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The bigger picture

Light alkanes (C4-C6) could be

widely derived from refinery

industry as byproducts, and the

aromatization of light alkanes is an

important value-added reaction.

However, light alkanes had a

higher hydrogen to carbon (H/C)

ratio than that of aromatics from

the perspective of element

composition, so the yield of

aromatics is always limited by the

simultaneous generation of small

alkanes (CH4 and C2H6) due to H/

C balance requirement of the

reaction. According to this, we

expect that hydrogen-deficient

substances, such as CO, are
SUMMARY

The aromatization of light alkanes (C4-C6) is an important value-added
reaction. However, the yield of aromatics is always limitedby the simul-
taneous generation of small alkanes (CH4 and C2H6) due to H/C bal-
ance. Herein, we demonstrate that the introduction of CO into light
alkanes over zeolites significantly enhanced aromatic selectivity and
an aromatics selectivity of 85% was achieved in the case of cyclopen-
tane and CO coupling reaction over H-ZSM-5. Methyl-substituted cy-
clopentenones were observed and considered as the most important
intermediates for aromatics formation. Multiple characterizations re-
vealed the coupling mechanism: (1) CO inserts into carbenium ions to
form acylium cations, (2) acylium cations react with olefins to generate
unsaturated ketones, (3) unsaturated ketones cyclize to methyl-
substituted cyclopentenones, (4) methyl-substituted cyclopentenones
convert to monocytic aromatics. Methyl-substituted indanones were
also discovered causing the generation of binuclear aromatics, such
as naphthalene. Nano-sized ZSM-5 and TEOS modifications were
applied to enhance the BTX selectivity.
introduced into light alkane

conversion to balance the excess

hydrogen of alkanes. We indeed

observe that the introduction of

CO into light alkane over acidic

zeolites could tune the H/C ratio

of products and high aromatic

selectivity could be achieved.

Considering the large existing

supply capacities of CO and light

alkanes, the coupling reaction

might have great potential for

industrial applications.
INTRODUCTION

Aromatic hydrocarbons, widely employed in the production of plastic, pesticide,

dye, solvent, adhesives, etc.1,2 are the most significant and fundamental building

blocks in the chemical industry, with 2%–6% annually growing demand globally.3

Currently, aromatics such as benzene, toluene, and xylenes (BTX) are mainly gener-

ated from catalytic reforming of naphtha over noble metal catalysts4 such as Re-Pt/

Al2O3
5,6 in the presence of hydrogen. In principle, straight-chain alkanes such as n-

hexane and light alkanes (C < 6) in naphtha feedstock are difficult to be transformed

into aromatics in this process.

Straight-chain alkanes could be converted into aromatics over Pt clusters supported

on nonacidic materials such as KL zeolites.7,8 To improve the catalytic activity and

stability of this type of Pt-based catalysts, tremendous amounts of research had

concentrated on the modification of the dispersion and electronic state of Pt by

the introduction of promoters such as Fe,9,10 Zn,11 and Co.12 Catalyst carriers

were also modified to obtain a better yield of aromatics.13–15 The aromatization of

straight-chain alkanes over these catalysts followed 1,6-ring closure mechanisms,15

according to which, light alkanes (C < 6), widely generated as byproducts in the

chemical industries, were also difficult to be transformed into aromatics.

Zeolites modified by metals, such as Zn16–20 and Ga21–24 through impregnation, ion

exchange, physical mixing, etc., were widely employed for the aromatization of light
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alkanes (C < 6), which could improve the aromatic selectivity via promoting the dehy-

drogenation of alkanes. Nevertheless, these catalysts after reaction suffered from

the inevitable and unrecoverable change, includingmetal evaporation, segregation,

and aggregation, which accounted for the reduction of catalytic activity and the dif-

ficulty in regeneration of the catalyst.25,26

From the perspective of element composition, light alkanes have a higher hydrogen

to carbon (H/C) ratio than that of aromatics. Therefore, redundant hydrogen needs

to be removed for the aromatization of these light alkanes. Our previous work27 re-

ported that hydrogen-deficient substances, such as CO, were introduced into n-hex-

ane conversion to balance the excess hydrogen of n-hexane, demonstrating that the

H/C ratio of products could be tuned and a high aromatic selectivity could be

achieved. However, the reaction mechanisms are still not clear, such as how CO

participates in the coupling reaction and what the reaction intermediate and its for-

mation and evolution mechanism is, etc. Moreover, although we discovered that

there is a coupling effect between n-hexane with CO, whether there exists a coupling

effect between light alkanes (C < 6) with CO is also very interesting and meaningful,

because catalytic reforming of these alkanes is very difficult and there is still no effec-

tive process for the aromatization of light alkanes in the viewpoint of industrial

application.

