critical challenge.

THE BIGGER PICTURE

Due to a sharp increase in
anthropogenic greenhouse gas
emissions and vast natural gas
reserves, comprehensively
utilizing CO, and CHy, for
production of aromatics has been
a hot topicin research. However, it
remains a challenge owing to the
highly thermodynamic stability.
Herein, we report a novel strategy
on the utilization of greenhouse
gases by the coupling of CH3Cl
and CO, over H-zeolites with a
10MR. Through this approach,
CO;, can directly participate in the
formation of aromatics, resulting
in high carbon utilization. This
work offers a new concept for the
direct coupling of CO, with small
compounds, which provides a
promising and sustainable
pathway for utilizing CO, and CH,4
for the production of valuable
aromatics while reducing
greenhouse gas emissions.
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Methane (CH,) is not only the principal component of natural gas but is also another,
more harmful greenhouse gas. Thus, achieving comprehensive utilization of CH, has
been a hot topic in research for mitigating the greenhouse effect and advancing the
energy revolution. Unfortunately, the high stability of CH,4 limits its transformation
and practical application.”” Methyl halide, which is a versatile platform molecule,
can be easily obtained from CH, and transformed to chemicals.?*?® To date,
research on the conversion of methyl halide have primarily concentrated on the
synthesis of olefins,?”*°
an approximately 100% CH3Br conversion and an aromatic yield of 27.9% can be
achieved over CuO/ZnO/ZSM-5.>" Despite some advancement toward metal
modification of zeolites®*** and route upgrading,®* the inherent issue is that the
imbalance of the H/C ratio between methyl halide and aromatics still limits the
aromatics selectivity.

yet less attention has been paid to aromatics. In particular,

In consideration of the H/C balance between reactants and products, we envision
that combining “hydrogen-deficient” species (CO;) and a "hydrogen-rich” com-
pound (CH3Cl) would be an ideal strategy to achieve utilization of CO, and CHy.
In the present work, we first reported a reaction of CO, and CH3Cl using acidic
zeolite catalysts, for which up to 71.3% aromatics selectivity with 100% CH3Cl con-
version can be obtained over H-ZSM-5 at 723 Kand 3 MPa. In situ Fourier transform
infrared spectra and "3C isotope tracer analysis demonstrated that CO, can directly
involve the formation of aromatics via lactone and cyclopentenone as key interme-
diates. This work provides an environmental and sustainable pathway for compre-
hensive utilization of CO, and CHa.

RESULTS
Effect of zeolite topology on the coupling of CO, and CH;Cl to aromatics
To achieve the comprehensive utilization of CO, and CH,, we adopted the
“hydrogen-deficient” species (CO,) and “hydrogen-rich” compound (CH3Cl) as re-
actants to synthesis aromatics (Figure 1A). Acidic zeolites were used as catalysts in
the coupling reaction, and the effect of zeolite topology on catalytic performance
was investigated. The detailed physical properties of all acidic zeolites are shown
in Figures S1 and S2 and Table S1. Figure 1B depicts the product selectivities cata-
lyzed by different acidic zeolites under different atmospheres at 3 MPa, 723 K, and
3,000 mL/gcat/h. Obviously, the aromatics selectivity increases to varied extents
catalyzed by zeolites with different topologies when CO; is introduced to CH5Cl.
Particularly, the aromatics selectivity catalyzed by H-ZSM-5 increases from 54.1%
to 71.3%, while alkanes selectivity significantly decreases from 41% to 27.1%. These
observations are different from the traditional methyl halide-to-aromatics conver-
sion. Considering that H-ZSM-5 contains no metal, as shown in Table S2, the reverse
water-gas shift conversion reaction is difficult to occur. Therefore, we speculate that
CO, may change the aromatization mechanism. Moreover, the selectivity to aro-
matics increases by 26.1%, 9.5%, 10.7%, and 4.9% over MCM-22, ZSM-22, ZSM-
23, and ZSM-35, respectively. Additionally, SAPO-34, Beta, and Y display low - o
. L . . L National Engineering Research Center of
aromatics selectivities with high alkanes selectivities. These results reveal that the Lower-Carbon Catalysis Technology, Dalian
acidic zeolites with a 10-membered ring (10MR), especially ZSM-5, are beneficial Institute of Chemical Physics, Chinese Academy
to produce aromatics in the conversion of CO, with CH3Cl. Therefore, H-ZSM-5 of Sciences, Dalian 116023, China

