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ABSTRACT: The coupling reaction of CO2 and n-butane was
conducted over different metal-modified (Mn, Zr, Ni, Ti, Zn) ZSM-
5 catalysts. A high CO2 conversion of 26.5% and n-butane
conversion of 100% with the aromatics selectivity of 69.1% was
achieved at a CO2 to n-butane ratio of 0.95 over Zn/ZSM-5. CO2
addition promoted BTX & olefin selectivity, while it inhibited alkane
& A9+ formation. A detailed analysis showed that 13% of the carbon
atoms from CO2 were incorporated in the generation of aromatic
hydrocarbons. Oxygenated intermediates, such as aliphatic alcohol,
aliphatic ketones, and substituted cyclopentenones, were detected
sequentially with the increase of the reaction temperature. In
addition, reverse Boudouard reaction, water gas shift reaction, and
dry reforming also participated in the formation of CO over Zn/
ZSM-5. Based on these findings and the detailed characterization results, a plausible mechanism of direct and indirect incorporation
of carbon from CO2 into aromatics was proposed for the coupling reaction.
KEYWORDS: n-butane, CO2 utilization, coupling reaction, metal-modified, zeolite

1. INTRODUCTION
CO2 utilization has attracted extensive attention worldwide in
recent years.1 The major obstacle for CO2 utilization arises
from its thermodynamic stability and low reactivity, which
needs significant energy and “talented” catalysts to achieve the
conversion into high-value chemicals.2 A tremendous amount
of research has been done on the conversion of CO2 to
valuable chemicals.3

One of the promising routes for CO2 utilization is oxidative
dehydrogenation (CO2-ODH) of alkanes with CO2 to olefins
and aromatic products.1,4,5 In this case, CO2 acts as a soft
oxidant, which can consume not only H2 to shift the reaction
equilibrium, but also the coke via the reverse Boudouard
reaction (CO2 + C → 2CO) to enhance the catalyst stability.4

However, in most of the previous reports, CO2 was solely
converted into CO and the C atom in CO2 was not converted
into hydrocarbon products.
In our latest research, H-ZSM-5 was found to be an effective

catalyst for the coupling conversion of CO2/CO and
alkanes,6−8 where CO2/CO was used as a hydrogen-deficient
substance to balance the excess hydrogen of straight-chain
alkanes to achieve high aromatic selectivity, and it has been
verified that the carbon atom in CO2/CO can be incorporated
into aromatic products via oxygenate intermediates. The
catalytic performance of H-ZSM-5 zeolite in alkane conversion
has been extensively explored and is attributed to its unique
channel size (0.55 nm) and acidic properties;9,10 the

modification of ZSM-5 with different metal cations, such as
Zn11−13 and Ga,14−16 has also been carried out to improve the
dehydrogenation properties. Therefore, modifications of H-
ZSM-5 by metal cations are also expected to improve its
performances in the coupling reaction of CO2 and alkanes.
Herein, we systematically studied the coupling reaction of

CO2 and n-butane over different metal-modified (Mn, Zr, Ni,
Ti, Zn) ZSM-5 zeolites. Among them, Zn/ZSM-5 showed the
best catalytic performance for CO2 conversion and aromatics’
selectivity. In situ characterizations and isotope labeling
experiments further revealed that the carbon atoms in CO2
could be partly incorporated into the aromatics over Zn/ZSM-
5, and a plausible reaction mechanism was proposed.

2. EXPERIMENTAL SECTION
2.1. Catalyst and Catalyst Characterization. H-ZSM-5

zeolites with different Si/Al ratios were purchased from
NanKai University Catalyst Co., Ltd. Zn(NO3)2·6H2O,
Ni(NO3)2·6H2O, and butyl titanate were supplied by Tianjin
Damao Chemical Reagent Factory. Zr(NO3)4·5H2O and
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Mn(NO3)2·4H2O were obtained from Sanen Chemical
Technology (Shanghai) Co., Ltd. and Shanghai Aladdin
Biochemical Technology Co., Ltd., respectively. N-butane/
CO2 mixture (n-butane, 2.5%; CO2, 92.5%; Ar, 5%), n-butane/
He mixture (n-butane, 2.5%; helium, 97.5%), CO2 (CO2,
95.0%; Ar, 5.0%), and helium (>99.999%) were purchased
from Dalian Special Gas Co., Ltd.
The X-ray diffraction (XRD) patterns of the zeolites were

identified using a PANalytical X’ Pert Pro diffractometer with
Cu Kα radiation. The silicon to aluminum ratio of H-ZSM-5
zeolites was measured by XRF using a PANalytical AXIOS
spectrometer. The surface area and pore volume of the H-
ZSM-5 zeolites were determined by nitrogen adsorption and
desorption analysis recorded at 77 K on a Micromeritics
ASAP-2020 analyzer after the sample was degassed at 350 °C
under vacuum for 4 h. The total surface area was calculated via
the Brunauer-Emmett-Teller (BET) equation, and the total
pore volume was measured by the N2 adsorption amount at P/
P0 = 0.97. Micropore surface area, external surface area, and
micropore volume were determined by the t-plot method.
The total acid amount of zeolite was measured by

