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Direct converting carbon dioxide (CO2) and propane (C3H8) into aromatics with high carbon utiliza-
tion offers a desirable opportunity to simultaneously mitigate CO2 emission and adequately utilize 
C3H8 in shale gas. Owing to their thermodynamic resistance, converting CO2 and C3H8 respectively 
remains difficult. Here, we achieve 60.2% aromatics selectivity and 48.8% propane conversion over 
H-ZSM-5-25 via a zeolite-catalyzing the coupling of CO2 and C3H8. Operando dual-beam FTIR spec-
troscopy combined with 13C-labeled CO2 tracing experiments revealed that CO2 is directly involved 
in the generation of aromatics, with its carbon atoms selectively embedded into the aromatic ring, 
bypassing the reverse water-gas shift pathway. Accordingly, a cooperative aromatization mecha-
nism is proposed. Thereinto, lactones, produced from CO2 and olefins, are proven to be the key 
intermediate. This work not only provides an opportunity for simultaneous conversion of CO2 and 
C3H8, but also expends coupling strategy designing of CO2 and alkanes over acidic zeolites. 

© 2025, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.
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1. Introduction 

Carbon dioxide (CO2), a primary contributor to the green-
house effect, has been widely recognized as a key driver of 
pressing environmental challenges [1−3]. Nevertheless, owing 
to its wide availability and low cost, CO2 is increasingly re-
garded as a promising C1 feedstock for the synthesis of val-
ue-added chemical products [4−6]. Currently, the utilization of 
CO2 to synthesize urea, carbonates and carboxylic acid has been 

successfully commercialized but with small market demand 
[7−10]. Oleϐins or aromatics as bulk chemicals can also be pro-
duced from CO2 hydrogenation which has garnered substantial 
attention [5,11−14]. Nevertheless, realizing efϐicient and sus-
tainable CO2 conversion into aromatics remains a formidable 
challenge resulting from its high thermodynamic stability (ΔfG⁰ 
= −396 kJ/mol). 

Given the hydrogen cost and product demand, the trans-
formation of CO2 and hydrogen-rich compounds such as pro-
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pane (C3H8) into aromatics, especially benzene-toluene-xylene 
(BTX) is an ideal and efficient strategy. Recent studies on 
CO2-involved C3H8 aromatization have primarily centered on 
metal-containing catalytic systems [15−20], where CO2 is typi-
cally converted to CO via the reverse water-gas shift (RWGS) 
reaction, thereby facilitating the aromatization process by 
shifting the reaction equilibrium. This results in suboptimal 
atom economy and limits the role of CO2 to a hydrogen man-
agement agent rather than a true carbon donor. Overcoming 
this limitation requires a paradigm shift: from using CO2 as a 
facilitator to integrating it as an active reactant in the formation 
of desired products.  

In our previous research, we demonstrated that the cou-
pling conversion of CO2 and light alkane (C4–C6) [21,22] or 
chloromethane [23] to aromatics can be achieved over acidic 
zeolites. Remarkably, the novel aromatization mechanism has 
been proposed including the formation of lactones and cyclo-
pentenone. Thereinto, the carbon atom of CO2 was incorpo-
rated into desired product. However, compared with C4–C6 
alkanes, the conversion of C3H8 is more difficult due to its high 
bond energy. For example, butanes are converted approxi-
mately 4 times faster than C3H8 [24]. Therefore, achieving the 
efficient conversion of C3H8 and CO2 to aromatics is highly 
challenging. Currently, our group confirmed that the C3H8-CO2 
coupling conversion to aromatics can be achieved over 
Ga/ZSM-5 [25]. The [GaH2+]/[GaH+] species have been reported 
to activate CO2 and promote its synergistic conversion with 
propane. Despite this, limited efforts have been devoted to in-
vestigating CO2-C3H8 coupling aromatization over acidic zeolite. 

In this work, we propose an effective approach for the 
co-conversion of CO2 and C3H8 into aromatics by coupling hy-
drogen-deficient and hydrogen-rich species over acidic zeolites. 
Under reaction conditions of 723 K, 3.0 MPa, and a space veloc-
ity of 1000 mL/gcat/h, the H-ZSM-5-25 catalyst achieves an 
aromatics selectivity of up to 60.2% with a corresponding C₃H₈ 
conversion of 48.8%. Mechanistic investigations indicate that 
both lactone species and olefins serve as crucial intermediates 
in the aromatization pathway. Notably, carbon atoms from CO2 
are incorporated directly into the aromatic ring through these 
intermediates, circumventing the conventional RWGS route. 
This innovative pathway opens new horizons for the catalytic 
synthesis of aromatics and highlights the potential for car-
bon-neutral chemical production technologies. 