P . !
zeolites are adopted as the most efficient catalysts for further investigation. As illus- BU?!Vers'ty of Chinese Academy of Sciences,
eijing 100049, China
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trated in Figure 1C, the product selectivity changes obviously when introducing CO,
under conditions of 723 K, 0.1 MPa, and 3,000 mL/g../h. Aromatics selectivity *Correspondence: chliu@dicp ac.cn (H.L),
increases from 16.6% to 28.3% with complete CH3Cl conversion, whereas the selec- wlzhu@dicp.ac.cn (W.Z.)

tivities to olefins and alkanes decrease by 11.1% and 0.5%, respectively. Detailed https://doi.org/10.1016/j.checat.2023.100689
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Figure 1. Catalytic performance for the coupling of CO, and CH;Cl over zeolite catalysts with
different topologies

(A) The diagram of reaction strategy.

(B) Product selectivity over zeolite catalysts with different topologies under different atmospheres.
(C) CH3Cl conversion and product selectivity over H-ZSM-5-25 at atmospheric pressure with or
without CO,.

(D) Detailed selectivity of aromatics over H-ZSM-5-25 with Ar versus CO, co-feeds at sub-
complete CH5Cl conversion.

Reaction conditions: (B) 723 K, 21 kPa CH3Cl, (2,580 kPa CO,, 399 kPa Ar) or (2,979 kPa Ar), 3,000 mL/
geat/h; (C and D) 723 K, 700 Pa CH3Cl, (86 kPa CO», 13.3 kPa Ar) or (99.3 kPa Ar), 3,000 mL/gcai/h.
Note that olefins represent C,”-C;~, alkanes represent C1-C4°, and others represent Cs+
hydrocarbon excluding aromatics.

aromatics selectivity changes from 1.2% to 2.7% for benzene, 4.4% to 9.4% for
toluene, 7.2% to 10.9% for xylene, 3.2% to 4.1% for A9, 0.3% to 0.5% for A10,
and 0.2% to 0.7% for A10+, as shown in Figure 1D. Furthermore, the product selec-
tivity exhibits a similar change after cooling down to 623 K under the same
conditions (Figure S3). Remarkably, the CH3Cl conversion dramatically increases
from 72.7% to 80.3% after introducing CO, versus argon (Ar). These results confirm
that even under atmospheric pressure, introducing CO; can not only promote the
conversion of CH3Cl but can also change the aromatization mechanism to improve
aromatics selectivity.

Effect of SiO,/Al;03 on the coupling of CO, and CH;Cl to aromatics

The SiO,/Al,O3 of zeolites plays a significant role in acidic catalytic reaction. Further-
more, a series of H-ZSM-5 zeolites have been selected for investigating the effect of
SiO,/Al,O3 on the catalytic performance. Figures S4-S6 and Table S1 show the
detailed structure properties and chemical information of H-ZSM-5 zeolites with
different SiO,/Al,O5. With the increase of SiO»/Al,O3 from 25 to 247, the aromatics
selectivity monotonically decreases with complete CH3Cl conversion under different
atmospheres (Figure 2A). Moreover, introducing CO, into CH3Cl conversion,
compared with Ar atmosphere, can improve aromatics selectivity and inhibit the
formation of alkanes over H-ZSM-5 zeolites with different SiO,/Al,O3. These results
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Figure 2. Catalytic performance for the coupling of CO, and CH;Cl over zeolite catalysts with different SiO,/Al,O; ratios

(A) Product selectivity.
(B) The relationship between product selectivity and Al content of zeolites catalysts.