temperature-programed desorption (TPD) experiments using
ammonia as the probe molecule, which was performed on a
Micromeritics AutoChem 2920 equipped with a thermal
conductivity detector (TCD). After 0.2 g of zeolite was loaded
into a quartz tube and pretreated at 650 °C in helium gas for
30 min, it was cooled to 100 °C and saturated with NH3.
Subsequently, the sample was pretreated with helium gas to
remove the physically adsorbed ammonia. After that, the
desorbed NH3 was recorded from 100 to 650 °C at a heating
rate of 10 °C/min in helium gas. The XRF, N2 adsorption−
desorption, and NH3-TPD results of H-ZSM-5 are depicted in
the Supporting Information Table S1.
The metal-modified catalysts were prepared by incipient

wetness impregnation. Typically, a certain amount of metallic
salt was dissolved in deionized water and then the zeolite
sample was added into the solution. After impregnation, the
samples were placed in the atmosphere statically for 2 h, dried
overnight at 120 °C, and then calcined at 550 °C for 4 h. The
obtained samples were denoted as x%M/ZSM-5-y (x, M, and y
represent the metal content, metal name, and Si/Al ratio of
ZSM-5, respectively). All of the catalysts were tableted,
crushed, and sieved to 40−60 mesh for reaction evaluations.
2.2. Catalytic Testing. In brief, the exact weight of the

prepared catalyst was loaded into a quartz tube fixed-bed
reactor (6 mm i.d.) enclosed in a stainless steel reactor. The
catalyst bed was held between two quartz wool plugs, and the
upstream dead volume was packed with silica granules. Prior to
the reaction evaluation, the catalyst bed was heated in flowing
helium (40 mL/min) at 550 °C for 1 h and adjusted to the
reaction temperature. After that, the n-butane and CO2
mixture (n-butane, 2.5%; CO2, 92.5%; Ar, 5%) controlled by
s Seven Star mass flowmeter was introduced into the catalyst
bed. The catalytic reactions were performed at 400−550 °C
under 0.1−2.5 MPa. The contact time was changed by
adjusting the catalyst weight (0.05−0.4 g), while maintaining
other reaction conditions.
All of the effluent products were analyzed by an online gas

chromatograph (Agilent 7890A) equipped with a HP-1
capillary column (100 m × 250 μm × 0.5 μm) connected to
a flame ionization detector (FID) and applied to analyze the
hydrocarbon products’ distribution. A TDX-01 packed column
(2 m × 1/8 m) connected to a thermal conductivity detector

(TCD) was applied to analyze the CO2 conversion and CO
selectivity.
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, and COoutlet represent the moles of CO2
at the inlet and outlet, and CO at the outlet, respectively, and
were analyzed by GC using Ar as an internal standard. CO2
(XCOd2

) conversion and CO selectivity (SelCO) were calculated
based on the above equation.
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N-butane conversion (Xbutane) was calculated using the above
formula. Butaneinlet and butaneoutlet represent the carbon mole
fractions of n-butane in the inlet and outlet, respectively.
The carbon selectivity of CnHm (SelCdnH dm

) in the hydro-
carbons was calculated as follows
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where CnHm doutlet
represents the carbon mole fraction of product

CnHm at the outlet. ∑1
n CnHm doutlet

represents the sum of the
carbon mole fractions of all of the hydrocarbon products (not
including feedstock) at the outlet.
2.3. In Situ DRIFT Spectroscopy Study. In situ DRIFT

spectra were recorded using a Bruker Tensor 27 FTIR
spectrometer equipped with a diffuse reflectance attachment
and MCT detector. Generally, zeolite powder was loaded into
the diffuse reflectance infrared cell with a ZnSe window; then,
the infrared cell was heated to 500 °C for 1 h under a 30 mL/
min (at STP) N2 stream and cooled to 50 °C. The stream of
CO2 (or He) with n-butane was introduced into the infrared
cell at 10 mL/min. The in situ DRIFT spectra recorded with 32
scans at a resolution of 4 cm−1 were collected as the
temperature increased from 100 to 300 °C at a constant rate
of 10 °C/min. The IR difference spectra were obtained by
subtracting the spectra of the Zn/ZSM-5 zeolite framework
from the collected spectra at the corresponding temperatures.
2.4. Isotope Tracing Experiments. The experiments

were conducted with 13CO2 and 12C n-butane as the reactants
using the same apparatus. N-butane mixture (n-butane, 2.5%;
He, 97.5%) with 5 mL/min and 13CO2 (or 12CO2 using in
contrast experiment) with 5 mL/min were introduced into the
reactor. The reaction was performed at 220 and 500 °C under
0.5 MPa. The gas-phase products were collected by CH2Cl2
absorption and analyzed by gas chromatography-mass
spectrometry (GC-MS) to determine the isotopic distribution.
The catalyst was removed from the reactor after 40 min on
stream and then quenched by liquid nitrogen. The retained
species over the spent Zn/ZSM-5 were analyzed and identified
via GC-MS by dissolving 0.1 g of the spent catalysts in 20%
hydrofluoric solution and extracting the organic phase using
0.4 mL of CH2Cl2.

