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The bigger picture

Because of the gradual depletion

and non-renewability of

petroleum, the use of non-

petroleum resources instead of

petroleum is of great significance.

This alternative route can be

generally achieved through

syngas chemistry. The primary

transportation fuel gasoline,

which contains hydrocarbons with

5–11 carbons and is now almost

derived from petroleum, can also

be produced from non-petroleum

syngas by some methods.

However, stably obtaining high

gasoline selectivity at high syngas

conversion is still challenging. We

have achieved this goal by

designing a dual-bed catalyst

(CZA + Al2O3)/N-ZSM-5(97) that

includes a syngas-to-dimethyl

ether (DME) catalyst CZA + Al2O3

in the upper bed and a DME-to-

gasoline catalyst N-ZSM-5(97) in

the lower bed. This dual-bed

catalyst suggests a promising

application in producing gasoline

from syngas.
SUMMARY

Achieving high conversion of syngas to fuels and basic chemicals
with excellent selectivity and stability remains a challenge. Here,
we report an 80.6% selectivity of gasoline-range C5–11 hydrocar-
bons at 86.3% CO conversion over a dual-bed catalyst (CZA +
Al2O3)/N-ZSM-5(97) that consists of an upper-bed syngas-to-
dimethyl ether (DME) catalyst (CZA + Al2O3) and a lower-bed
DME-to-gasoline catalyst (nano-sized N-ZSM-5(97) zeolite). This
dual-bed catalyst exhibits an excellent stability in a 110-h reaction
test. The iso/n-paraffin ratio in the C5–11 is up to 18. For the lower-
bed zeolite catalyst, the nano-sized structure is beneficial to reduce
coke and prolong lifetime; meanwhile, the low acid content is advan-
tageous to increase C5–11 selectivity. The 2,3-dihydro-1H-inden-1-
one species can be definitely detected and identified in the spent
lower-bed micro-sized M-ZSM-5(18) catalyst. They are regarded as
intermediates to generate polycyclic aromatics, which generally
lead to catalyst deactivation. The dual-bed catalyst (CZA + Al2O3)/
N-ZSM-5(97) suggests a promising application in producing gaso-
line from syngas.

INTRODUCTION

In the past century, petroleum has made important contributions to the rapid devel-

opment of economy and society. As a result of the gradual depletion and non-

renewability of petroleum, the use of non-petroleum resources instead of petroleum

is of great significance. This alternative route can be generally achieved through syn-

gas (the mixture of H2 and CO) chemistry because syngas cannot only be derived

from non-petroleum carbon resources such as natural gas, coal, biomass, and CO2

by gasification, water-gas-shift reactions, or reverse-water-gas-shift reactions

(Scheme 1) but also directly or indirectly synthesize a wide variety of fuels and basic

chemicals.1–3 At present, the industrial technology for syngas production is relatively

mature, but there are still many challenges in highly selectively and stably converting

syngas into target products.4–6

The primary transportation fuel gasoline, which contains hydrocarbons with 5–11

carbons (C5–11) and is almost entirely derived from petroleum now, can also be pro-

duced from non-petroleum syngas.7 As illustrated in Scheme 1, syngas can be

initially converted into methanol via methanol synthesis (MS) reaction and then

transformed into gasoline via a methanol-to-gasoline (MTG) reaction. Over 30 years

ago, Mobil MTG technology was industrialized in New Zealand.8 To reduce invest-

ment and save energy consumption, directly synthesizing gasoline from syngas

(STG) without separating intermediate products has been receiving extensive atten-

tion.4 It is well known that gasoline can be obtained from Fischer-Tropsch (F-T) syn-

thesis (mode I). However, because of the limitation of the Anderson-Schulz-Flory
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Scheme 1. The routes of converting non-petroleum carbon resources to gasoline
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distribution, the selectivity of C5–11 is less than 50%.9 Moreover, the carbon chain-

growth mechanism determines that n-paraffins with low-octane value are predomi-

nant.10 Zeolites (or molecular sieves) have uniform pore structures and acidity, which

can not only limit the distribution of hydrocarbons according to the size of the micro-

pores but also catalyze the isomerization of n-paraffins.1,2 Therefore, they are often

