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Abstract Improving the aromatic selectivity in the
alkane aromatization process is of great importance for its
practical utilization but challenge to make because the high
H/C ratio of alkanes would lead to a serious hydrogen
transfer process and a large amount of light alkanes.
Herein, CO, is introduced into the cyclohexane conversion
process on the HZSM-5 zeolite, which can improve the
aromatic selectivity. By optimizing the reaction conditions,
an improved aromatic (benzene, toluene, xylene, and Cy,)
selectivity of 48.2% can be obtained at the conditions of
2.7 MPa (CO,), 450 °C, and 1.7 h™!, which is better than
that without CO, (aromatic selectivity = 43.2%). In situ
transmission Fourier transform infrared spectroscopy
spectra illustrate that many oxygenated chemical inter-
mediates (e.g., carboxylic acid, anhydride, unsaturated
aldehydes/ketones or ketene) would be formed during the
cyclohexane conversion process in the presence of CO,.
13C isotope labeling experimental results demonstrate that
CO, can enter into the aromatics through the formation of
oxygenated chemical intermediates and thereby improve
the aromatic selectivity. This study may open a green,
economic, and promising way to improve the aromatic
selectivity for alkane aromatization process.

Keywords aromatics, carbon dioxide, aromatization,
coupling reaction, ZSM-5 zeolite

1 Introduction

Aromatics are one of the most basic raw materials in the
chemical industry for the synthesis of several chemicals,
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such as gasoline, solvent, polyethylene terephthalate
fibers, resins, and films [1]. According to the reaction
temperature, the production of aromatics can be divided
into low-temperature paths (methanol to aromatics [2,3],
biomass conversion to aromatics [4,5], and synthesis gas
conversion to aromatics [6,7], etc.) and high-temperature
paths (catalytic reforming of naphtha, methane dehyd-
roaromatization, and aromatization of short paraffin).
Recently, with the development of hydraulic fracturing
technologies, a large amount of shale gas (alkanes) can be
extracted in this manner. Furthermore, the alkane is a
kind of the main by-product of petroleum refining, coal-
bed gas, and steelmaking plants. Therefore, making good
use of these alkanes is of great importance. In particular,
cycloalkanes, as major components of naphtha, are inert
and difficult to convert into high-valuable-added pro-
ducts. It is highly urgent to develop an efficient process to
utilize cycloalkanes, in which selective conversion of
alkanes to aromatics represents a kind of very promising
way [8,9].

For the alkane aromatization process, two main factors
should be considered, i.e., promoting the C—H dissocia-
tion and inhibiting the hydrogen transfer process.
Typically, the alkane dehydrogenation process is a key
factor determining the alkane aromatization process
because the C—H bonds are difficult to dissociate (D_y; =
414 kJ-mol ™) [10,11]. Furthermore, the serious hydrogen
transfer process during the alkane aromatization process
would lead to many light alkanes, decreasing the aromatic
selectivity [12]. Over the past several years, many
methods have been exploited to improve the activity and
selectivity of the alkane aromatization process. For
instance, metal species (Zn [13,14], Ga [15,16], and Pt
[17,18]), possessing good dehydrogenation ability, are
introduced into the zeolites. Owing to the promotion of
the C—H bond dissociation, the alkane aromatization
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process can be significantly improved. However, the
hydrogen transfer process would be simultaneously
promoted owing to the synergistic effect between Lewis
and Bronsted acid sites, which would lead to low
aromatic selectivity. Therefore, decreasing and/or elimi-
nating the hydrogen transfer process is very necessary.
Very recently, Liu and coworkers reported that the
introduction of CO into the alkane aromatization process
could improve the aromatic selectivity by consuming a
part of hydrogen [19,20]. They found that the CO could
participate in the aromatic generation by forming acyl
groups and methyl-substituted cyclopentenones followed
by dehydration, increasing the alkane conversion and
aromatic selectivity. However, this process requires a
large amount of CO (CO/n-hexane = 120). Therefore,
developing a more effective hydrogen eliminator or
inserting hydrogen-deficiency agents into the alkane
aromatization process might be a good method for
improving the aromatic selectivity.