17,18 The organic species were analyzed
using the GC-MS.
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3. RESULTS AND DISCUSSION
3.1. Effects of Composition on the Catalytic Perform-

ance of the Metal-Modified ZSM-5 Under Atmospheric

Pressure. Co-feeding of CO2 and n-butane over different
metal-modified ZSM-5 was performed and compared with that
over H-ZSM-5. As shown in Figure 1, Mn, Zr, and Ti
modification promoted CO2 conversion, but had limited
effects on product selectivity. With the introduction of Ni
and Zn, the selectivity of aromatics was significantly improved
(50.1% for Ni/ZSM-5 and 70.6% for Zn/ZSM-5). Assuming
that n-butane was completely converted to methane and
aromatics, the theoretical maximum of the aromatic selectivity
was calculated to be 56.3% (Table S2). The aromatic
selectivity (70.6%) over Zn/ZSM-5 was much higher than
the theoretical maximum; thus, further investigations were
conducted over Zn/ZSM-5.
In consideration of the importance of Si/Al ratio for the

catalyst performance, ZSM-5 with different Si/Al ratios was
used to prepare Zn-modified catalysts and the catalytic results
are shown in Figure 2a,b. As the Si/Al ratio increased from 17
to 222, the CO2 and n-butane conversion decreased gradually;
meanwhile, BTX and A9+ selectivity also decreased. This
indicates that Brønsted acid sites contribute to the conversion
of n-butane and CO2 and promote the generation of aromatics.
Table 1 shows the CO selectivity of the co-feeding reaction

over Zn/ZSM-5 with different Si/Al ratios. On the catalysts
with Si/Al ratio lower than 131, CO selectivities are higher
than 100%, which indicates that the molar number of the CO
generated is larger than that of the CO2 converted. According
to the literature, CO can be generated by reverse water gas
shift reaction, reverse Boudouard reaction, and dry reforming
reaction.19,20 On the basis of element balance, the latter two
reactions will produce more CO. Although CO2 conversion
was lower than 1% over Zn/ZSM-5 (Si/Al = 222), CO
selectivity was 76.5%.

The influence of Zn content on the co-feeding reaction was
further investigated (Figure 2c,d). The XRD patterns of ZSM-
5 with different Zn contents are shown in Figure S1. The main
characteristic peaks of the catalysts were consistent with those
of H-ZSM-5, indicating that the metal-modified zeolites still
retain the MFI topological structure. The intensity of the peaks
was decreased with the increase of Zn content; this indicates
that the crystallinity of the catalyst decreases gradually. The
CO2 and n-butane conversion increased sharply with the
increase of Zn content (Figure 2c). As the Zn content
increased to 10%, CO2 conversion was 8% and n-butane
conversion was 100%. Aromatics’ selectivity increased and
olefin selectivity decreased significantly with the introduction
of Zn. BTX selectivity gradually decreased with the increase of
Zn content (Figure 2d). These results suggest that Zn could
promote the aromatization during the co-feeding reaction. As
shown in Table 2, CO selectivities were higher than 100%.
3.2. Effects of Reaction Conditions on the Catalytic

Performance of Zn/ZSM-5 under Atmospheric Pressure.
The effect of reaction temperature is shown in Figure 3a,b.
Aromatics’ selectivity first increased and then decreased when
the temperature increased from 450 to 600 °C, and a
maximum of about 70% was observed at 550 °C, while alkane
selectivity increased almost linearly and olefin selectivity
decreased gradually. As shown in Figure 3b, BTX selectivity
showed a maximum at 500 °C, while A9+ selectivity increased
gradually with the increasing temperature, indicating that high
temperature promotes the light aromatics’ transformation to
the heavy aromatics over the Zn/ZSM-5 catalyst. As shown in
Table 3, CO selectivity increased with increasing temperature,
which indicates that the reforming reaction is benefited.
The effects of the contact time on the co-feeding reaction

are shown in Figure 3c,d. Prolonging the contact time could
significantly increase the aromatics’ and alkane selectivity
(Figure 3c). In contrast, the olefin selectivity decreased
sharply, which indicates that olefins tend to form aromatics
through hydrogen transfer reactions over Zn/ZSM-5 with the
increase of contact time.21,22 A longer contact time was
beneficial for the CO2 and n-butane conversion (Figure 3d). As
shown in Table 4, CO selectivity increased with increasing
contact time. These results indicate that longer contact time
results in the transformation of light aromatics to the heavy
aromatics and also benefits the reforming reaction.
3.3. Comparison of n-Butane Conversion under CO2