2.  Experimental 

2.1.  Catalyst information 

The ZSM-5, ZSM-11, ZSM-22, ZSM-23 and ZSM-35 were 
purchased from Nankai University Catalyst Company. The 
ZSM-5 samples were named as H-ZSM-5-X and X represents the 
ratio of SiO2/Al2O3. Na-zeolites were converted into its NH4+ 
form by exchanging 10 g Na-zeolites with 0.1 L NH4NO3 (1 
mol/L) aqueous solution at 353 K for 2 h, followed by filtration 
and washing with deionized water. After repeating the above-
mentioned process three times, the desired sample was dried 
at 383 K for 10 h, followed by calcination at 823 K for another 4 

h in air to obtain the H-zeolites catalyst (detected by X-ray flu-
orescence (XRF)). 

2.2.  Catalyst characterization 

The crystalline structure of the zeolite samples was exam-
ined by X-ray diffraction (XRD) on a PANalytical X’Pert PRO 
instrument using Cu Kα (λ = 0.151 nm) radiation operated at 40 
kV and 40 mA. Morphological features were investigated via 
scanning electron microscopy (SEM) using a Hitachi SU8020 
system. Elemental composition was analyzed through XRF on a 
Philips Magix-601 spectrometer. Acidity was evaluated using 
NH3-temperature-programmed desorption (NH3-TPD) per-
formed on a Micromeritics AutoChem 2920 equipped with a 
thermal conductivity detector (TCD). Approximately 0.1–0.15 g 
of sample was loaded into a U-shaped quartz reactor, pretreat-
ed in helium at 823 K for 30 min, followed by NH3 adsorption at 
423 K. After purging physisorbed NH3, desorption was carried 
out from 423  to 923 K at a ramp rate of 10 K/min under He 
flow. Textural parameters of the zeolites with different frame-
work structures were derived from N2 adsorption-desorption 
isotherms at 77 K. 

The temperature-programmed surface reaction of propane 
was performed in a U-shaped quartz tube connected with a 
downstream gas sampling mass spectrometer. Thereinto, he-
lium was employed as the carrier gas. 0.15 g catalyst was load-
ed into U-shaped tube. After pretreating on 823 K for 30 min in 
He, the temperature was cooled down to 323 K. The gas con-
taining and 95% argon was continuously introduced into the 
catalyst bed with increasing reaction temperature from 323 to 
873 K. The online gas products were detected by MS. Thereinto, 
the m/z values of reactants and products were referred as fol-
lows: methane (16), ethene (25), propane (44), propylene (42), 
benzene (78), toluene (92), xylene (106).  

The 13C nuclear magnetic resonance (NMR) spectra of 
products were collected on a Bruker Avance Ⅲ HD 700 MHz 
spectrometer equipped with a 9.40 T wide-bore magnet. The 
resonance frequencies were set up at 176.0 MHz for 13C. Ap-
proximately 0.25 mL of CDCl3 was dissolved with 0.25 mL sam-
ples in an NMR tube. 13C NMR spectra were recorded using 
high-power proton decoupling. A fixed scans were collected 
with a π/2 pulse of 12.6 μs and a 2 s recycle delay. The organic 
species of spent catalysts were analyzed by GC-MS. Specifically, 
0.05 g spent zeolite catalysts were dissolved in 0.05 mL HF 
solution (20%). After being neutralized with 5 wt% NaOH solu-
tion, the soluble cokes were extracted with 1 mL CH2Cl2 con-
taining 10 mg/L C2Cl6 (internal standard) and then analyzed 
using a GC-MS (Agilent 7890B) instrument with an HP-5 capil-
lary column. 