25

3.0

3.5

Reaction conditions: (A) 723 K, 21 kPa CH3Cl, (2,580 kPa CO,, 399 kPa Ar) or (2,979 kPa Ar), 3,000 mL/gca/h; (B) 723 K, 21 kPa CH3Cl, 2580 kPa CO,,
399 kPa Ar, 3,000 mL/gcai/h. Note that olefins represent C,"~C,4~, alkanes represent C;—C,°, and others represent Cs, hydrocarbon excluding aromatics.

indicate that the coupling conversion of CO, and CH;Cl to aromatics is a typical
acidic catalytic reaction and that low SiO,/Al,O3 is beneficial for the production of
aromatics. Furthermore, the relationship between Al content and product selectivity
under different atmospheres is illustrated in Figures 2B and S7. It can be observed
that with increasing Al content, aromatics selectivity and alkanes selectivity simulta-
neously increase, while the selectivity to olefins significantly decreases in Ar
atmosphere (Figure S7). These observations are consistent with the traditional
mechanism of the hydrogen transfer reaction.®” Interestingly, introducing CO,
into CH3Cl conversion obviously changes the relationship between the Al content
and product selectivity (Figure 2B). Compared with the selectivity to aromatics,
alkanes and olefins selectivities monotonically decrease with increasing Al content.
Therefore, we preliminarily infer that introducing CO, into CH3Cl conversion
changes the aromatization mechanism.

Effect of reaction conditions on the coupling of CO, and CH3Cl to aromatics
Figure 3A displays that the variation on product selectivity with total pressure for the
coupling conversion of CO, and CH3Cl. With increasing total pressure, the selec-
tivity to aromatics increases monotonically from 28.3% to 71.3%. In particular,
compared with the data under atmospheric pressure, the aromatics selectivity
dramatically increases to 63.7%. Note that the balances of carbon and chloride
elements are 95.8% and 92.1%, respectively, under conditions of 3 MPa, 723 K,
and 3,000 mL/gc/h after 24 h. These results imply that a higher pressure is benefi-
cial for the production of aromatics under CO, atmosphere. Additionally, the signif-
icant decrease of olefins selectivity indicates that olefins might be an important
intermediate for the formation of aromatics. However, the alkanes selectivity de-
creases from 30.1% to 26.8% with increasing pressure, which further demonstrates
that introducing CO; can suppress the hydrogen transfer reaction.

As demonstrated in Figure 3B, reaction temperature has also played an important

role on the catalytic performance. The aromatics selectivity first increases from
31.6% to 71.3% with reaction temperature and then decreases to 67.3% at 773 K.
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Figure 3. The influence of reaction conditions on the coupling of CO, and CH3Cl over H-ZSM-5-25

(A) The effect of total pressure on CH3Cl conversion and product selectivity.

(B) The effect of reaction temperature on CH3Cl conversion and product selectivity.

(C) The effect of CO; partial pressure on aromatics selectivity, CO selectivity, and CO, conversion.

(D) The effect of contact time on CH3Cl conversion and product selectivity.

Reaction conditions: (A) 723 K, 3,000 mL/gca/h, CH3Cl: CO, = 1:120 (mole ratio), Ar as balance gas; (B) 21 kPa CH5Cl, 2,580 kPa CO,, 399 kPa Ar,
3,000 mL/gcat/h; (C) 723 K, 21 kPa CH3Cl, 0-2,580 kPa CO,, 3,000 mL/g..i/h, Ar as balance gas; (D) 723 K, 21 kPa CH3Cl, 2,580 kPa CO,, 399 kPa Ar. Note
that olefins represent C,™=C,~, alkanes represent C1—C4°, and others represent Cs, hydrocarbon excluding aromatics.

Nevertheless, the change of alkanes selectivity is opposite to that of aromatics with
increasing reaction temperature. The minimum selectivity to alkanes is around
27.1% at 723 K, along with the highest selectivity of aromatics. Furthermore, the
effect of reaction temperature at atmospheric pressure is shown in Figure S8. Olefins
are the main product, which might be due to the occurrence of chloromethane-to-
olefin conversion at 0.1 MPa. Specifically, the selectivity to olefins first increases
and then declines, reaching up to 59.8% at 723 K. Moreover, the CH3Cl conversion
increases gradually with increasing reaction temperature, revealing that a higher
reaction temperature is beneficial for the conversion of CH;Cl. Although the
aromatics selectivity changes slightly, the change trend of aromatics and alkanes
is similar to the high-pressure data. Therefore, we deduce that olefins are a key
intermediate species for the coupling conversion of CH3Cl and CO, to aromatics.