or He over Zn/ZSM-5 at 0.5 MPa. Based on the above
investigations of the reaction conditions and catalyst
composition under atmospheric pressure, we found that CO
selectivity was higher than 100% in most cases. This indicates
that the carbon atom of CO2 was not incorporated into
hydrocarbon products and almost all of the converted CO2 was
transformed into CO. In order to promote the incorporation of
CO2 into the hydrocarbons, experiments were conducted
under higher pressure (0.5 MPa). In addition, to minimize the
formation of CO, the contact time was shortened by reducing
the catalyst load (0.05 g) to eliminate the reforming reaction
and reverse Boudouard reaction of CO2. The catalytic
performances of Zn/ZSM-5 were compared in CO2 atmos-
phere and He atmosphere (Figure 4). Introduction of CO2
into n-butane conversion dramatically promoted olefin
selectivity and decreased alkane selectivity, demonstrating
that the CO2 participated in the conversion of n-butane; O
takes away H from alkanes to generate more unsaturated
alkenes. When the temperature was above 500 °C, the

Figure 1. Catalytic performance of the co-feeding of CO2 and n-
butane over metal-modified ZSM-5. Reaction conditions: 0.2 g of the
catalyst (ZSM-5 Si/Al = 17), T = 550 °C, P = 1 bar, CO2/n-butane/
Ar = 37/1/2, total flow = 10 mL/min at standard temperature and
pressure (STP), TOS = 1.5 h. Others are mainly composed of C4+
alkanes. A9+ aromatics are composed of ethylbenzene and aromatics
with more than 8 carbon atoms.
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aromatics’ selectivity increased significantly by CO2 co-feeding.
A relatively high CO2 conversion was also obtained (2.1% at
500 °C and 4.5% at 550 °C). Moreover, as shown in Figure
4e,f, CO2 addition was beneficial for the light aromatics
(BTX). Table 5 shows the CO selectivity at different reaction
temperatures. It can be seen that CO selectivity was lower than
80%, which demonstrates that the part of the carbon atoms in
CO2 are incorporated into the hydrocarbon products,
especially into aromatics at higher reaction temperatures.
Furthermore, introduction of CO2 hinders the further

evolution of BTX to heavy aromatics. With the increase in
temperature, aromatics’ selectivity increased, while alkane
selectivity increased in He atmosphere. In contrast, aromatics’
selectivity increased while alkane selectivity gradually de-
creased in CO2 atmosphere. This indicates that the
introduction of CO2 partially changes the reaction route, and
there is a coupling effect during the reaction.
3.4. Effect of CO2 Partial Pressure on n-Butane

Conversion over Zn/ZSM-5. The catalytic performance of
Zn/ZSM-5 at different CO2 partial pressures is shown in
Figure 5. It can be seen that the aromatics’ selectivity increased
with CO2 partial pressure, while the alkane selectivity
decreased (Figure 5a), which is consistent with the results in
Section 3.3. If the aromatics were formed via hydrogen transfer
reaction, a large amount of light alkanes would be produced
simultaneously.21,22 On the basis of low CO selectivity
(<100%), aromatics’ selectivity increased while alkane
selectivity decreased with the increase of CO2 conversion.
These results indicate that CO2 is incorporated in the
generation of aromatics and the hydrogen transfer route is
partially changed.

Figure 2. Effect of catalyst composition on the catalytic performance of co-feeding of CO2 and n-butane. (a, b) Effect of Si/Al ratio (17, 65, 131,
222) on the catalytic performance of 3%Zn/ZSM-5. (c, d) Effects of Zn content (0−10%) on the catalytic performance of Zn/ZSM-5 (Si/Al = 17).
Reaction conditions: 0.2 g of catalyst, T = 550°C, P = 1 bar, CO2/n-butane/Ar = 37/1/2, total flow = 10ml/min, TOS = 2.2 h.