Zeolites are the potential catalysts for the coupling conversion. In particular, H-ZSM-

5 possesses a three-dimensional ten-ring channel system with channel size (0.55 nm)

close to the kinetic diameter of BTX, considered to be a suitable catalyst for produc-

tion of aromatics.20,25,28 Herein, we systematically investigated the coupling reac-

tion of light alkanes (C4-C6) with CO over acidic zeolites. In situ diffuse reluctance

infrared fourier transform (DRIFT) study, in situ UV-vis characterizations, and 13C

solid-state NMR were meticulously designed to reveal the mechanism of the gener-

ation of aromatics. Nano-sized ZSM-5 and tetraethoxysilane (TEOS) modifications

were employed to enhance the BTX selectivity, which further verified the proposed

mechanism for the coupling reactions.
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RESULTS AND DISCUSSION

The coupling conversion of CO and different light alkanes

Different light alkanes, such as n-butane, C5 alkanes with different skeleton struc-

tures, and n-hexane, were employed to evaluate the coupling reactions over

micro-sized H-ZSM-5. As shown in Figures 1A and S1A, a considerably higher selec-

tivity to aromatics (including BTX and A9+ aromatics) was observed for n-pentane,

cyclopentane, and isopentane conversion in CO than that in He. Simultaneously,

the introduction of CO resulted in the significant decrease of small alkanes (Fig-

ure S1B). These results were different from the generation of aromatics via hydrogen

transfer reaction, which causes the simultaneous formation of small alkanes, indi-

cating the strong coupling effect between these light alkanes and CO. The aromatic

selectivity for the coupling cyclopentane with CO was higher than that of the other

two alkanes, because the H/C ratio of cyclopentane (2) was lower than that of n-

pentane (2.4) and isopentane (2.4), implying that less hydrogen is needed to be

removed during cyclopentane conversion to aromatics. Under optimized reaction

conditions, an astounding aromatic selectivity of 85% was achieved for the coupling

of cyclopentane with CO (Figure 1B).

Figure 1C shows that, with increasing carbon number of n-alkanes (from C4 to C6),

the aromatic selectivity gradually increased and the alkane selectivity decreased,
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Figure 1. Catalytic performance for the conversion of different alkanes in He or CO atmospheres

(A) Comparison of CO conversion and the products distribution for the conversion of n-pentane,

cyclopentane, and isopentane in He or CO atmospheres. Reaction conditions: 0.4 g M-Z5-17, T =

450�C, Palkanes = 24 kPa, P((CO + Ar) or He) = 2,976 kPa, total flow = 40 mL/min at standard temperature

and pressure (STP), TOS = 1.4 h.

(B) Catalytic performance for coupling reaction of cyclopentane with CO under optimized

conditions. Reaction conditions: 0.4 g M-Z5-17, T = 500�C, Pcyclopentane = 10 kPa, P(CO + Ar) =

2,990 kPa, total flow = 40 mL/min at STP.

(C and D) CO conversion and products distribution (C), and the H/C ratio of alkane feedstocks and

products (D) for the coupling conversion of n-hexane, n-pentane, and n-butane with CO. Reaction

conditions: 0.4 g M-Z5-17, T = 450�C, Palkanes = 24 kPa, P(CO + Ar) = 2,976 kPa, total flow = 40 mL/min

at STP, TOS = 1.4 h.
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which might be due to two reasons: (1) the shorter n-alkane (n-butane) obtained the

higher H/C (Figure 1D), which meant that more hydrogen was needed to be

removed for conversion of short alkane to aromatics, accounting for the lower selec-

tivity of aromatics and higher H/C of products for n-butane coupling reactions; (2)

the reaction rate of n-alkane increased over H-ZSM-5 with the size of n-alkane,29,30

which affected the generation of aromatics from the coupling reaction of alkanes

with CO.

Effects of zeolite topology on coupling conversion of n-pentane and CO

Different kinds of zeolites, composed of the topology of TON, FER, MFI, MWW, and

BEA, were meticulously selected for the coupling conversion of n-pentane with CO.

The X-ray diffraction patterns of these zeolites are shown in Figure S2. Although

these zeolites possess different channel structures, they have similar amounts of
Chem Catalysis 1, 1273–1290, November 18, 2021 1275



Figure 2. Catalytic performance for the conversion of n-pentane in the present of He or CO over

zeolites with different topologies

(A) Aromatic selectivity.

(B) Alkane selectivity.

(C) Olefin selectivity.