The data obtained over H-ZSM-5-25 under different CO, partial pressures are ex-
hibited in Figure 3C. It is observed that the aromatics selectivity increases monoton-
ically with increasing CO, pressure. These results reveal that the aromatics selectivity
and CO, partial pressure show a positive correlation similar to the coupling
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conversion of CO and small molecules.?*~*® We further correlate the ratio of the con-
verted CO; to converted CH3Cl and CO;, partial pressure. Obviously, with increasing
CO;, partial pressure, the ratio of converted CO; to converted CH3Cl increases
monotonically. Thereinto, the CH3Cl conversion is close to 100%. These results
demonstrate that a higher CO; partial pressure is beneficial for the conversion of
CO;. Moreover, the CO selectivity declines from 15% to 2.5% with the increase of
COy, partial pressure. This also means that more CO; is converted into aromatics.
Therefore, we conclude that an obvious coupling effect exists between CO, and
CH5Cl. Additionally, the effect of CH3Cl partial pressure on the product selectivity
is displayed in Figure S9. Obviously, with increasing CH3Cl partial pressure, the
selectivity to aromatics decreases from 73.8% to 71.3%. Moreover, the selectivity
to alkanes gradually increases. In fact, the increase of CH;Cl pressure means the
decrease of the ratio of CO, to CH3Cl, which can enhance the hydrogen transfer
reactions. In other words, a higher ratio of CO, to CH3Cl is beneficial for the
improvement of aromatics selectivity. In summary, the importance of CO, in
improving aromatics selectivity is further confirmed.

Figure 3D exhibits the effect of contact time on product selectivity and CH3Cl con-
version. With the decrease of contact time, the olefins and alkanes selectivities
increase monotonically, while the selectivity to aromatics decreases gradually.
These results indicate that the improvement of aromatics selectivity might be caused
by the conversion of olefins. After optimizing the reaction conditions, we carried out
a stability test under reaction conditions of 3 MPa, 723 K, and 3,000 mL/g../h cata-
lyzed by H-ZSM-5-25 (Figure S10). It can be observed that the aromatics selectivity
maintains at around 70% with ca. 50% BTX selectivity during 100 h.

The capture and identification of key intermediates during the coupling
conversion of CO, and CH5CI

To clarify the aromatization mechanism during the coupling conversion of CO; and
CH3;Cl, we captured and identified key intermediate species. The retained species
trapped in H-ZSM-5 have been captured via liquid nitrogen cooling at different
reaction temperatures (398-773 K) and analyzed by gas chromatography-mass
spectrometry (GC-MS) (Figures 4A and 4B). Considerable oxygenated compounds
are observed over spent H-ZSM-5-25, consisting of lactone and cyclopentenone
species. When the temperature is lower than 448 K, the oxygenates are mainly
lactone species with a small number of monocyclic aromatics. With increasing tem-
perature, the lactone species gradually decrease and disappear. Moreover, methyl
cyclopentenone appears at 423 K and then increases gradually. Upon further in-
crease of the reaction temperature, cyclopentenone decreased and disappeared
at 773 K. Additionally, cycloalkadienes are observed at different temperatures
and are considered the key intermediates in the hydrogen transfer reaction.
Moreover, a considerable number of aromatics can be observed, which is consis-
tent with the previous results. Additionally, Figure S11 displays a heavy retained
species in H-ZSM-5-25. With increasing temperature, the heavy retained species
increases, indicating that high temperature can promote the condensation reac-
tion of aromatics. These results demonstrate that lactone and cyclopentenone
species are the crucial intermediates during the coupling conversion of CO, and
CH;CL.