Table 1. CO Selectivity during the Co-Feeding Reaction
over 3%Zn/ZSM-5 with Different Si/Al Ratios

Zn/ZSM-5 Si/Al = 17 Si/Al = 65 Si/Al = 131 Si/Al = 222

CO selectivity (%) 139.3 118.5 114.4 76.5

Table 2. Effects of the Zn Content on the CO Selectivity
during the Co-Feeding Reaction

Zn content (%) 0 1 3 5 10
CO selectivity (%) 146.9 139.3 136.9 127.2
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With the increase of CO2 partial pressure, the CO selectivity
decreased from 86 to 54% (Figure 5b). This means that part of
the carbon atoms of the converted CO2 (increased from 14 to
46%) were incorporated into the hydrocarbon products.
Although the CO2 conversion decreased with the increase of
CO2 partial pressure, the molar ratio of converted CO2 to the
converted n-butane significantly increased. Combining the
converted molar ratio of CO2/n-butane and the CO selectivity,

it can be deduced that a higher CO2 partial pressure is
favorable to the transformation of CO2 into hydrocarbons.
3.5. Coupling Reaction at Low CO2/n-Butane Ratio

under 2.5 MPa. To investigate the coupling reaction under
the conditions closed to practical applications, the coupling
reaction was conducted over Zn/ZSM-5 with a low ratio of
CO2 to n-butane (Figure 6a,b). When the ratio of CO2 to n-
butane was 4.75, the conversion of CO2 and n-butane was 12.3
and ∼100%, respectively, and the aromatics selectivity was
66.8%. The CO selectivity of 83.4% means that about 17% of
the carbon atoms in the converted CO2 were incorporated into
hydrocarbon products. As the ratio of CO2/n-butane was
further declined, the CO2 conversion increased significantly. A
high CO2 conversion of 26.5% and aromatics selectivity of
69.1% was achieved with the ratio of 0.95. At this ratio, about
13% of the carbon atoms of the converted CO2 were
transformed into hydrocarbon products (CO selectivity was
86.8%). As the main product in alkanes, CH4 selectivity
gradually increased with the increase of CO2 partial pressure
(Figure 6b). BTX selectivity increased while that of A9+

Figure 3. Effects of reaction conditions on the catalytic performance of the co-feeding reaction of CO2 and n-butane over Zn/ZSM-5. (a, b) Effects
of reaction temperature on the catalytic performance. (a) Products’ selectivity, (b) conversion and BTX & A9+ aromatic selectivity. Reaction
conditions: 0.2 g of 3%Zn/ZSM-5 (Si/Al = 17), T = 450−600 °C, P = 1 bar, CO2/n-butane/Ar = 37/1/2, total flow = 10 mL/min, TOS = 2.2 h.
(c, d) Effects of contact time on the catalytic performance. (c) Products’ selectivity, (d) conversion and BTX & A9+ aromatic selectivity. Reaction
conditions: 0.05−0.4 g of 3%Zn/ZSM-5 (Si/Al = 17), T = 550°C, P = 1 bar, CO2/n-butane/Ar = 37/1/2, total flow = 10 mL/min, TOS = 2.2 h.

Table 3. CO Selectivity during the Co-Feeding Reaction
Over 3%Zn/ZSM-5 at Different Reaction Temperatures

temperature (°C) 450 500 550 600
CO selectivity (%) 132.3 139.3 166.3

Table 4. Effects of the Contact Time on the CO Selectivity
during the Co-Feeding Reaction

contact time (s) 0.375 0.75 1.5 3.0
CO selectivity (%) 112.6 117.6 139.3 127.2
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Figure 4. Catalytic performance for the conversion of n-butane in the presence of He or CO2 over Zn/ZSM-5. (a−d) Conversion and selectivity,
(e, f) BTX and A9+ aromatic selectivity; CH4, C2H6, C3H8 selectivity; C2H4, C3H6 selectivity. Reaction conditions: 0.05 g of 5%Zn/ZSM-5 (Si/Al =
17), T = 400−550 °C, P = 0.5 MPa, CO2/n-butane/Ar = 37/1/2, He/n-butane/Ar = 37/1/2, total flow = 10 mL/min, TOS = 2.1 h.
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aromatics decreased with the increase of CO2 partial pressure.
Based on the high CO2 conversion, the coupling reaction
provides a potential route for utilization of CO2 as chemical
feedstock.
3.6. GC-MS Analysis of the Retained Species over the

Spent Zn/ZSM-5. The retained species were analyzed and
identified by the method described in Section 2.4 (C2Cl6 as
internal standard).17,18 The FID signals of GC-MS in Figure 7
indicate the presence of oxygenates and aromatics between 400
to 550 °C under CO2 atmosphere (Figure 7a,b). In contrast,
no oxygenates were detected in the retained species under the
He atmosphere (Figure S2). The detailed MS spectra of the
oxygenated compounds are given in Figure S3 and the
standard spectra of the corresponding substances were
obtained from the NIST Standard Reference Database.
These oxygenated species include methyl-substituted cyclo-
pentenones (ketones with one ring), methyl-substituted
indanones (ketones with two rings), fluorenone and
phenalenone (ketones with three rings), benzanthrone
(ketones with four rings), and phenol (methyl-substituted
phenol and phenanthrenol).
Cyclopentenones and methyl-substituted cyclopentenones