(D) n-Pentane and CO conversion. Reaction conditions: 0.4 g catalyst, T = 450�C, total flow = 40 mL/

min at STP, Pn-pentane = 24 kPa, P((CO + Ar) or He) = 2,976 kPa, TOS = 1.4 h.

ll
Article
acid (Table S1). The coupling reaction of n-pentane (a model compound of light al-

kanes) with CO was chosen as a model reaction. As shown in Figure 2, an increase in

the aromatic selectivity and decrease in the alkane selectivity were simultaneously

achieved over M-Z5-17, MCM-22, and BETA. However, a little difference of product

distribution was discovered over ZSM-22 and ZSM-35, while the introduction of CO

led to a significant decrease in n-pentane conversion over these zeolites (Figure S3),

which was because a considerable amount of coke, including oxygen-containing

compounds and heavy aromatics, was formed during the coupling reaction (see

the analysis of retained species below), and these compounds could easily cause

the channel blockage of zeolites, such as ZSM-22 and ZSM-35, with one-dimensional

ten-ring channels. The highest conversion of CO and n-pentane was obtained over

M-Z5-17, and the highest aromatic selectivity was simultaneously achieved, consis-

tent with previous works that H-ZSM-5 was an efficient catalyst for the generation of

aromatics.20,25,28 Therefore, further investigations for the coupling reaction were

conducted over H-ZSM-5 zeolites.
Effects of the Si/Al ratio of H-ZSM-5 on coupling conversion of n-pentane with

CO

A series of H-ZSM-5 zeolites with different Si/Al ratio was employed to investigate

the effects of acid amount on the coupling reaction of n-pentane with CO. The

XRDpatterns, Si/Al ratio, and textural properties of H-ZSM-5 zeolites are presented

in Figure S4 and Table S2. While increasing the Si/Al ratio from 17 to 131, the aro-

matic selectivity significantly decreased, and alkane selectivity sharply increased
1276 Chem Catalysis 1, 1273–1290, November 18, 2021



Figure 3. Catalytic performance for n-pentane conversion in CO and He atmosphere over H-ZSM-

5 with different Si/Al ratio

(A) Contrast of products distribution.

(B) CO conversion and H/C ratio of products plotted against the aluminum content of zeolites.

Reaction conditions: 0.4 g catalyst, T = 450�C, total flow = 40 mL/min at STP, Pn-pentane = 24 kPa,

P((CO + Ar) or He) = 2,976 kPa, TOS = 1.4 h.
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for n-pentane conversion in both CO and He atmospheres (Figure 3A). Compared

with n-pentane conversion in He, the introduction of CO into n-pentane conversion

over these H-ZSM-5 zeolites caused dramatic improvements in aromatic selectivity

and decrease in alkane selectivity. As shown in Figure 3B, CO conversion increased

almost linearly with increasing aluminum content of zeolites (with Si/Al ratio from 131

to 17), indicating that CO conversion was strongly dependent on the acidic sites of

zeolites, consistent with carbonylation reactions.31 Besides, a linear increase of CO

conversion meant that more CO incorporated into products such as aromatics (dis-

cussed below), resulting in a nearly linear decrease of the H/C ratio of products.27
Effects of reaction conditions on the coupling conversion of n-pentane with

CO

Figure 4A illustrates the effects of CO partial pressure on the coupling reaction of n-

pentane with CO. Increasing the CO partial pressure almost linearly increased the

aromatic selectivity and decreased the alkane selectivity. Specifically, the selectivity

of C1-C4 alkanes decreased simultaneously (Figure 4B), further consolidating that

there existed a coupling effect between n-pentane and CO. Although the CO con-

version gradually decreased, the amount of converted CO (CO conversion 3 mole

number of CO) increased with increasing CO partial pressure. In addition, a consid-

erable amount of CO2 (�30% selectivity) was observed, which was generated by the

water-gas shift reaction.25,27

The effects of contact time are shown in Figure 4C. A sharp decrease in alkane and

olefin selectivity and an increase in aromatic selectivity (from 35% to 65%) were

observed with increasing contact time. Also, prolonging the contact time was favor-

able to the conversion of n-pentane (up to 100%) and CO (from 0.22% to 1.39%). The

slow increment of CO conversion with contact time indicated that CO activation on

the zeolites might be the rate-determining step, consistent with other carbonylation

reactions over zeolites.31,32 As shown in Figure 4D, a nearly linear increase in the ar-

omatic selectivity and decrease in the alkane selectivity were simultaneously discov-

ered with increasing reaction temperature. The high temperature was beneficial for

the CO conversion, accounting for promoting the aromatics formation. At 500�C,
Chem Catalysis 1, 1273–1290, November 18, 2021 1277



Figure 4. Effects of reaction conditions on the coupling conversion of n-pentane with CO

(A and B) Effects of CO partial pressure on the conversion and selectivity (A) and C1-C4 alkane

selectivity (B) for coupling reaction. Reaction conditions: 0.2 g M-Z5-17, T = 450�C, Pn-pentane =

24 kPa, P(CO + Ar) = 476–2,476 kPa, total flow = 15.7–75.7 mL/min at STP, TOS = 1.4 h.