2.3.  Catalyst testing 

The co-conversion of CO2 and C3H8 was conducted in a 
stainless-steel fixed-bed reactor (inner diameter 7 mm) de-
signed for high-pressure operations. A measured quantity of 
catalyst (20–40 mesh), uniformly blended with quartz sand of 
similar particle size, was packed into the reactor. Prior to the 



316 Cheng Li et al. / Chinese Journal of Catalysis 72 (2025) 314–322 

reaction, the catalyst was activated at 673 K under a nitrogen 
flow (40 mL/min) for 3 h to eliminate residual moisture from 
both the zeolite and reactor system. The temperature was then 
increased to 723 K before introducing the reactant mixture 
containing CO2 and C3H8 at a controlled pressure. The data was 
used under near-equilibrium conditions. Product analysis was 
performed using an Agilent 7890A online gas chromatograph 
equipped with a flame ionization detector (FID) and a PLOT-Q 
capillary column for effective separation. Propane conversion 
and product selectivity were determined based on carbon mo-
lar fractions. 

Conv C3H8 = 
∑ nCnHm - 3C3H8outlet

n
1

∑ nCnHmoutlet
n
1

×100% 
 

Conv CO2 = 
CO2inlet - CO2outlet

CO2inlet
×100% 

 
Sel Product X = 

nCnHmproduct

∑ nCnHmoutlet - 3C3H8outlet
n
1

×100% 
 

nCnHmoutlet: carbon atoms of CnHmoutlet at the outlet 
3C3H8outlet: carbon atoms of C3H8outlet at the outlet 
CO2inlet: moles of CO2 at the inlet 
CO2outlet: moles of CO2 at the outlet 
nCnHm product: carbon atoms of Product Xoutlet at the outlet 

2.4.  Operando dual-beam Fourier transform infrared spectra 
(DB-FTIR) 

In order to understand the mechanism deeply, the operando 

DB-FTIR were carried out on a Nicolet IS50 equipped with a 
MCT detector, using an operando DB-FTIR cell with ZnSe win-
dows [26]. Firstly, 15 mg of H-ZSM-5-25 was placed in the op-
erando DB-FTIR cell. And then the sample was calcined in an N2 
stream at 673 K for 1 h. Afterwards, the temperature decreased 
to 423 K in the N2 stream and the initial background spectrum 
was recorded. The stream of mixed gas (0.5% C3H8, 99.5% Ar) 
or (0.5% C3H8, 49.5% CO2, 50% Ar) at 10 mL/min was intro-
duced into the cell at 1.0 MPa, which the reaction temperature 
increased from 423 to 723 K. Moreover, IR spectra from the 
sample beam and background reference beam were recorded 
simultaneously. The final information of surface group was 
obtained by subtraction of the background reference spectra 
from sample spectra. 

2.5.  13C Isotope tracing experiments 

In order to further confirmed reaction mechanism, we car-
ried out the 13C isotope tracing experiments. 0.3 g H-ZSM-5-25 
was loaded into reactor. The catalyst was first pretreated at 
673 K for 3 h with N2 gas flow (40 mL/min) and the tempera-
ture rose to 723 K. The mixed gas 1 (0.5% C3H8, 99.5% Ar) and 
gas 2 (50% 13CO2, 50% Ar) were introduced into reactor with a 
constant flow. The products were collected by CH2Cl2 for 2 h 
and analyzed by GC-Q-TOF (Agilent 8890-7250) equipped HP-5 
column. Moreover, the collected sample was analyzed by 13C 
liquid-state NMR. 

 
Fig. 1. CO2-C3H8 co-conversion to aromatics over acidic zeolites with varied framework structures. (a) Schematic illustration of the co-conversion 
strategy. (b) Catalytic performances of different zeolitic topologies in propane aromatization, with and without CO2 co-feeding. (c) Propane conver-
sion and product distribution over H-ZSM-5 at 0.1 MPa under various gas atmospheres. (d) Aromatic selectivity profiles over H-ZSM-5 at 3.0 MPa 
under different reaction environments. Reaction conditions: (b,d) 723 K, 20 kPa C3H8, (2570 kPa CO2, 410 kPa Ar solid) or (2980 kPa Ar dash), 1000 
mL/gcat/h; (c) 723 K, 0.72 kPa C3H8, (86.85 kPa CO2, 13.43 kPa Ar) or (100.28 kPa Ar), 1000 mL/gcat/h. Note that olefins represent C2=–C4=, alkanes 
represent C1–C40 (apart from C3H8), and others represent C5+ hydrocarbon excluding aromatics. 
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3.  Results and discussion 