(CPOs) were detected with strong peak intensities at a lower
temperature (400 °C), which decreased dramatically as the
temperature increased (such as 2-cyclopenten-1-one, methyl-2-
cyclopenten-1-one, dimethyl-2-cyclopenten-1-one, and tri-
methyl-2-cyclopenten-1-one). Meanwhile, the peak intensities
of aromatics, especially heavy aromatics such as naphthalene,
fluorene, and other polycyclic aromatic hydrocarbons,
increased significantly. These results indicate that the CPOs
can be converted to aromatics at high temperatures over Zn/
ZSM-5. However, these CPOs were not detected in the gas-
phase products by online GC, indicating that the CPOs can
strongly adsorb on the Brønsted acid sites as the active species
undergo further transformation during the coupling reaction.7

At high temperatures (above 500 °C), some oxygenated
polycyclic aromatics containing carbonyl groups were
observed. In consideration of the facile generation of phenyl
carbonium ions by the aromatic species, direct carbonylation of
CO to produce heavy aromatics might occur, which is also a
possible pathway for the formation of heavy aromatics.
However, the partial pressure of the generated CO in our
reaction system is relatively low, indicating that this route
might not be prominent.
To further investigate the formation and transformation of

aromatic compounds during the coupling reaction over Zn/
ZSM-5, reactions at low temperatures from 150 to 350 °C
were conducted. As shown in Figure 7c, multiple oxygenated
compounds were detected at low temperatures from 150 to
250 °C, and 2-methyl-2-butanol was predominant. As the
temperature increased to 350 °C, 2-methyl-2-butanol dis-
appeared, while the cyclopentenones and methyl-substituted
cyclopentenones were detected in large amounts. In addition,
tremendous amounts of aromatics were detected at 350 °C,
which indicates that these aliphatic alcohols might be the initial
intermediates, which are further converted to the cyclo-
pentenones and eventually to aromatics. It is worth noting that
a trace of γ-valerolactone was detected (retention time 13.4
min) and reached its maximum at 220 °C, gradually decreasing
with the increasing temperature. The investigation of γ-
valerolactone is discussed in the following section.
3.7. Formation Pathway of Valerolactone. In the

previous work of our research group, the formation of γ-
valerolactone as an intermediate during the coupling reaction
of CO2 and n-butane over H-ZSM-5 was reported.

8 During the
short contact time experiments described above, it was
challenging to detect the γ-valerolactone over the spent Zn/
ZSM-5 catalysts. To gain further insight into this crucial
intermediate, we investigated the coupling reaction under a
longer contact time by increasing the reaction pressure and the
catalyst loading to enhance the generation of γ-valerolactone.
As shown in Figure 8, γ-valerolactone was detected
significantly at 220 °C under both 0.5 and 2.5 MPa. In the
case of prolonged contact time, γ-valerolactone was found to
be the primary oxygenated compound instead of aliphatic
alcohol and aliphatic ketone, which indicates these alcohol and

Table 5. Effects of Temperature on the CO Selectivity
during the Coupling Reaction

temperature (°C) 400 450 500 550
CO selectivity (%) 12.1 30.7 79.0 80.4

Figure 5. Effects of the CO2 partial pressure on the conversion of n-butane over Zn/ZSM-5. (a) Products’ selectivity, (b) conversion, CO
selectivity, the molar ratio of converted CO2 to converted n-butane. Reaction conditions: 0.2 g of 3%Zn/ZSM-5 (Si/Al = 17), T = 550 °C, Pn‑butane
= 13 kPa, PCOd2+Ar = 0−1987 kPa, total flow = 10−40 mL/min at STP, contact time = 3.6 s, TOS = 1.5 h.
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ketone species might act as precursors for lactones or belong to
different reaction pathways. The γ-valerolactone disappeared as
the temperature increased to 300 °C and large amounts of
cyclopentenones and heavy aromatics were detected instead.
This indicates that the γ-valerolactone further converts to
cyclopentenones at high temperature and eventually generates
aromatic hydrocarbons, with part of the carbon atoms from
CO2 being directly incorporated into the aromatic hydro-
carbons.8

The oxygenated compounds detected over the spent
catalysts during the low-temperature reaction were mainly
composed of aliphatic alcohol and aliphatic ketone. Consid-
ering that the interaction of CO2 with the alcohol compound
produces alkyl carbonate intermediates, which are further
cyclized to form lactone species,8,23 co-reactions of 2-methyl-2-
butanol with CO2 were performed over Zn/ZSM-5 at different
temperatures (ranging from 200 to 300 °C). As shown in
Figure 9, multiple alcohol species and γ-valerolactone were
detected at 200°C but almost disappeared at 300°C. Instead, a
significant amount of aromatic hydrocarbons was generated.
This indicates the possibility of a transformation route from
the alcohol species to lactone and ultimately to the aromatic
hydrocarbons during the coupling reaction over Zn/ZSM-5.
3.8. In Situ DRIFT Analysis of the Coupling Reaction

of CO2 and n-Butane over Zn/ZSM-5. In situ DRIFT
characterizations were conducted at different temperatures
(the full range of wavenumbers from 4000 to 700 cm−1 is given
in Figure S4). As shown in Figure 10a,b, the bands observed at
3800−3600 cm−1 can be attributed to Si-OH, Al-OH, and the
bridging hydroxyl Si(OH)Al.24 The bands at 3495, 2960, and
2870 cm−1 were attributed to the interactions of bridging
hydroxyl groups with the n-butane and physically adsorbed n-
butane.24,25 These bands exhibited a decrease with the increase
of temperature, indicating a reduction in the physical
adsorption of n-butane. Meanwhile, the bands at 2925 cm−1