CO,, containing more oxygen than CO, might be used
to eliminate a part of H, through the reverse water gas
conversion reaction (CO, + H, — CO + H,0) and/or
participate in the alkane activation and conversion by the
formation of oxygenated chemical intermediates, thus
promoting the formation of aromatics [21]. Furthermore,
coke can be consumed by CO, through the reverse
Boudouard reaction (CO, + C — 2CO) to reduce the
catalyst deactivation [22]. In this work, we investigated
the coupling reaction process of CO, and cyclohexane on
the HZSM-5 zeolite and realized a higher aromatic
selectivity than that without CO,. The effects of reaction
temperature, weight hourly space velocity (WHSV) of
cycloalkane, and system pressure on the coupling reaction
process were studied. The participation of CO, in the
coupling reaction process was analyzed by an in situ
transmission Fourier Transform infrared spectroscopy
(FTIR), and the possible reaction mechanism was propo-
sed. Furthermore, '3C isotope tracer experiments were
performed to reveal the role of CO, during the coupling
reaction process including the consumption of excess
hydrogen and the participation in the aromatization.

2 Experimental

2.1 Catalyst and characterization

All HZSM-5 zeolites were purchased from WNankai
University. The zeolites were characterized by X-ray
fluorescence analysis, X-ray powder diffraction (XRD),
ammonia temperature-programmed desorption (NHj;-
TPD), solid-state magic-angle spinning nuclear magnetic
resonance spectra of 2’Al (*’Al MAS NMR) and
pyridine-adsorbed FTIR (py-IR). All results were shown
in the Electronic Supplementary Material (ESM) section.
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2.2 Catalytic tests

The HZSM-5 zeolite powder was pressed under 35 MPa
pressure and granulated. The 40—-60 mesh zeolite particles
were selected for experiments. The detailed part of the
experiment is shown in the ESM section.

3 Results and discussion

3.1 Cyclohexane-CO, aromatization on HZSM-5 zeolite
The XRD pattern (Fig. S1, cf. ESM) and NH;-TPD result
(Fig. S2, cf. ESM) suggest the HZSM-5 (SiO,/Al,O; =
38) zeolite possesses a well-defined MFI structure and
an acid amount of 1.00 mmolyy, -g™'. The 2TA1 MAS
NMR spectrum (Fig. S3, cf. ESM) shows two peaks at
56.5 and 0 ppm, corresponding to the framework and
non-framework Al, respectively. This indicates that the
HZSM-5 zeolite used is mainly composed of tetra-
coordinated framework Al. Besides, the Bronsted and
Lewis acidity of HZSM-5 zeolite is analyzed by FTIR
spectra of pyridine adsorption/desorption (Fig. S4,
cf. ESM). Typically, pyridine molecules adsorbed to the
Lewis acid sites give rise to the FTIR bands at 1450, 1490
and 1610 cm™!, while pyridine molecules adsorbed on the
Bronsted acid sites give rise to FTIR bands at 1490, 1540
and 1640 cm! [2324]. These FTIR bands can be
observed over the HZSM-5 zeolite after pyridine adsorp-
tion and evacuation at 100 °C, indicating the presence of
both Bronsted and Lewis acid sites. Moreover, the bands
at 1640 and 1540 cm ™! are much stronger than those at
1610 and 1450 cm™', indicating the presence of a large
amount of Bronsted acid sites and only a slight of Lewis
acid sites which is in good accordance with the 2’A1 MAS
NMR results (Fig. S3). To make clear the role of CO,
during the cyclohexane aromatization process, the system
pressure, reaction temperature, CO, pressure, WHSV, and
the SiO,/Al,O, ratio of HZSM-5 zeolite are all inves-
tigated (Figs. 1, S5 and Tables S1-S6, cf. ESM).

First, the influence of the system pressure on the
coupling reaction process is investigated (Fig. 1(a)). At
the atmospheric pressure, the cyclohexane conversion
(Xcyp)»> aromatic selectivity (S, matics)» and CO, conver-
sion (Xco,) are 75.8%, 38.9%, and 0.85% respectively.
After increasing the system pressure to 3 MPa, the Xy,

wromaticss aNd Xco, can be improved to around 100%,
48.2%, and 4.67%, respectively, suggesting the high
system pressure is good for the coupling reaction process.