3.1.  The coupling effect in the reaction of CO2 and C3H8 over 
acidic zeolite with different topologies 

In this study, a reaction pathway involving the 
co-transformation of hydrogen-deficient CO2 and hydro-
gen-rich C3H8 into aromatics was adopted, as illustrated in Fig. 
1(a). A series of acidic zeolites, including the topology of MFI, 
TON, MTT, MEL, and FER, were employed to verify the feasibil-
ity of the strategy. Figs. S1–S4 and Table S1 detail the structural 
and compositional features of the zeolite catalysts. Fig. 1(b) 
compares product selectivity over different acidic zeolites in 
the presence and absence of CO2 under 3.0 MPa, 723 K, and 
1000 mL/gcat/h. An obvious increase in aromatics selectivity 
and decrease in alkane selectivity were simultaneously ob-
served over all acidic zeolites after introducing CO2 into the 
conversion of C3H8. Specifically, the selectivity to aromatics 
increased from 39.6% to 60.2%, while the selectivity to alkane 
selectivity decreased from 50.3% to 33.4%. Besides, aromatics 
selectivity increased by 22.8%, 12.1%, 14.3%, and 10.6% over 
ZSM-22, ZSM-23, ZSM-11, and ZSM-35, respectively. These ob-
servations suggested that the coupling conversion reaction 
strategy was feasible. Moreover, the change of product distri-
bution was different from the traditional propane aromatiza-
tion reaction, indicating that a new aromatization mechanism 
might exist. Furthermore, the CO2-C3H8 co-conversion to aro-
matics over H-ZSM-5 was carried out at 0.1 MPa (Fig. 1(c)). A 
large amount of ethylene (53.4%) and methane (27.8%) was 
observed and aromatics was not detected under Ar atmos-
phere. Meanwhile, the selectivity to aromatics increased by 
26.1% and the alkane and olefins selectivity decreased simul-
taneously. Additionally, the detailed aromatics selectivity ex-
hibited varying degrees of improvement (Fig. 1(d)). Thereinto, 
the selectivity of toluene and xylene increased by 6.5% and 
9.2%, respectively. These results further confirmed that the 
aromatization process of C3H8 was obviously promoted after 
introducing CO2. Remarkably, the C3H8 conversion increased 
from 3.0% to 5.1% at 0.1 MPa after introducing CO2 (Fig. 1(c)). 
The above results indicate that CO2 incorporation simultane-
ously enhances C3H8 conversion and selectivity toward aro-
matics. Moreover, the pathway for aromatic formation may also 

be altered in the presence of CO2. 

3.2.  The influence of SiO2/Al2O3 ratio in H-ZSM-5 on CO2-C3H8 
coupling aromatization 

The acidic properties of zeolite, such as SiO2/Al2O3, was im-
portant factor affecting the catalytic performance [27]. 
H-ZSM-5, as the most efficient catalyst, was used to investigate 
the influence of acid amounts on the conversion of CO2 and 
C3H8. The structural features and acidity characteristics of the 
catalysts are summarized in Figs. S1–S4 and Table S1. As illus-
trated in Fig. 2(a), the product selectivity over H-ZSM-5 with 
varying SiO2/Al2O3 ratios was evaluated under CO2 and Ar at-
mospheres. When the SiO2/Al2O3 ratio increased from 25 to 
145, the selectivity toward aromatics declined from 60.2% to 
40.2% under CO₂, and from 39.6% to 17.9% under Ar. These 
results highlight the essential role of Brönsted acidity, indicat-
ing that the co-conversion of CO2 and C3H8 proceeds through a 
typical acid-catalyzed pathway. As shown in Figs. 2(a) and S5, 
under Ar atmosphere, the aromatics selectivity and alkane se-
lectivity simultaneously increase with increasing Al content. 
This result was consistent with the traditional C3H8 aromatiza-
tion [28]. Specifically, the acidity of zeolites primarily governs 
dehydrogenation, oligomerization, and hydrogen transfer 
steps. Nevertheless, in comparison with the reaction under an 
Ar atmosphere, the introduction of CO2 notably promotes aro-
matic formation during the co-conversion with C3H8 over 
H-ZSM-5 catalysts with increasing aluminum content, accom-
panied by a marked reduction in alkane selectivity. As illus-
trated in Fig. 2(b), aromatics selectivity was positively correct-
ed with Al content, while alkane selectivity and olefins selectiv-
ity were negatively correlated inconsistent with hydrogen 
transfer mechanism to synthesize aromatics. Obviously, the 
acidity of zeolites plays a distinct role in the coupling conver-
sion of CO2 and C3H8. Therefore, we deduced that the im-
provement of aromatics was strongly dependent on the Al con-
tent and CO2. Moreover, CO2 might be involved in the formation 
of aromatics. 