(attributed to the vibrations of C−H26) increased with the
increase of temperature, indicating that the adsorbed n-butane
was transformed into carbenium ions.12

It is worth noting that a new band at 1678 cm−1, attributed
to the C�O stretching vibrations of acyl species,27,28 appeared
at 230°C. The intensity increased and then decreased with the
increase of temperature. This indicates that there is a pathway
for the interaction of CO with carbonium ions to generate acyl
species during the coupling reaction.6,7 The band at around
1661 cm−1 could be attributed to the stretching vibration of
C�C, indicating the generation of alkenes.29 More interest-
ingly, the bands at 1757 and 1694 cm−1 were attributed to the
C�O stretching vibrations of lactone and unsaturated
ketone,30,31 respectively, which is consistent with the findings
from GC-MS analysis. The intensity of the band at 1757 cm−1

gradually increased as the temperature increased from 100 to
250°C but subsequently decreased. In contrast, the appearance
of a band at 1694 cm−1 at 250 °C indicates that the lactones
could convert to unsaturated ketones. The bands observed at
1604 and 1511 cm−1 were attributed to aromatic carbenium
ions and the cyclic coke precursor, respectively,29 demonstrat-
ing the generation of aromatic hydrocarbons and carbon
deposition during the reaction. The intensity of the band at
1462 cm−1, which is attributed to the CH deformation
vibration of ether, decreased with the increase of temperature.
Meanwhile, the bands at 1496 and 1386 cm−1 showed an
increase in intensity. These two bands were attributed to
COO− groups,27 indicating that hydrogenation of CO2 into
formate species is feasible during the coupling reaction.32

Therefore, the formate species might act as intermediates for
incorporating a small amount of CO2 directly into the
products.
3.9. 13C Isotope Tracing Experiments for the

Coupling Reaction of CO2 and n-Butane Over Zn/
ZSM-5. 13C isotope tracing experiments were performed at
220 and 500 °C under 0.5 MPa. The 13C distributions of the
observed oxygenated intermediates and representative prod-
ucts (shown in Figure 11) were calculated by comparing the
MS spectra of the reaction of n-butane with 13CO2 and 12CO2,
respectively. The detailed MS spectra are shown in Figures S5
and S6. Most of the oxygenated intermediates observed
contained at least one 13C atom, and the MS spectra with 13C

Figure 6. Catalytic performance of the coupling reaction at a low ratio of CO2 to n-butane over Zn/ZSM-5. (a) Conversion and product & CO
selectivity. (b) CH4, C2H6, C3H8, BTX, and A9+ selectivity. Reaction conditions: 1.2 g of 5%Zn/ZSM-5(Si/Al = 17), T = 550°C, P = 2.5 MPa,
PCOd2

/Pn‑butane/PAr = 1.9/2/0.1, 1.9/1/0.1, 1.9/0.4/0.1, total flow = 30 mL/min at STP, TOS = 2.1 h.
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Figure 7. GC-MS results for the retained species over the spent Zn/ZSM-5 catalysts during the coupling reaction of CO2 and n-butane at different
temperatures. FID signals of GC-MS with retention times (a) from 9.5 to 17.5 min, (b) from 20 to 50 min (a, b under high temperature, 400−550
°C), (c) from 5.5 to 14 min (c under low temperature, 150−350 °C). Reaction conditions: 0.05 g of 5%Zn/ZSM-5 (Si/Al = 17), P = 0.5 MPa,
CO2/n-butane/Ar = 37/1/2, total flow = 10 mL/min, TOS = 2.2 h.
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labeling shifted systematically in comparison to the unlabeled
spectra. Around 10 to 30% of the aromatics contained a single
13C atom, whereas only a small proportion of cyclo-olefins
contained one 13C atom (<2%). This observation suggests that
the incorporated 13C atom was located within the aromatic
ring, implying that partial aromatics might be generated from
the oxygenated intermediates rather than through hydrogen
transfer reactions of olefins. These results clearly reveal that the
carbon atom in CO2 was incorporated into the oxygenated
intermediates and subsequently transformed into BTX
products, resulting in an increase in BTX selectivity.
3.10. Reaction Mechanism Proposed for the Cou-