(C) Effects of contact time on the coupling reaction. Reaction conditions: 0.002–0.8 g M-Z5-17, T =

450�C, Pn-pentane = 24 kPa, P(CO + Ar) = 2,976 kPa, total flow = 40 mL/min at STP, TOS = 1.4 h.

(D) Effects of reaction temperature on the coupling reaction. Reaction conditions: 0.4 g M-Z5-17,

Pn-pentane = 24 kPa, P(CO + Ar) = 2,976 kPa, total flow = 40 mL/min at STP, TOS = 1.4 h.
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the aromatic selectivity reached 70%, which was the highest aromatic selectivity

among those reported for n-pentane conversion over acidic zeolites so far and

compared favorably with catalytic performance over Zn/Ga-modified H-ZSM-5 (Ta-

ble S3).
Correlating the retained species over catalysts and aromatic selectivity

The retained species over spent catalysts were identified by GC-MS after the spent

catalysts were dissolved in a hydrofluoric acid (HF) solution and extracted by CH2Cl2.

As shown in Figures 5, S5, and S6, it was interestingly found that, in addition to ar-

omatics, a considerable amount of oxygenated compounds were observed over

spent M-Z5-17, mainly composed of three kinds of unsaturated ketones, including

methyl-substituted cyclopentenones (ketones with one ring), methyl-substituted in-

danones (ketones with two rings), and fluorenones and phenalenone (ketones with

three rings). Moreover, these ketones, such as methyl-substituted cyclopentenones

and indanones, were observed over zeolites with different topologies (Figure S7),

which could strongly adsorb on acidic sites33 and block the channels of zeolites
1278 Chem Catalysis 1, 1273–1290, November 18, 2021



Figure 5. GC-MS results for the retained species over spent catalysts during the coupling reaction

of n-pentane with CO at different temperatures

(A and B) FID signals of GC-MS with retention time of up to 20 min (A) and from 20 to 32 min (B).

(C) Structures of these organic compounds marked as the corresponding number. PS: ketones with

one ring include compounds marked as 2, 3, 4, 5, 6, 7, 8, 9, and 11; ketones with two rings include

compounds marked as 14, 15, 17, 18, 19, 20, 22, and 23; ketones with three rings include

compounds marked as 25, 26, 27, 28, and 33 (see Figure S5).
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with one- or two-dimensional pore structure, such as ZSM-22 and ZSM-35, account-

ing for the decrease in n-pentane conversion during the coupling reaction. This was

the first detection of methyl-substituted indanones and fluorenones and phenale-

none during CO conversion over zeolites.

Detailed analysis of GC-MS results by comparing the peak area of oxygenated com-

pounds to that of internal standard (C2Cl6) revealed the evolution of different

oxygenated compounds under various reaction conditions. As shown in Figure 6A,

the amount of these ketones with one, two, and three rings increased almost linearly

with increasing CO partial pressure from 0.5 to 2.5 MPa, demonstrating these ke-

tones formation might be related to CO. Figure 6B shows that the amount of the ke-

tones with three rings increased with the increasing temperature (from 350�C to

500�C), while ketones with one and two rings gradually decreased. However, these

ketones were not detected in the exhausted products during the coupling reaction.

These results demonstrated the ketones with one and two rings might undergo

further transformation over M-Z5-17.

Furthermore, the total amount of coke increased with CO partial pressure, and first

increased and then decreased with increasing the reaction temperature (350�C–
500�C) (Figure S8), demonstrating that the coke generated at 350�C could undergo

further conversion. Basically, the lower H/C coke components, such as compounds

with multiple rings, are burned at a higher temperature (TG,max). As shown in
Chem Catalysis 1, 1273–1290, November 18, 2021 1279



Figure 6. The retained species over spent catalysts and aromatic selectivity under different

reaction conditions

(A) Effects of CO partial pressure on the ketones with one, two, and three rings occluded in the

spent M-Z5-17.

(B) Effects of reaction temperature on the ketones with one, two, and three rings occluded in the

spent M-Z5-17.

(C) TG analysis of the spent zeolite for the coupling reaction at 350�C and 500�C along with dG/dt

curves (50�C–650�C, 5�C/min, 100 mL/min N2).

(D) TG-MS analysis of the spent zeolite for the coupling reaction at 350�C.
(E) Effects of CO partial pressure on BTX and A9+ aromatic selectivity.

(F) Effects of reaction temperature on BTX and A9+ aromatic selectivity.
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Figure S8C, the TG,max for the spent zeolite increased with reaction temperature,

indicating that the coke species gradually became larger. These results were in

good agreement with the GC-MS results.