3.3.  The influence of reaction parameters on CO2-C3H8 coupling 
aromatization over H-ZSM-5-25 

 
Fig. 2. Catalytic behavior of H-ZSM-5 catalysts with varying SiO2/Al2O3 ratios on the co-conversion of CO2 and C3H8. (a) Selectivity distribution of main 
products. (b) Correlation between aluminum content in H-ZSM-5 and the selectivity toward aromatics, alkanes, and olefins. Reaction conditions: (a) 
723 K, 20 kPa C3H8, (2570 kPa CO2, 410 kPa Ar) or (2980 kPa Ar), 1000 mL/gcat/h; (b) 723 K, 20 kPa C3H8, 2570 kPa CO2, 410 kPa Ar, 1000 mL/gcat/h; 
Note that olefins represent C2=–C4=, alkanes represent C1–C40 (apart from C3H8), and others represent C5+ hydrocarbon excluding aromatics. 
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As shown in Fig. 3(a), the total reaction pressure exerts a 
significant effect on the co-conversion of CO2 and C3H8 over 
H-ZSM-5-25. With pressure elevated from 0.1 to 4.0 MPa, aro-
matic selectivity notably increased from 26.1% to 59.9%. 
Moreover, alkane selectivity increased by ca.10% gradually and 
the selectivity to olefins dramatically decreased by 44.2%. C3H8 
conversion also significantly increased by 46.1%. Thereinto, 
C3H8 conversion and aromatics selectivity reached 40% and ca. 
60%, respectively. These observations indicated that the higher 
reaction pressure is beneficial for the co-conversion of CO2 and 
C3H8 to aromatics. As exhibited in Fig. 3(b), a linear increase in 
C3H8 conversion and a volcanic change trend of aromatic and 
alkane selectivity were discovered with the increase of reaction 
temperature. 24.7% C5+ selectivity was observed at 573 K and 
disappeared with increasing reaction temperature, which was 
inconsistent with traditional aromatics formation route. Evi-
dently, elevated reaction temperatures promoted C3H8 conver-
sion, which in turn favored the formation of aromatics. 

Fig. 3(c) illustrates that the partial pressure of CO2 had a 
pronounced influence on its co-conversion with C3H8. As the 
CO2 partial pressure increased, the selectivity toward aromatics 
rose steadily from 51.1% to 60.2%, while the selectivity for 
alkanes and olefins declined from 37.8% to 33.4% and from 
9.1% to 6.4%, respectively. More importantly, the ratio of con-
verted CO2 and C3H8 increased linearly with increasing CO2 
partial pressure. Thereinto, the conversion amount of C3H8 was 
close. It can be concluded that increasing CO2 partial pressure 
was conducive to the conversion of CO2. Furthermore, CO can 

only be detected at a CO2 pressure of 2.57 MPa (~5.1% CO se-
lectivity). It also meant that almost the converted CO2 was 
transformed into aromatics. These above results directly con-
firmed that the coupling effect between CO2 and C3H8 existed 
over zeolite catalyst. Furthermore, the low ratio of CO2/C3H8 
has also been investigated by adjusting reaction conditions, as 
shown in Fig. S6. With increasing the ratio of CO2/C3H8, the 
selectivity to aromatics increased obviously while alkanes se-
lectivity decreased, which is different from the traditional hy-
drogen transfer mechanism. These findings provide additional 
evidence supporting the presence of a distinct aromatization 
pathway involved in the co-conversion of CO2 and C3H8. 

The influence of contact times on the catalytic performance 
was illustrated in Fig. 3(d). As contact times increased, the ole-
fins selectivity sharply decreased from 21.6% to 6.4% and the 
aromatics selectivity increased from 51.4% to 60.2%. Addi-
tionally, with prolonging the contact times, the C3H8 conversion 
linearly increased from 9.1% to 48.8%. Therefore, combing 
with the results of Figs. 3(c) and (d), aromatics might be pro-
duced from olefins and CO2 and prolonging contact times was 
beneficial for the coupling conversion of CO2 and C3H8. Re-
markably, the slow increase of alkane selectivity also indicated 
a new aromatization mechanism different from hydrogen 
transfer mechanism might exist.  