Furthermore, we analyzed the change of oxygenated compound using the area of
C,Clg as an internal standard. As illustrated in Figure 4C, the amount of lactone, cy-
clopentenone, and cycloalkadiene species first increased and then decreased with
increasing reaction temperature. Remarkably, the highest values occurred at
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Figure 4. The capture and identification of key intermediate species during the coupling of CO, and CH;Cl to aromatics

(A) GC-MS chromatograms of retained species trapped in zeolite at different reaction temperatures (398-523 K).

(B) GC-MS chromatograms of retained species trapped in zeolite at different reaction temperatures (573-773 K).

(C) The area ratio of lactone/cyclopentenone/cycloalkadienes to C,Cl, on the spent catalyst at different temperatures.

(D) GC-MS chromatograms of carbonaceous species retained in spent H-ZSM-5-25 at different reaction temperatures with y-valerolactone as
ingredient.

Reaction conditions: (A-C) 21 kPa CH3Cl, 2,580 kPa CO,, 399 kPa Ar, 3,000 mL/gcar/h, H-ZSM-5-25; (D) 20 mL/min N as carrier gas at STP, 0.2 g H-ZSM-5-
25, 0.1 MPa; (E) 3 MPa, 723 K, 3,000 mL/gcat/h, H-ZSM-5-25, Ar as balance gas (note that the number of carbon moles in the feeding remains the same
with CH3Cl); (F) 7 kPa C3Hg, 2,993 kPa (Ar+CO5), 3,000 mL/g..i/h, Ar as balance gas.

different temperatures, in order of lactone < cyclopentenone < cycloalkadienes.
These results suggest that the above species might have mutual transformation
relationship. We deduce that lactone might be converted to cyclopentenone and
then be converted to cycloalkadienes. Thereinto, it is reported that cyclopentenone
can be transformed into cycloalkadienes.®” Thus, the correlation between lactone
and cyclopentenone should be investigated further. As shown in Figure 4D, the con-
version of y-valerolactone is conducted at different temperatures, and the retained
species trapped in H-ZSM-5 are analyzed by GC-MS. With increasing reaction tem-
perature, the amount of y-valerolactone decreases, implying that y-valerolactone is
converted to product. Moreover, it can be found that cyclopentenone appears at
473 K, exhibiting first increases and then decreases. Additionally, toluene, xylene,
and trimethylbenzene appear at 573 K and then increase gradually with the reaction
temperature. The above results confirm that y-valerolactone can be converted to
cyclopentenone and then synthesize aromatics.

During the investigation of reaction conditions, we found that olefins are an impor-
tant intermediate species for the formation of aromatics. Therefore, whether there is
a correlation between olefins and y-valerolactone deserves attention. Different
olefins, including ethylene, propylene, and 1-butene, are employed to investigate
the role of olefins. As depicted in Figure S12, the olefins are less converted to prod-
uct under atmospheric pressure, but introducing CO, can enhance the aromatiza-
tion reaction using different olefins. The product distributions with CH3Cl or olefins
feeding are similar to each other at 3 MPa, as shown in Figure 4E. Similarly, the role of
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Figure 5. Characterization of reaction mechanism for the coupling conversion of CO, and CH;Cl to aromatics

(A) In situ DRIFT spectra in the conversion of CH3Cl without CO, over H-ZSM-5-25.

(B) In situ DRIFT spectra in the coupling conversion of CO, and CH3Cl over H-ZSM-5-25.

(C) '3C distribution of aromatics products.

(D) "3C distribution of light alkanes and olefins.

(E) "3C liquid-state NMR spectra of product collected during the coupling of "*CO, and CH3Cl over H-ZSM-5-25.

Reaction conditions: (A) 700 Pa CH5Cl, 99.3 kPa Ar, 6,000 mL/gcat/h, Ar as balance gas; (B) 700 Pa CH5Cl, 99.3 kPa (Ar+CO5), 6,000 mL/gcat/h, Ar as
balance gas; (C-E) 723 K, 3.6 kPa CH3Cl, 496.4 kPa (Ar+COy), 3,150 mL/g..i/h, Ar as balance gas.