To verify the above deduction that ketones could undergo transformation over H-

ZSM-5, the spent catalysts at reaction temperatures of 350�C and 500�C were heat-

ed in a He atmosphere (from 50�C to 550�C, and 5�C/min), and online-MS was

applied to analyze the outgas. The spent catalyst at 350�C showed a weight loss

peak in the temperature range of 300�C–550�C (Figure 6C), while the spent catalyst

with a reaction temperature at 500�C had little weight loss in this temperature range.

The comparison of GC-MS results of retained species before and after the temper-

ature-programmed treatment of the spent catalyst demonstrated that the ketones

with one and two rings occluded in spent zeolite at 350�C almost completely disap-

peared (Figure S9A). However, ketones with one and two rings were not detected by

online-MS in the outgas (Figure 6D), demonstrating that these ketones, strongly

adsorbed on the Brønsted acid sites,33 did not escape from zeolite after tempera-

ture-programmed treatment (30�C–550�C, 100 mL/min He) but underwent transfor-

mation over H-ZSM-5. Moreover, the MS signal of aromatics, such as benzene,

toluene, naphthalene, and methylnaphthalene, were detected in the temperature

range from 300�C to 550�C, indicating that these ketones could convert into aro-

matics. As for the spent catalyst at 500�C, the peaks attributed to the ketones with

three rings occluded in spent zeolite at 500�C barely decrease (Figure S9B),
1280 Chem Catalysis 1, 1273–1290, November 18, 2021
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revealing the weak transformation ability of these compounds accounting for cata-

lyst deactivation.

To study the process of the ketones to aromatics, further analysis of the distribution

of aromatics for the coupling reaction (Figure 6E) revealed that BTX and A9+ aro-

matic selectivity increased almost linearly with increasing the CO partial pressure,

suggesting that CO might incorporate into BTX and the A9+ aromatics through

oxygenated intermediates, such as ketones with one and two rings, verified by TG

results. It has been reported that methyl-substituted cyclopentenones (ketones

with one ring) mainly transformed into monocyclic aromatics,33,34 through which a

high BTX selectivity (�80% fraction in aromatics) was achieved.25 However, a large

amount of A9+ aromatics (40%–60% fraction in aromatics) was obtained for n-

pentane coupling reaction (Figure 6F), and these A9+ aromatics were mainly

composed of naphthalene and its homologs (Figure S9C). It is reasonable to specu-

late that methyl-substituted indanones (ketones with two rings) could transform into

binuclear aromatics, such as naphthalene.

To corroborate the above speculation, the reaction of 5-methyl-1-indanone (IDO)

was conducted over M-Z5-17 and the exhausted products were identified by GC-

MS. As expected, naphthalene and methyl naphthalene were detected (Figure S10),

verifying the deduction that IDO could transform into A9+ aromatics, such as naph-

thalene and its homologs, by dehydration and isomerization, through which methyl

cyclopentenones could convert to aromatics.33

Following the process of coupling conversion of n-pentane with CO by in situ

DRIFT and UV-vis

To follow the reaction process of coupling reaction, in situ DRIFT study was per-

formed over H-ZSM-5 at different temperatures. As shown in Figures 7A and 7B,

the bands at 3,735, 3,655, and 3,594 cm�1 were attributed to Si–OH, Al–OH, and

bridging hydroxyl Si(OH)Al, respectively. The bands at 3,498, and 2,950 and

2,872 cm–1 were assigned to the interactions of hydrocarbons with the bridging hy-

droxyl groups35 and physically adsorbed hydrocarbons,36 respectively. A slow

decrease in the intensity of negative bands at 3,498, 2,950, and 2,872 cm–1 with

increasing temperature (from 170�C to 350�C) demonstrated that the physical ad-

sorbed n-pentane gradually decreased. Meanwhile, two obvious new bands at

2,976 and 2,912 cm–1 attributed to the vibrations of C–H37,38 appeared at 190�C,
indicating that the adsorbed n-pentane transformed into carbenium ions over M-

Z5-17. Importantly, a new band at 1,680 cm–1 emerged at 190�C (Figure 7B), which

was attributed to the C=O stretching mode of acylium cations,39,40 verified by the

previous work that CO could insert into carbenium ions to generate acylium ions

on acid sites.41–44 Also, the intensity of the band at 1,680 cm–1 first increased and

then decreased when the temperature increased from 190�C to 350�C, suggesting
that these acylium ions could undergo further transformation. Moreover, the bands

at 1,595 and 1,510 cm–1 were attributed to aromatic carbenium ions and the cyclic

coke precursor,45–47 respectively, suggesting the generation of aromatics and

coke during the coupling reaction.