3.4.  The reaction mechanism of the CO2-C3H8 coupling  
aromatization 

 
Fig. 3. Impact of reaction parameters on the co-conversion of CO2 and C3H8 over H-ZSM-5-25. (a) Variation in propane conversion and product distri-
bution with total reaction pressure. (b) Dependence of C3H8 conversion and product selectivity on reaction temperature. (c) Effect of CO2 partial 
pressure on selectivity trends and converted CO2/ C3H8 ratios. (d) Product profile and propane conversion as a function of contact time. Reaction 
conditions: (a) 723 K, C3H8:CO2 = 1:120, 1000 mL/gcat/h; (b) 20 kPa C3H8, 2570 kPa CO2, 410 kPa Ar, 1000 mL/gcat/h; (c) 723 K, 20 kPa C3H8, 0–2570 
kPa CO2, 1000 mL/gcat/h, Ar as balance gas; (d) 723 K, 20 kPa C3H8, 2570 kPa CO2, 410 kPa Ar. Note that olefins represent C2=–C4=, alkanes represent 
C1–C40 (apart from C3H8), and others represent C5+ hydrocarbon excluding aromatics. 
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To gain insight into the coupling mechanism between CO2 
and C3H8, product distributions as a function of contact time are 
presented in Fig. 4(a). As contact time increased, the selectivity 
of ethylene and propylene gradually declined, while butene 
selectivity initially rose and subsequently decreased. Moreover, 
methane selectivity maintained at ca. 18%. These results indi-
cated that C3H8 might be cracked to produce ethylene and me-
thane at the beginning of the reaction. Whereafter, ethylene 
was oligomerized to butene and then converted to aromatics. 
To further confirm this point, the temperature-programmed 
surface reaction of propane over H-ZSM-5-25 has been carried 
out, as shown in Fig. S7. Obviously, the conversion of C3H8 was 
difficult to occur below 673 K. As the reaction temperature 
continued to rise, the intensities of methane and ethylene sig-
nals exhibited a progressive increase. Whereafter, the signal of 
propylene slowly increased. These observations indicated that 
propane was preferentially cracked to methane and ethylene. 
Therefore, the cracking of propane is an important step for the 
coupling of CO2 and C3H8. To clarify the role of olefins, different 
olefins, such as ethylene, propylene and butene, were employ 
under the same conditions (Fig. S8). Obviously, after introduc-
ing CO2 into C3H8, the aromatics selectivity can be enhanced 
while the selectivity to alkanes decreased. These findings fur-
ther suggest that olefins may participate in a CO2-involved 
pathway leading to the improvement of aromatics formation. 

Furthermore, the residual species were captured at differ-
ent contact times, which were analyzed by GC-MS (Fig. 4(b) and 
S9). Lactone species and aromatics species were observed, 
exhibiting a volcanic type change trend. Obviously, these spe-
cies changed synchronously with the prolonging of contact 
time, which were consistent with the change of aromatics se-
lectivity in the product. In our previous work [21,23], it has 

been proven that γ-valerolactone can be produced from olefins 
and CO2. To further confirm the role of lactones, 
γ-valerolactone was selected as probe molecule pre-absorbed 
on H-ZSM-5-25, which was converted at different reaction 
temperature. The residual species trapped in spent catalysts 
were analyzed by GC-MS, as shown in Fig. S10 [23]. With the 
increase of reaction temperature, γ-valerolactone gradually 
decreased and the cyclopentenone showed a volcanic type 
change trend. Moreover, aromatics species, such as toluene and 
xylene, increased gradually. The results confirmed that 
γ-valerolactone undergoes transformation to cyclopentenone, 
contributing to aromatic formation. Based on this, it is pro-
posed that C3H8 may first convert into light olefins, which sub-
sequently interact with CO2 to generate lactone intermediates, 
ultimately leading to the production of aromatics. 