The influence of CO, pressure on the coupling reaction
process of cyclohexane is presented (Fig. 1(b)). At low
CO, pressure of 1.0 MPa, no obvious changes in the
aromatic selectivity can be observed during the cyclo-
hexane aromatization process. When the CO, pressure is
increased from O to 2.0 MPa, the aromatic selectivity can
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Fig.1 (a) The CO, conversion, cyclohexane conversion and product selectivity at the system pressures of 0.1 and 3 MPa; (b) the
CO, conversion, cyclohexane conversion and product selectivity at the CO, pressures of 0, 1, 2 and 2.7 MPa; (c) the CO, conversion,
cyclohexane conversion and product selectivity at the reaction temperatures of 300, 350, 400 and 450 °C; (d) the CO, conversion,
cyclohexane conversion and product selectivity at the WHSV of cyclohexane of 0.5, 1.7 and 5 h™!. Reaction conditions: TOS = 1.0 h,

(CO, + N,)/cyclohexane = 13.

be improved from 43.2% to 45.5%. With further increa-
sing the CO, pressure to 2.7 MPa, the aromatic selectivity
can be increased to 48.2%. These results suggest the
addition of CO, can improve the reaction of cyclohexane
aromatization. In addition, the CO, conversion increases
from 1.67% to 4.67% with increasing the CO, pressure
from 1 to 2.7 MPa, illustrating more CO, molecules are
involved in the reaction at a high CO, pressure.

The effect of reaction temperature on the coupling
reaction process of cyclohexane and CO, is investigated
(Fig. 1(c)). With increasing the reaction temperature from
300 to 450 °C, the cyclohexane conversion increases
rapidly from 19.4% to 99.9%, and the CO, conversion of
increases from 0.57% to 4.67%. This suggests the
cyclohexane aromatization is a thermodynamically con-
trolled reaction that needs a high reaction temperature.
Furthermore, the effect of SiO,/Al,O, ratios of HZSM-5
zeolite on the coupling reaction process of cyclohexane
and CO, is investigated (Fig. S5). With decreasing the
Si0,/Al,04 ratio of HZSM-5 zeolite from 1500 to 38, the

cyclohexane conversion increases from 40.2% to 99.9%,
and the CO, conversion increases from 0.44% to 4.67%,
indicating the high acidity of zeolite is good for the
coupling reaction process of cyclohexane and CO, to
aromatics.

Figure 1(d) shows the cyclohexane conversion and the
different product selectivities at different WHSV values.
At a low WHSV of 0.5 h™!, cyclohexane molecules can
be fully converted with an aromatic selectivity of 46.2%.
With increasing the WHSV to 1.7 h™!, ~100% cyclohe-
xane conversion with an aromatic selectivity of 48.2%
can be achieved. Further increasing the WHSV to 5.0 h™!,
the cyclohexane conversion is reduced to 96.4%, and the
aromatic selectivity decreases to 36.9%, probably because
the residence time is too low to realize the cyclohexane
conversion at high WHSV. Noticeably, the CO, conver-
sion is a little different to cyclohexane conversion at
different WHSV. At a low WHSV of 0.5 h™!, the CO,
conversion is 2.49%. When the WHSV increases to
1.7 h7!, the CO, conversion is increased to 4.67%.
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However, further increasing the WHSV to 5.0 h™!, the
CO, conversion is dramatically reduced to 0.03%.

3.2 In situ transmission FTIR study

To identify the role of CO, and better understand the
coupling reaction process, in situ transmission FTIR
studies, retained species studies and isotope experiments
were performed on HZSM-5 zeolite (Fig. 2). First, the
coupling reaction process is studied by in situ transmis-
sion FTIR (Fig. 2(a)). The band at 1757 cm™! can be
attributed to the C=0O stretching vibration of lactone [25],
indicating the lactone intermediates are formed at the
initial stage by CO, insertion. C—O—-H out-of-plane
bending vibration in the 953 cm™! bands is attributed to
the carboxylic acid [26], suggesting the lactone is decom-
posed with the reaction time. The bands at 1840 and
1787 cm™! are attributed to the C=0 antisymmetric stre-
tching vibration of acid anhydride and the C=0 symme-
tric stretching vibration of acid anhydride, respectively
[27,28]. These signals indicate that the carboxylic acid
species will convert to acid anhydride. Furthermore, the
band at 1690 cm ™! can be observed, corresponding to the
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C=0 stretching vibration of unsaturated aldehydes/
ketones [29]. After a certain time, two obvious bands at
903 and 854 cm™! can be observed, which can be attribu-
ted to the out-of-plane bending vibration of aromatic ring
C—H [30], suggesting the formation of aromatics.