CO, in enhancing aromatics selectivity can be further confirmed. These results also
demonstrated that olefins can be coupled with CO, in some way. Afterward, we
analyze the residual species trapped in H-ZSM-5-25 for the coupling conversion
of C3Hg and CO;, at different temperatures by GC-MS (Figure 4F). It can be found
that lactone species exists at low temperatures, exhibiting a volcanic trend. With
increasing reaction temperature, the cyclopentenone species appear and increase.
Moreover, a considerable number of aromatics can be observed. These results
corroborate that olefins can be coupled to form lactone species and then be con-
verted to cyclopentenone species.

Reaction mechanism

To further verify the reaction mechanism, in situ diffuse reflectance infrared Fourier
transform (DRIFT) and '3C isotope-labeling experiments were conducted. Figure 5A
shows the evolution of surface species over H-ZSM-5-25 for the CH3Cl conversion in
Ar atmosphere. Obviously, negative peaks at 3,610, 3,698, and 3,747 cm™! are
observed and are assigned to the adsorption of CH3Cl on hydroxyl groups of
H-ZSM-5-25. A wide peak at 3,210 cm™' exists at low temperature and then
decreases with temperature, which is attributed to the physical adsorption of
CH3Cl.*? According to the previous work,”” the peaks at 2,800-3,000 cm™" are as-
signed to the surface methoxy groups, resulting from the dissociation adsorption
of CH3Cl on Brensted acidic sites (BASs). These observations suggest that CH3Cl
is first absorbed on BASs to form methoxy groups. Moreover, the bands at 1,657,
1,590, and 1,510 cm ™", which are attributed to the C=C of olefins, cycloalkadienes,
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and aromatics,”’ respectively, appear and then increase with temperature.
These observations are consistent with the traditional hydrogen transfer reaction.
Remarkably, some new peaks can be observed after introducing CO, into CH3Cl
conversion, as exhibited in Figures 5B and S13. The peaks in the range of
3,600~3,750 and 2,200~2,400 cm™" can be correlated with the adsorption of CO,
according to the standard infrared (IR) spectra of CO; (Figure S14). Note that the
peaks in the range of 2,100~2,200 ecm™, which are assigned to CO, have not
been observed. These results also suggest that CO, might directly participate in
the conversion of CH3Cl rather than via reverse water-gas shift reaction. Addition-
ally, the new peaks at 1,774, 1,728, and 1,718 cm ™" appear after introducing CO»,
assigned to the C=O bands of ester, lactone, and ketone,***? respectively.
Although the intensity of the above peaks is relatively low due to the weakened
coupling effect of CO;, and CH3Cl under atmospheric pressure, the change trend
of spectra is obviously different from that under Ar atmosphere. Specifically, the
above peaks attributed to the C=O bond mainly appear at low temperature, then
decrease with temperature and vanish. These observations directly confirm that
CO; can be coupled with CH3Cl via the formation of an ester group and a ketone
group. Furthermore, the intensities of 1,510 and 1,590 em ™" extracted from spectra
were compared in CO, or Ar atmosphere, as illustrated in Figure S15. After intro-
ducing CO,, the absolute intensities of 1,510 and 1,590 ecm™" exhibit a consistent
rate of growth. These results might be due to the formation of a large number of
oxygen-containing intermediates after introducing CO,, which obviously promoted
the formation of diene species. Therefore, we also demonstrate that the introduction
of CO; can promote CH3Cl conversion.

To directly confirm whether CO, takes part in the formation of aromatics, a 3¢
isotope-labeling experiment was conducted. Figures 4C and 4D display the '3C
distribution of representative products analyzed by online GC-MS during the
coupling conversion of 3CO, and CHsCl to aromatics. Moreover, the results of
GC are shown in Figure S16. It can be observed that all of the aromatics contain
a '3C atom, suggesting that CO; takes part in the formation of aromatics. Addi-
tionally, the light alkanes and olefins hardly contain a ">C atom. If the aromatiza-
tion mechanism follows the hydrogen transfer reaction, the '3C distribution of
aromatics and light olefins should be consistent. Nevertheless, the amount of
3C in aromatics is obviously higher than light olefins, demonstrating that another
pathway to synthesize aromatics exists. Based on our previous results, we deduce
that '3CO, can be coupled with olefins without a 3C atom to aromatics via
oxygenated compounds. To further validate that whether CO; participates in the
formation of an aromatic ring, the products collected by CH,Cl, were analyzed
by '3C NMR. Figure 5E shows a typical peak at 124.7 ppm, assigned to the C
atom at the aromatic ring. These results directly confirmed that CO, can be
coupled to aromatic rings.