Figures 7C and 7D show the results of an in situ UV-vis study of the coupling conver-

sion with increasing reaction temperature, and at 350�C over prolonged time,

respectively. According to the National Institute of Standards and

Technology (NIST) Chemistry WebBook (Figure S11B), the peaks at 210–230 and

310–340 nm were attributed to unsaturated aldehydes/ketones (p/ p*) and unsat-

urated aldehydes/ketones (n / p*). Moreover, the bands at 250–285 and 410–
Chem Catalysis 1, 1273–1290, November 18, 2021 1281



Figure 7. In situ DRIFT and UV-vis study for the coupling conversion of n-pentane and CO

(A and B) In situ DRIFT spectra recorded during the coupling conversion: region of O-H and C-H

(A),and region of acylium cations and coke precursors (B).

(C and D) In situ UV-vis spectra recorded during the coupling reaction with increasing temperature

from 150�C to 400�C (C) and prolonging time from 0 to 31 min (D).
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430 nm were attributed to dienes, or neutral methylated benzenes, and polycyclic

aromatics, respectively.47–49 As shown in Figure 7C, the peaks attributed to unsatu-

rated aldehydes/ketones (210–230 and 320–340 nm) were gradually formed with

increasing reaction temperature, which might be produced from acylium ions43

and was in good agreement with GC-MS results, which showed that a considerable

amount of cyclopentenones was discovered. In addition, the new bands at 250–285

and 410–430 nm appeared, suggesting the formation of aromatics, consistent with

reaction results and in situ DRIFT results. While the temperature was maintained at

350�C, the bands at 220–230 and 320–340 nm gradually increased with prolonged

reaction time (Figure 7D), corroborating the formation of unsaturated aldehydes/ke-

tones. The peaks at 260–285 and 410–430 nm then gradually increased, suggesting

aromatic generation with reaction time.

To consolidate the above assignment, 3-methyl-cyclopenten-1-one, a compound of un-

saturated aldehydes/ketones discovered in retained species, was introduced into the

M-Z5-17 catalyst. As expected, bands at 220–230 and 320–340 nm occurred (Fig-

ure S11A), further corroborating that these bands were attributed to the unsaturated
1282 Chem Catalysis 1, 1273–1290, November 18, 2021



Figure 8. The co-reaction of propene with CO over M-Z5-17

(A) GC-MS results for the retained species during the co-reaction of propene with CO at different

temperatures.

(B) Effects of reaction temperature on the content of unsaturated ketones (1*, 2*, 3*, and 4*),

cyclopentanones (5*), and cyclopentenones (6*, 7*, and 8*).

(C and D) 13C MAS NMR spectra of M-Z5-17 on the co-reaction of propene with 13CO (C) or 12CO (D)

at different temperatures.
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aldehydes/ketones. In addition, the bands at 260–285 and 410–430 nm gradually

increased with the prolonged time, demonstrating that 3-methyl-cyclopenten-1-one

could convert into aromatics, consistent with previous work.25,27,33,34,47
Verifying the formation pathway of methyl-substituted cyclopentenones and

indanones

Although methyl-substituted cyclopentenones were also discovered to be impor-

tant intermediates in other reactions,25,27,33,34,47 their formationmechanism remains

largely unexplored. Based on the above in situDRIFT results and previous work,40–44

it could be speculated that acylium ions generated from CO insertion of carbenium

ions might further transform into oxygenated intermediates, such as methyl-

substituted cyclopentenones over zeolites. Considering that olefins easily trans-

formed into carbenium ions over zeolites, the co-reactions of propene with CO

were performed over M-Z5-17 at different temperatures (from 35�C to 300�C). As
shown in Figure 8A, oxygenated compounds containing carbonyl groups were de-

tected, which were mainly composed of acid, unsaturated ketones, methyl-

substituted cyclopentanone, and cyclopentenones. Furthermore, the m/z of the
Chem Catalysis 1, 1273–1290, November 18, 2021 1283



Scheme 1. Mechanism proposed for methyl-substituted cyclopentenone formation over H-ZSM-5
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base peak of these compounds increased by 1 when 12CO switched to 13CO,

demonstrating that these compounds were generated from CO (Figure S12).

13C solid-state NMR results (Figures 8C, 8D, and S13A) showed that, compared with

propene conversion in 12CO or He, the introduction of 13CO into propene conver-

sion caused the appearance of peaks at 170–250 ppm, which were assigned to

the carbonyl group, further corroborating that these peaks were related with CO.