In situ transmission FTIR study on the coupling
reaction process of cyclohexane and 13CO2 is carried out
to identify the intermediates. With the introduction of
13C0,, the peak positions of lactones, carboxylic acids,
anhydrides, unsaturated aldehydes/ketones, aromatics,
etc. are redshifted by 30 to 70 cm™! (Fig. 2(b)). The C=0
stretching vibration of lactone shifts from 1757 to
1698 cm™! [31]. The C—O—H out-of-plane bending vibra-
tion of carboxylic acid shifts from 953 to 892 cm™! [32].
The C=0 symmetric stretching and antisymmetric stre-
tching vibrations of acid anhydride move from 1840 to
1770 cm™! and 1787 to 1730 cm ™!, respectively [33]. The
C=0 stretching vibration of unsaturated aldehyde/ketone
shifts from 1690 to 1652 cm™! [34,35]. The C—H out-of-
plane bending vibration of the aromatic ring moves from
903 to 827 cm™ ! and from 854 to 804 cm ™!, respectively
[36,37]. These results confirm the formation of oxy-
genated chemical intermediates during the coupling

Intensity

5.0/min (c)

CIII 9|
ClI-C—C-ClI

Lo

| VY

2000 1250

Wavenumber/cm™!

/L

l oS
=

10.0 12.5 15.0 17.5

_ T

12]()8 1037

Intensity

fo) :_ C_
—IBE—OH \ /< \ ;c

75 8.0 20.0
Retention time/min
50
5.0/min (d)
40
Alkanes Aromatics

/_/R ( \

W
(==
T

L
(Y

o

1000
Wavenumber/cm™

-l
BC distribution/%
—_ )
o = S
) m—
b L

e
=} m@c S _:4 I‘C I@c S _:4
UNU(?U’UQUNQ‘EL?

750
o U

Fig. 2 (a) In situ transmission FTIR spectra of the coupling reaction process of cyclohexane and 12CO2 over the HZSM-5 zeolite;
(b) in situ transmission FTIR spectra of the coupling reaction process of cyclohexane and 13CO2 over the HZSM-5 zeolite; (c) GC-
MS spectrum of the retained species on the spent HZSM-5 zeolite after the coupling reaction process (retention times up to 20 min);
(d) 13C distribution in the effluent products during the coupling reaction of cyclohexane with 13CO2 over the HZSM-5 zeolite.
Reaction conditions: £ =450 °C, SiO,/Al,O; = 38, P, = 0.5 MPa, Pco, = 0.43 MPa, (CO, + N,)/cyclohexane = 13.

system
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reaction process of cyclohexane and CO,, suggesting the
CO, molecules participate in the aromatic generation
during the aromatization process.

In addition, the spent HZSM-5 zeolite (r = 450 °C,
Si0,/AL Oy = 38, Py g = 0.5 MPa, Peo, = 0.43 MPa) is
dissolved into 40% HF solution, extracted with dichloro-
methane (containing 10 ppm hexachloroethane), and then
analyzed by GC-MS (Fig. 2(c)). The carbon deposition
products contain a high proportion of aromatics.
However, no oxygenated chemical intermediates can be
detected over the spent HZSM-5 zeolite, which is not
consistent with the FTIR results, probably because the
oxygenated chemical intermediates are highly active and
convert into aromatics.

To confirm the role of CO,, '3CO, is used instead of
12CO2 and the products were detected by GC-MS (Fig.
2(d)). It is shown that CO, is involved in three main
processes. ~4% CO, is converted to CO (Fig. S6,
cf. ESM), suggesting a part of CO, participates in the
elimination of hydrogen through the reverse water gas
reaction. At the same time, 65% CO, is converted into
light alkanes, indicating most CO, participates in the
hydrogen transfer process during the coupling reaction
process. 31% CO, is converted into aromatics, suggesting
CO, can enter into the final aromatics by intercalation of
the C—O bond to form alkoxy groups. However, no
oxygenated chemical intermediates can be observed in
Fig. 2(c), which may be due to the fact that the oxyge-
nated chemical intermediates are highly active at the
reaction temperature of 450 °C.

3.3 Discussion and mechanism

Based on the above catalytic results and characterizations,
the system pressure, CO, pressure, reaction temperature,
and WHSV have great influences on the coupling
reaction process of cyclohexane and CO,. Typically,
increasing the system pressure (from atmospheric pres-
sure to 3.0 MPa) can improve the cyclohexane conversion
and the aromatic selectivity (Fig. 1(a)). It is reported that
the high reaction pressure can promote the dehydroge-
nation process and depress the diffusion of products, thus
promoting the aromatization process [38]. The in situ
transmission FTIR (Figs.2(a) and 2(b)) and the CO,
pressure experimental results (Fig. 1(b)) reveal that CO,
can eliminate a part of H, by the formation of oxygenated
chemical intermediates such as lactones [21]. Then, the
lactones can be further converted into carboxylic acids,
anhydrides, unsaturated aldehydes/ketones or ketene. This
result is in good consistent with our previous work about
alkanes-CO coupling to aromatics [19,20]. The different
temperature experiments reveal that the cyclohexane
aromatization process in the presence of CO, is a
thermodynamically controlled reaction that requires high
reaction temperature (Fig. 1(c)). Particularly, the high
reaction temperature is good for the C—H dissociation and
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C—C bond coupling [39].