pling Reaction of CO2 and n-Butane Over Zn/ZSM-5.
Based on the above results and discussion, a plausible
mechanism of coupling reaction was proposed (shown in
Figure 12). Firstly, n-butane is absorbed on Brønsted acid sites
or [Zn-O-Zn]2+33 over Zn/ZSM-5 and might form carbenium

ions or short-chain hydrocarbon species. Then, CO2 is
incorporated into the reaction via two routes.
Indirect route: CO, which is formed by reverse Boudouard

reaction or dry reforming of CO2, adsorbs and inserts into the
carbonium ions to generate the acyl group. Meanwhile, partial
CO interacts with H2 to generate alcohol species, which are
easily further transformed to hydrocarbons. The acyl groups
interact with olefins to generate the oxygenated intermediates
(methyl-substituted cyclopentenones) by cyclization and
Friedel−Crafts acylation of olefins.34 Finally, these cyclo-
pentenone species will further transform to aromatic hydro-
carbons.
Direct route: The alkyl carbonate intermediate is generated

through the insertion of CO2 into carbonium ions,
8,35 and then

further cyclized to form the γ-valerolactone. After that, the γ-
valerolactone intermediate is isomerized to generate pentenoic
acid. The acyl cations are formed by dehydration of pentenoic
acid or dehydroxylation of carboxylic acid groups (generated

Figure 8. GC-MS results for the retained species over the spent Zn/ZSM-5 catalysts under a long contact time. Reaction conditions: 0.4 g of 5%
Zn/ZSM-5 (Si/Al = 17), P = 2.5 MPa (solid line) and 0.5 MPa (dashed line), CO2/n-butane/Ar = 37/1/2, total flow = 10 mL/min, TOS = 3 h.

Figure 9. Co-reaction of 2-methyl-2-butanol with CO2 over Zn/ZSM-5. Reaction conditions: 0.05 g of 5%Zn/ZSM-5 (Si/Al = 17), P = 1 bar, T =
200−300 °C, carrier gas (CO2) = 10 mL/min, WHSV = 16 h−1, TOS = 1 h.
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from the interaction of CO2 with H2), which further transform
to cyclopentenones by cyclization.8,35

4. CONCLUSIONS
The coupling reaction of CO2 and n-butane was systematically
investigated over metal-modified ZSM-5. CO2 addition led to a
significant increase in the selectivity of aromatics and olefin,
and a decrease in the selectivity of alkanes. Aromatic selectivity
was favored by prolonging the contact time. A high CO2
conversion of 26.5% and n-butane conversion of 100% with the
aromatics selectivity of 69.1% was achieved at the CO2 to n-
butane ratio of 0.95. About 13% of the carbon atoms of the
converted CO2 was transformed into hydrocarbon products
corresponding to the CO selectivity of 86.8%. This aromatic
selectivity is much higher than the theoretical value for the
conversion of sole n-butane (56.3%). The results of GC-MS
analysis, in situ DRIFT characterization, and 13C isotope

tracing experiments demonstrate that the coupling reaction of
n-butane with CO2 might proceed by the direct or indirect
route. Indirect route: CO (formed by reverse Boudouard
reaction or dry reforming of CO2) inserts into the carbonium
ions to generate acyl groups, and then oxygenated
intermediates (methyl-substituted cyclopentenones) are gen-
erated by the interaction of the acyl groups with olefins
(cyclization and Friedel−Crafts acylation of olefins), which are
finally transformed to aromatics. Direct route: CO2 directly
inserts into alkene or carbonium ions to generate the lactone.
The lactone intermediate is isomerized to generate pentenoic
acid, followed by dehydration to form acyl cations, which are
further transformed to cyclopentenones by cyclization.

Figure 10. In situ DRIFT spectra recorded during the coupling reaction of n-butane and CO2 over Zn/ZSM-5 at different temperatures. Range of
wavenumber: (a) 3800−2800 cm−1, (b) 1800−1350 cm−1.

Figure 11. 13C distributions of the (a) oxygenated intermediates over the spent Zn/ZSM-5 and (b) representative products in the effluent during
the coupling reaction of n-butane with 13CO2. (1) γ-Valerolactone, (2) 2-cyclopenten-1-one, (3) 2-methyl-2-butanol, (4) phenol, (5) benzene, (6)
methylbenzene, (7) dimethylbenzene, (8) ethylbenzene, (9) 1,3,5,7-cyclooctatetraene. Reaction conditions: 0.4 g of 5%Zn/ZSM-5 (Si/Al = 17), T
= 220 and 500 °C, Pn‑butane = 6 kPa, PHe = 244 kPa, PCOd2

= 250 kPa, total flow = 10 mL/min at STP. The catalyst was removed after the reaction for
40 min and then quenched by liquid nitrogen. Gas-phase products were collected by CH2Cl2.
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