used to mix with F-T catalysts (mode II) to upgrade F-T hydrocarbons. However, it is

not easy for zeolite to effectively convert the inert short-chain hydrocarbons, such as

methane and ethane, or the heavy hydrocarbons larger than its pores, resulting in a

low C5–11 selectivity.
6 Enhancing diffusion of heavy hydrocarbons by increasing the

mesoporosity of zeolites or improving the proximity of acid sites and metal by well

designing core-shell structures can help alleviate this problem. For example, Tsubaki

and colleagues obtained approximately 74% C5–11 at 34% CO conversion on meso-

porous Y zeolite combined with Co,11 while Khodakov and colleagues acquired

approximately 61% C5–12 at 37% CO conversion over core-shell ZSM-5/Ru/ZSM-

5.10 Unlike the mode II catalyst, where hydrocarbons are initially produced on the

F-T catalyst, the mode III catalyst, which is made by a mixture of MS and zeolite cat-

alysts, yields hydrocarbons at acid sites of zeolite micropores. As a result, heavy hy-

drocarbons are difficult to generate due to the limitation of micropores. Conven-

tional CuZnAl (CZA) MS catalyst is not suitable for preparing the mode III catalyst

because its optimal reaction temperature (473–543 K) cannot effectively start the re-

action catalyzed by zeolite.12,13 Therefore, high-temperature MS catalysts have usu-

ally been selected. For example, Bao and colleagues recently reported a 76.7% gas-

oline selectivity with 20.3% CO conversion at 633 K over ZnMnOx-SAPO-11

composite catalyst.14 Compared with the mode II catalyst, the mode III catalyst

tends to achieve high C5–11 selectivity, but because of the low activity of theMS cata-

lyst at high temperature, the conversion efficiency of the latter is significantly lower

than that of the former. Taking into account the inconsistency of the reaction temper-

ature and lifetime of the metal (oxides) and zeolite catalysts, placing them in two in-

dependent reactors in tandem (dual-bed) is expected to achieve better perfor-

mance.15–18 Just like the mode II catalyst, the mode IV catalyst, which contains an

F-T catalyst and zeolite separately in a dual-bed reactor, can also adjust the distribu-

tion of F-T products. Ding and colleagues recently reported that CO conversion and
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Figure 1. The catalytic performances of syngas conversion

(A) Comparison of results over various catalysts. CZA + Al2O3 was prepared by granule mixing with

catalyst mass = 0.6 g, CZA + Al2O3 + N-ZSM-5(97) was prepared by granule mixing with catalyst

mass = 1.0 g, and the dual-bed catalyst (CZA + Al2O3)/N-ZSM-5(97) was configured by 0.6 g CZA +

Al2O3 on the upper bed and 0.4 g N-ZSM-5(97) on the lower bed. T = 573 K, P = 3.0 MPa, H2 =

16.6 mL min�1, CO = 8.3 mL min�1, Ar = 2.3 mL min�1. Data were collected at approximately 41 h on

stream.

(B) C5–11 selectivity for the dual-bed catalysts with various lower-bed catalysts: 0.6 g CZA + Al2O3 on

the upper bed, 0.4 g ZSM-5 zeolite on the lower bed, T = 573 K, P = 3.0 MPa, H2 = 16.6 mL min�1,

CO = 8.3 mL min�1, Ar = 2.3 mL min�1.
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C5–11 selectivity could both achieve 67% over the dual-bed catalyst Fe3O4@MnO2/

H-ZSM-5.19 Besides the four types of catalysts mentioned above, the dual-bedmode

V catalyst, which consists of a syngas-to-DME (STD) catalyst and DME-to-gasoline

(DTG) zeolite catalysts in separate beds, can also transform syngas to gasoline.

The STD process is very good at converting syngas, which helps to improve the ef-

ficiency.20 In 1987, the Haldor Topsøe TIGAS process, based on themode V catalyst,

was successfully demonstrated in Houston, Texas.21,22 In addition, the Karlsruhe

Institute of Technology has developed a similar technology called the bioliq pro-

cess.23 Although some technologies for this dual-bed mode V process have existed,

still few studies obtain high C5–11 selectivity at high syngas conversion or the mech-

anism of the zeolite characteristics on selectivity and stability.