To further clarify the coupling reaction mechanism, oper-
ando DB-FTIR spectra were employed over H-ZSM-5 at differ-
ent reaction temperature. Fig. 4(c) (down) exhibited the evolu-
tion of surface species for the conversion of C3H8 to aromatics 
over H-ZSM-5-25. With increasing reaction temperature from 
423 to 723 K, the negative band at 3608 cm–1 assigned to 
Si(OH)Al gradually decreased. The band at 2983, 2965, 2901, 
and 2872 cm–1 were observed, which were attributed to the 
surface alkoxy groups [29,30]. Simultaneously, a slow increase 
for the intensity of the peaks C=C of olefins (1658 cm–1) and 
aromatics (1508 and 1486 cm–1) was discovered [31–33]. 
These results indicated that C3H8 was first absorbed at the 
Brönsted acidic sites, which then form olefins and finally aro-
matic. After introducing CO2 into the conversion of C3H8 con-
version, as shown in Fig. 4(c) (up), the new peaks at 3729, 
3697, 3626, and 3596 cm–1 appeared attributing to the CO2 gas 
[23]. Additionally, the new peaks at 1746, 1681, and 1562 cm–1 

 
Fig. 4. Mechanistic investigation of the CO2-C3H8 co-conversion over H-ZSM-5-25. (a) Correlation between contact time and light hydrocarbon for-
mation. (b) Effect of contact time on residual surface species and aromatic selectivity. (c) Operando dual-beam FTIR spectra of propane conversion 
under different gas atmospheres. (d) 13C isotope distribution in aromatic products. (e) 13C liquid-state NMR spectra of products derived from the 
coupling reaction between 13CO2 and C3H8. Reaction conditions: (a,b) 723 K, 20 kPa C3H8, 2570 kPa CO2, 410 kPa Ar; (c) 423–723 K, 1.0 MPa, C3H8:CO2

= 1:99 (up), C3H8 : Ar = 1:99 (down), 40000 mL/gcat/h; (d,e) 723 K, 1.5 kPa C3H8, 500 kPa CO2, 798.5 kPa Ar, 1300 mL/gcat/h. 
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can be assigned to the C=O of lactones species, ketone species, 
and carbonate species [13,32,34,35], respectively. Thereinto, 
the intensity of carbonate species exhibited a volcano change 
trend, and the lactones and ketones species increased gradually 
with increasing reaction temperature. At the same time, the 
sign of aromatics also increased. In our previous work, it can be 
confirmed that olefins and CO2 can be transformed into lac-
tones and then form aromatics [23]. Therefore, we thought that 
C3H8 can be cracked to produce ethylene, which can oligomer-
ize and react with CO2 to form lactones and eventually aromat-
ics.  

To directly verify the interaction between CO2 and C3H8, a 
13C isotopic labeling experiment was conducted under condi-
tions of 723 K, 1.3 MPa, and a space velocity of 1300 mL/gcat/h. 
As shown in Fig. 4(d), the 13C-labeled products, extracted using 
CH2Cl2 and analyzed by GC-MS, reveal the carbon distribution 
resulting from the reaction of 13CO2 with C3H8. Obviously, ben-
zene, xylene, toluene, and trimethylbenzene all contained 13C 
atom, which indicated that CO2 participated in the formation of 
aromatics. According to our previous work, the aromatics con-
taining two 13C might be produced by 13CO2 and 13C-olefins. 
Furthermore, the 13C liquid NMR has been used to verify the 
site of 13C atom in the product, as shown in Fig. 4(e). The peak 
at 124.8 δ, which was attributing to the C atom in the aromatic 
ring [36,37]. Moreover, no signal is observed at corresponding 
chemical shift with the feeding of 12CO2 and C3H8. This observa-
tion directly demonstrated that CO2 can be selectivity incorpo-
rated into the aromatic ring and the coupling effect between 
CO2 and C3H8 existed. 

According to the above results, the novel C3H8 aromatization 
mechanism under CO2 atmosphere was proposed, as shown in 
Fig. 5. C3H8 first adsorbed at Brönsted acidic sites and cracked 
to ethylene or dehydrogenation to propylene. The light olefins 
can oligomerize to produce higher olefins. The formed olefins 
can react with CO2 to form carbonate species, which were con-
verted to lactones and eventually aromatics. The coupling con-
version mechanism realized H/C balance between reactants 
and products inhibiting the formation of alkane, which effec-
tively improves the aromatics selectivity.  