In detail, three peaks at 245, 225, and 190 ppm were clearly observed, and the as-

signments of these peaks are shown in Table S4. The adsorption of 3-methyl-cyclo-

penten-1-one over M-Z5-17 resulted in the appearance of the signal at 224 ppm

(Figure S13B), suggesting that this signal was attributed to unsaturated ketones;

and, according to GC-MS results and previous literature, the peaks at 245 and 190

ppm could be assigned to methyl-substituted cyclopentanone and acid, respec-

tively. Moreover, the signals at 130 and 147 ppm assigned to monocyclic aromatics,

such as BTX and polyaromatic hydrocarbons,50 were detected, indicating that CO

was finally incorporated into aromatic products. In addition, the signals at 0–50

ppm were assigned to alkyl groups or/and paraffins,51 and those at 187 and 170

ppm might be attributed to 13CO42,43 and formate species,41,42 respectively.

To study the evolution of oxygenated compounds, the peak area of oxygenated

compounds (in GC-MS results) compared with that of internal standard (C2Cl6)

was calculated (Figure 8B). Only unsaturated ketones could be detected at 35�C
and the amount of these ketones decreased with increasing temperature, while

methyl-substituted cyclopentanone sharply increased. Furthermore, methyl-

substituted cyclopentenones gradually increased with a decrease in methyl-

substituted cyclopentanone, when the reaction temperature increased from 200�C
to 300�C. These results indicated that unsaturated ketones could transform into

methyl-substituted cyclopentanone by cyclization, further converting into methyl-

substituted cyclopentenones by hydrogen transfer.

Based on these results of propene and CO co-reaction, the formation mechanism of

important intermediates (methyl-substituted cyclopentenones) was proposed and

shown in Scheme 1. At low temperature (35�C), propene adsorbed on H-ZSM-5

and formed isopropyl carbenium ions, which trapped CO to generate acylium cat-

ions.40,41 Then acylium cations could react with propene to generate unsaturated ke-

tones termed 1 and 2 (compound 2 was generated from the reaction of unsaturated
1284 Chem Catalysis 1, 1273–1290, November 18, 2021



Figure 9. The aromatics selectivity during the coupling reaction and the co-reaction of toluene with propionic acid over M-Z5-17

(A) Effects of reaction contact time on the BTX and A9+ aromatic selectivity and CO conversion during the coupling reaction of n-pentane with CO.

(B) GC-MS results for the retained species over spent zeolite (retention times of up to 30 min) during the conversion of toluene with different

concentration of propionic acid.

(C) Catalytic performance for the conversion of toluene with different concentration of propionic acid over M-Z5-17. Reaction conditions: T = 400�C,
WHSV = 0.29 h–1, carrier gas (He) = 30 mL/min at STP, P = 1 bar, TOS = 2.3 h.
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ketones with water). When the reaction temperature increased to 150�C, various car-
benium ions could be produced by oligomerization and cracking of propene, and

converted into acylium cations by carbonylation, which transformed into unsatu-

rated ketones by Friedel-Crafts acylation of alkenes.43 These unsaturated ketones

cyclized to methyl-substituted cyclopentanones resulting in the generation of

methyl-substituted cyclopentenones.

Another important feature of coupling conversion of n-pentane and COwas that A9+

aromatic selectivity sharply increased with increasing contact time, even when BTX

selectivity decreased at long contact time from 7.5 to 16 s (results shown in Fig-

ure 9A). This meant that BTX could further transform into A9+ aromatics, and a

long contact time benefited the formation of A9+ aromatics. Moreover, CO conver-

sion kept increasing with prolonged contact time, even at a longer contact time of

7.5 s, indicating that CO might participate in the transformation of BTX to A9+ aro-

matics. Based on the mechanism proposed in Scheme 1, this could be further

extended to the reaction of acylium ions and BTX to form A9+ aromatics. To verify

this speculation, co-feeding experiments of toluene with propionic acid, prone to

form propionyl cation by dehydration,52 were performed over M-Z5-17.

Interestingly, oxygenated compounds, such as methyl propiophenones and inda-

nones, were detected over the spent catalyst (Figure 9B), which corroborated

the speculation that the acylium ions could react with aromatics to generate

acylated aromatics over acidic zeolites, known as Friedel-Crafts acylation of are-

nes.53–57 Thus, methyl indanones could be generated from acylated aromatics

by cyclization over zeolite.54,58,59 The introduction of propionic acid at low concen-

tration could significantly enhance formation of A9+ aromatics in the products (Fig-

ure 9C) and coke, although the toluene conversion was low (<5%), indicating the

rapid generation of methyl indanones, which caused the formation of A9+ aro-

matics. The reaction path of toluene conversion with propionic acid is shown in

Scheme 2. In addition, fluorenones and phenalenone (ketones with three rings)

were also discovered (Figure S14), which might be generated from the conversion
Chem Catalysis 1, 1273–1290, November 18, 2021 1285



Scheme 2. Reaction path of the conversion of toluene with propionic acid over M-Z5-17
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of naphthalene with acylium ions. These results were in good agreement with the

coupling reaction of alkanes with CO. This is the first time that the formation and

transformation of methyl indanones in the co-conversion of alkanes with CO over

zeolites was elucidated.