Based on above results, we proposed an aromatization mechanism for the coupling
conversion of CO, and CH3Cl to aromatics (Figure 6). CH3Cl first absorbs on the BAS
of H-ZSM-5 to form a surface methoxy group and HCI. The methoxy group can be
converted to olefins via hydrocarbon pool mechanism. On the one hand, olefins can
be transformed into aromatics via hydrogen transfer reaction. More importantly,
there is another pathway to form aromatics, including the coupling of CO, and
olefins to lactone species and then converting to cyclopentenone species. Finally,
the cyclopentenone further converts into aromatics via dehydration and methylation
reactions. This route efficiently suppressed the hydrogen transfer reaction to
improve aromatics selectivity to a great extent.
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Figure 6. The proposed reaction mechanism for the coupling of CO, and CH;Cl to aromatics over H-ZSM-5

DISCUSSION

In summary, we first developed an innovative pathway to greenhouse gas utilization
for aromatics production. This process is achieved by combination of “hydrogen-
deficient” species (CO,) and a "hydrogen-rich” compound (CH3Cl) catalyzed by
acidic zeolites, especially containing a 10MR. We demonstrated that the presence
of CO; can not only promote the conversion of CH3Cl but can also regulate product
distribution. High aromatics selectivity (71.3%) and BTX selectivity (~50%) are
obtained over H-ZSM-5-25 at 723 K, 3 MPa, and 3,000 mL/g..+/h. Combined with
multiple characterizations, lactone and cyclopentenone species are proven to be
the key intermediates during the formation of aromatics. More importantly, CO,
directly incorporates into the aromatics ring via the above intermediates rather
than through reverse water-gas shift reaction. This investigation provides an attrac-
tive and promising route to simultaneously achieve the comprehensive utilization of
CO, and CHg,.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Wenliang Zhu (wlzhu@dicp.ac.cn).

Materials availability
This study did not generate new materials.

Data and code availability
This study did not generate any datasets.

Catalyst information

The H-ZSM-5 with different SiO,/Al,O3 was purchased from Naikai University Cata-
lyst Company. The samples were named as H-ZSM-5-X. Thereinto, X represents the
ratio of SiO,/Al;O3. The other zeolites with different topologies were also obtained
from commercial suppliers.
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Catalyst characterization

The crystallinity of zeolites was characterized by PANalytical X'Pert PRO powder
X-ray diffraction (XRD) using a Cu-Ka. (A = 0.151 nm) radiation source operated at
40 kV and 40 mA. The bulk composition of zeolites was determined by Philips
Magix-601 X-ray fluorescence (XRF). The surface morphology images of zeolites
were obtained by Hitachi SU8020 scanning electron microscopy (SEM). The textural
properties of zeolites with different topologies were obtained from N, adsorption
and desorption at 77 K. Before the measurement, the samples were degassed at
523 K to remove the water in zeolites under vacuum for 1 h. The surface area of sam-
ples was estimated by the Brunauer-Emmett-Teller (BET) model. The pore volumes
of samples were calculated by the t-plot method. The acidity of zeolites was
measured on a Micromeritics Auto Chem 2920 equipped with a thermal conductivity
detector (TCD). In brief, 0.15 g zeolite sample was loaded into a U-shaped quartz
tube and pretreated at 823 K for 30 min in helium. Then, the sample was cooled
to 423 K and saturated with NH3. After removing the physically adsorbed NHj in
helium, desorption was performed from 423 to 923 K at a heating rate of 10 K/min
in He gas. The "3C liquid nuclear magnetic resonance (NMR) spectra of products
were obtained using a Bruker Avance Ill HD 700 MHz spectrometer with a 9.40 T
wide-bore magnet. The resonance frequencies were set up at 176 MHz for '3C. In
a 10 mm NMR tube, 0.15 mL CDClz was dissolved in 0.5 mL samples. "*C NMR
spectra were recorded using high-power proton decoupling. Fixed scans were
collected with a /2 pulse of 12.6 us and a 2 s recycle delay.