Besides, the WHSV can affect the cyclohexane
aromatization process by influencing the contact time
between cyclohexane and HZSM-5 zeolite (Fig. 1(d)).
When the contact time is low (WHSV = 5.0 h'l),
cyclohexane molecules cannot be activated, resulting in
low conversion (Xqyy = 96.4%) and aromatic selectivity
(Syromatics = 37.0%) [40,41]. However, too long contact
time (WHSV = 0.5 h™!) would result in serious side
reactions (such as heavy aromatization and/or coke
formation), which would lead to low aromatic selectivity
(Syromatics = 46.2%). The residual species on the spent
HZSM-5 zeolite are analyzed, showing no oxygen-
containing species (Fig. 2(c)). However, the in situ
transmission FTIR results show many oxygenated chemi-
cal intermediates. Also, isotope experiments reveal that
the CO, molecules are incorporated into the CO (4%),
alkanes (65%) and aromatics (31%) during the cyclohe-
xane aromatization process (Fig. 2(d)), suggesting CO,
cannot only transform into CO through eliminating a part
of H, and can also enter into the aromatics via forming
oxygenated chemical intermediates.

Combining with the in sifu transmission FTIR charac-
terizations and isotopic-labeled experimental results, a
possible reaction path for the cycloalkane-CO, coupling
reaction process is proposed (Fig. 3). In the absence of
CO,, cyclohexane is activated at the Bronsted acid
centers, and then olefins are formed through cracking and
oligomerization. Subsequently, olefins will be transfor-
med into aromatics by hydrogen transfer, cyclization and
dehydrogenation processes. At the same time, low-carbon
alkanes such as methane, ethane and propane are
produced, which is one of the key factors resulting in low
aromatic selectivity [42]. In the presence of CO,,
cyclohexane is first activated at the Bronsted acid centers
and then reacts with CO, to form lactone. After that,
carboxylic acid, anhydride and other oxygenated chemi-
cal intermediates would be formed through the ring-
opening process. Then, the oxygenated chemical inter-
mediates will be dehydrated, resulting in unsaturated
aldehydes/ketones or ketene [43—45]. On one hand, the
unsaturated aldehydes/ketones or ketene would be
cyclized to cyclic ketones and transform into dienes
and/or aromatics through dehydration, hydrogen transfer
and rearrangement processes. On the other hand, unsa-
turated aldehydes/ketones or ketene would be dehydrated
to dienes and then dehydrogenated to aromatics. Mean-
while, CO, participates in the elimination of hydrogen in
the coupling reaction process through the reverse water
gas reaction (CO, + H, — CO + H,0).

4 Conclusions

Herein, CO, is exploited as an efficient assistant to
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Fig.3 Proposed mechanism of the aromatic formation for the coupling reaction process of CO, and cyclohexane over HZSM-5 zeolite.

improve the aromatic selectivity during the cyclohexane
aromatization process. The reaction conditions including
system pressure, CO, pressure, reaction temperature, and
WHSYV are systematically investigated. It is found that the
aromatic selectivity can be improved at a reaction
condition of suitable reaction temperature (= 450 °C),
high system pressure and CO, pressure (> 1 MPa), and
appropriate WHSV (< 5.0 h_%) The optimized reaction
results (Xoyy = 100%, Xco, = 4.7%, S,omatics = 48-2%) can
be obtained at the temperature of 450 °C, the CO,
pressure of 2.7 MPa, and the WHSV of 1.7 h™!. The role
of CO, in the coupling reaction process is revealed by in
situ transmission FTIR spectra and '3C-labeled experi-
ments. CO, can participate in the aromatization via the
formation of lactone, carboxylic acid, anhydride, and
other oxygenated chemical intermediates. Subsequently,
these oxygenated chemical intermediates containing
carbonyl and ester groups could be converted into
aromatic precursors such as ketenes, alkenes/cycloal-
kenes, or dienes/cyclodienes, and finally transform into
aromatics. The BCOZ isotope tracing experiment shows
that 65% of the carbon atoms of CO, can enter into
alkanes, 31% into aromatics, and 4% into CO. This study
represents an efficient and environment-friendly strategy
for the improvement of aromatic selectivity from the
alkane aromatization process on zeolite-based materials.
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