Reaction mechanism proposed for synthesis of aromatics in the coupling

reaction

Based on the above results, a plausible reaction mechanism of the coupling reaction

was proposed (shown in Figure 10). Light alkanes were first absorbed on Brønsted

acid sites, and then carbenium ions could be generated from the protonation of al-

kanes by Brønsted acid followed by elimination of H2/small alkanes. Also, these

generated carbenium ions could also be converted into new carbenium ions through

the bimolecular mechanism, and olefins cracked from alkanes could also be proton-

ated to form carbenium ions.60–62 Then, absorbed CO inserts into the carbenium

ions to form acylium ions were observed by in situ DRIFT study. These acylium

ions could react with olefins to form unsaturated ketones, converting to methyl-

substituted cyclopentenones by cyclization and hydrogen transfer, which was

corroborated by 13C isotope tracing and 13C solid-state NMR. These methyl-

substituted cyclopentenones could further transform into aromatics such as BTX.

Also, the generated monocyclic aromatics could react with acylium ions to form

methyl-substituted indanones, accounting for the generation of A9+ aromatics. Flu-

orenones and phenalenone (ketones with three rings) might be generated from the

reaction of acylium ions with methyl-substituted naphthalenes, resulting in the deac-

tivation of zeolite. In addition, olefins generated from cracking of alkanes could

convert into monocyclic aromatics through hydrogen transfer, which could further

transform into polycyclic aromatics such as naphthalene.

The coupling reaction of different light alkanes with COmight follow a similar mech-

anism, but different alkanes might generate various carbenium ions with different

activity, which further affects the carbonylation and hydrogen transfer reactions ac-

counting for the distributions of different products.

Improving BTX selectivity by using nano-sized ZSM-5 and TEOS modifications

According to the proposed mechanism, a key point to improve BTX selectivity dur-

ing the coupling reaction is to reduce the secondary reactions of BTX. Herein, using a

small crystal of H-ZSM-5 (Figure S15; Table S5) enhanced the diffusion of BTX, while

passivating the external surface acidity of H-ZSM-5 hindered the transformation of

BTX on the external surfaces. As shown in Figure 11 and Table S6, over nano-sized

ZSM-5, the BTX selectivity increased while the total aromatic selectivity remained at

71%. After the modifications of N-Z5 with TEOS, the BTX fraction in aromatics grad-

ually increased and reached 68% over N-Z533. Meanwhile, the BTX selectivity

increased to 41.7%, while the total aromatic selectivity decreased slightly. This

BTX selectivity compared favorably with catalytic performance over metal modified

zeolites.23,63 These results further corroborated the proposed mechanism for

coupling reactions.
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Figure 10. Reaction mechanism proposed for the formation of aromatics with high selectivity in

the coupling conversion of light alkanes and CO over H-ZSM-5
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Conclusion

In summary, a coupling effect was observed between C4-C6 alkanes and CO catalyzed

by acidic zeolites, leading to a dramatic increase in the aromatic selectivity and a sharp

decrease in small alkane selectivity. Effects of zeolite topologies, Si/Al ratio, reaction

temperature, CO partial pressure, contact time, and different alkanes on the coupling

reaction were systematically studied, and an aromatic selectivity of 85% was achieved

in the case of cyclopentane and COcoupling reaction overM-Z5-17.Multiple character-

izations, including in situDRIFT and 13C solid-state NMR, revealed that CO inserted into

the carbenium ions generated acylium ions, and then these acylium ions could react with

olefins to form unsaturated ketones, which further cyclized to methyl-substituted cyclo-

pentanones, resulting in the formation of methyl-substituted cyclopentenones. These

cyclopentenones could transform into monocyclic aromatics. Moreover, methyl-

substituted indanones could be generated from the reaction of monocyclic aromatics

with acylium ions, causing the formation of binuclear aromatics, such as naphthalene.

In addition, ketones with three rings, such as fluorenones and phenalenone, were also

found over zeolites, which had weak ability to undergo further transformation and

caused deactivation of the catalyst. Based on these findings, a mechanism was pro-

posed for the coupling reaction of light alkanes with CO. According to the proposed

mechanism, using nano-sized ZSM-5 and TEOS modifications were used to improve

the BTX selectivity and a high BTX selectivity of 41.7% was achieved over N-Z533.

This provides important guidance for new routes for converting light alkanes to aro-

matics over zeolites.
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Figure 11. Distribution of aromatic products of coupling conversion over modified H-ZSM-5

catalysts

Reaction conditions: 0.4 g catalyst, T = 500�C, Pn-pentane = 24 kPa, P(CO + Ar) = 2,976 kPa, total flow =

20 mL/min at STP, TOS = 1.6 h.
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