In situ DRIFT spectra were carried out on a Bruker Tensor 27 instrument equipped
with a diffuse reflectance attachment and a mercury cadmium telluride (MCT) detec-
tor under reaction conditions. Firstly, 50 mg H-ZSM-5-25 was placed in the diffuse
reflectance IR cell, and then the sample was calcined in the N stream at 723 Kfor 2 h.
Afterward, the catalyst was cooled down to reaction temperature in the N stream,
and the spectrum of the sample was recorded as background. The stream of mixed
gas (0.7% CH3Cl, 86% CO,, 13.3% Ar) or (0.7% CH3Cl, 99.3% Ar) at 10 mL/min was
introduced into the cell at 0.1 MPa. The spectra were scanned continuously to
observe surface species. The in situ DRIFT spectra of the coupling of propene and
CO, were carried out with (0.5% C3H,, 49.5% CO,, 50% Ar) or (0.5% CH3Cl,
99.5% Ar) at 10 mL/min under atmospheric pressure.

To capture and identify the key intermediate for the coupling conversion of CO, and
CH3;Cl, the catalysts were collected after reaction. The spent zeolites were dissolved
within 20% HF solution and extracted by CH,Cl,, then analyzed via GC-MS (Agilent
7890/5975C). Furthermore, we carried out the '3C isotope-tracing experiments.
H-ZSM-5-25 in the amount of 0.2 g was put into the reactor. The catalyst was first
pretreated at 723 K for 3 h with argon gas flow (flow rate, 20 mL/min), and the tem-
perature was maintained at 723 K. The mixed gas (CO,/CH3Cl = 120) was introduced
into the reactor in the presence of 3C0O, or ’CO,. The products were analyzed by
online GC-MS. Additionally, the products were collected by CH,Cl, for 10 min and
analyzed by "3C liquid-state NMR.

Catalyst test

The coupling conversion of CO, and CH3Cl to aromatics was performed in a high-
pressure fixed-bed flow reactor (inside diameter = 7 mm) made by stainless steel.
Typically, a proper amount of the catalyst (20-40 mesh) mixed with quartz sand
(20-40 mesh) was loaded into the reactor. Prior to reaction, the catalyst was first pre-
treated at 723 K for 3 h with argon gas flow (flow rate, 40 mL/min) to remove water in
the zeolite and reactor. Subsequently, the temperature was maintained at 723 K. The
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reactants that contained CH;Cl and CO, were introduced into the reactor at a fixed
pressure, where argon gas was the balance gas. In doing so, the results of the cata-
lyst evaluation were discussed using the data at equilibrium.

Products were analyzed by online gas chromatographs (Agilent 7890A), which were
equipped with a flame ionization detector (FID) and a TCD. The PLOT-Q capillary
column was connected with the FID to separate and analyze the products. The
TDX-1 packing column was connected with the TCD to separate and analyze CO/
CO,/Ar/CH,. The CH3Cl conversion and products selectivity were calculated on a
molar carbon basis:

Z?ncn Hm - CH3C|outlet

Conv CH;Cl = TG

X 100% and

products Xoutet
Z?nCnHm - C:H3C:|out|et

Sel product X = x 100%,

where nC,H,, is the carbon atoms of all C,H,, at the outlet, CH3Cl et is the carbon
atoms of CH3Cl at the outlet, and product Xoyuet is the carbon atoms of product X at

the outlet.
C()Zinlet - C()20ut|et
= 1009
Conv CO;, COpn X 100%
Sel CO = COoutie x 100%

COZin\et - COZoutIet

COsinlet is the moles of CO, at the inlet, and CO,qyiet is the moles of CO, at the
outlet.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.checat.
2023.100689.
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