4.  Conclusions 

In summary, we established a transformative strategy for 

propane aromatization by enabling the dual role of CO2 as both 
a hydrogen regulator and a carbon donor. It was demonstrated 
that the introduction of CO2 significantly enhances both the 
conversion of C3H8 and the formation of aromatics. Under the 
conditions of 723 K, 3.0 MPa, and a space velocity of 1000 
mL/gcat/h, co-feeding CO2 with C3H8 over H-ZSM-5-25 led to an 
aromatic selectivity of approximately 60% and a C3H8 conver-
sion of about 48%. Combined insights from operando du-
al-beam FTIR spectroscopy and 13C isotope-labeling experi-
ments revealed that olefins and lactone intermediates play 
essential roles in the co-conversion pathway. Notably, the car-
bon atoms from CO2 were directly incorporated into the aro-
matic ring structures, bypassing the conventional reverse wa-
ter-gas shift route reported in previous studies. This innovative 
pathway opens new horizons for the catalytic synthesis of ar-
omatics and highlights the potential for carbon-neutral chemi-
cal production technologies. 
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酸性分子筛上CO2与丙烷制芳烃中碳原子高效利用 
李  诚a,b, 房旭东a,*, 李  斌a,b, 闫思杨c, 陈之旸a, 杨磊磊a,b, 郝邵雯a,b,  

刘红超a, 刘家旭c,*, 朱文良a,* 
a中国科学院大连化学物理研究所, 低碳催化国家工程研究中心, 辽宁大连116023 

b中国科学院大学, 北京100049 
c大连理工大学化工学院, 精细化工国家重点实验室, 智能材料前沿科学中心, 辽宁大连116012 

摘要: 芳烃作为现代工业体系的关键基础化学品, 在合成树脂、纤维、医药等领域应用广泛.  传统石油基生产路线高度依
赖石脑油催化重整, 面临石油资源短缺与碳排放双重压力.  与此同时, CO2作为典型温室气体, 其资源化利用兼具减排与碳
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资源高效转化的战略价值, 但受限于其热力学稳定性, 通过加氢路径高选择性制芳烃仍存在挑战.  丙烷作为天然气、页岩
气的主要成分, 直接芳构化时因碳氢比失衡导致大量小分子烷烃副产物生成, 限制了芳烃选择性.  因此, 开发CO2与丙烷耦

合转化制芳烃新路线, 突破碳氢限制, 定向提高芳烃选择性, 实现低碳烷烃资源高值化利用, 对构建绿色低碳的芳烃生产技
术体系具有重要科学意义和工业应用潜力.   
本文创新性地提出酸性分子筛催化CO2与丙烷耦合定向转化制芳烃的新策略.  选用具有十元环孔道结构的H-ZSM-5

分子筛为催化剂, 系统对比了丙烷在Ar/CO2气氛下的转化行为.  实验结果表明, CO2的引入显著提升芳烃选择性, 在723 K, 
3.0 MPa, C3H8/CO2 = 1:120条件下, 丙烷转化率达48.8%, 芳烃选择性提升至60.2%, 较Ar气氛下提高约30%.  通过调控分子
筛Brönsted酸量发现, 提高Brönsted酸量可抑制小分子烷烃生成, 促进丙烷向芳烃的定向转化.  这表明CO2氛围下的丙烷芳

构化过程是有异于传统氢转移机理的Brönsted酸催化过程.  通过双光束原位红外光谱、13C同位素标记实验、丙烷程序升温
表面反应实验和探针分子实验, 证明了烯烃和内酯是关键中间物种, 且CO2中的碳原子直接参与芳环形成, 提出了CO2与丙

烷在酸性分子筛上基于烯烃和内酯的耦合转化新机制, 即“丙烷裂解/脱氢→烯烃-CO2耦合形成内酯→芳烃”的多步反应机
制, 其中CO2通过与烯烃结合调控氢转移过程, 突破传统芳构化反应的碳氢平衡限制.   
综上, 本文为CO2与低碳烷烃耦合制芳烃提供了新思路, 通过揭示含氧中间体介导的反应机制, 深化了对复杂耦合反应

过程的理解.  未来可进一步优化分子筛孔道结构与酸性位点分布, 提高芳烃收率.  本工作不仅为石化行业“减油增化”转型
提供新的思路, 也为实现CO2大规模资源化利用和“双碳”目标贡献了催化科学新方案.  
关键词: CO2利用; 丙烷芳构化; 耦合效应; 酸性分子筛; 内酯 
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