Here, we report an 80.6% C5–11 selectivity without CO2 at 86.3% CO conversion over

a dual-bed catalyst (CZA + Al2O3)/N-ZSM-5(97) that includes a STD catalyst CZA +

Al2O3 in the upper bed and a DTG catalyst N-ZSM-5(97) in the lower bed (Figure S1).

A low amount of acid and the nano-sized structure of the ZSM-5 zeolite are beneficial

to C5–11 selectivity and stability, respectively. The deactivation mechanism is also

explored and discussed.
RESULTS

The performance of syngas conversion on various catalysts was compared at 573 K

and 3.0 MPa with identical syngas feed. As shown in Figure 1A, CZA + Al2O3 is a

typical STD catalyst that gives a 90.4% DME selectivity at 64.5% CO conversion.

When this STD catalyst is mixed with N-ZSM-5(97) (nano-sized ZSM-5 with Si/Al =

97), the CO conversion and CO2 selectivity are significantly improved, and a consid-

erable amount of the DME is converted to hydrocarbons. The selectivity of C1–2 light

hydrocarbons is as high as 20.0%, whereas the selectivity of C5–11 liquid hydrocar-

bons without CO2 is only 26.1%. Increasing the proximity by three-component

grinding and pressing leads to further decrease the selectivity of C5–11 hydrocarbons

(Figure S2). It is interesting to find that the reaction result of the dual-bed catalyst

(CZA + Al2O3)/N-ZSM-5(97), which is configured by CZA + Al2O3 on the upper

bed and N-ZSM-5(97) on the lower bed, is quite different from the mixed catalyst
Chem Catalysis 1, 383–392, July 15, 2021 385



ll
Article
(CZA + Al2O3+N-ZSM-5(97)). The DME and MeOH are completely converted, the

C5–11 selectivity reaches up to 75.9%, and the C1–2 selectivity is as low as 4.6%

over (CZA + Al2O3)/N-ZSM-5(97). The effect of the structure and Si/Al ratio of

ZSM-5 catalysts in the lower bed on the performance of the STG reaction was

explored. The conversion of CO over the four dual-bed catalysts in Figure 1B is close

because the upper-bed STD catalysts and the reaction conditions are the same.

However, their C5–11 selectivity and stability are quite different. As shown in Figures

1B and S3A–S3D, the dual-bed catalyst with the nano-sized N-ZSM-5(97) or N-ZSM-

5(21) has much better stability than the micro-sized M-ZSM-5(116) or M-ZSM-5(18),

respectively. Furthermore, the dual-bed catalyst with N-ZSM-5(97) or M-ZSM-5(116)

with a high Si/Al ratio exhibits considerably higher C5–11 selectivity than that with N-

ZSM-5(21) or M-ZSM-5(18) with a lower Si/Al ratio, respectively. This suggests that

the nano-sized structure, which generally means good diffusion ability,24 is benefi-

cial to extend the lifetime; meanwhile, the high Si/Al ratio, which usually represents

a low amount of acid, is conducive to inhibit the formation of light hydrocarbons. It

should be mentioned that the above results were obtained by a high-throughput

reactor, and the reaction temperatures (573 K) of the upper and lower beds were

the same. In fact, such a high temperature is not suitable for the STD reaction (Fig-

ure S4). To gain better results, we studied in detail the STG reaction over the dual-

bed (CZA + Al2O3)/N-ZSM-5(97) catalyst at different reaction temperatures for the

two beds.

The STG reaction on (CZA + Al2O3)/N-ZSM-5(97) was investigated at T (upper bed) =

533 K, T (lower bed) = 593 K, P = 3.0 MPa, H2/CO = 2, and gas hourly space velocity

(GHSV) = 1,500 mL g�1 h�1. As shown in Figure 2A, the selectivity of C5–11, C3–11,

aromatics, or CO2 was kept at approximately 79%, 34%, 98%, or 32%, respectively,

with 87% CO conversion. The light C1–2 selectivity was less than 1.7%. The activity of

this dual-bed catalyst did not decrease at all within 110 h on stream. The detailed

distribution of gasoline-range C5–11 can be observed in Figure 2A. The selectivity

of iso-paraffins reached approximately 40%, whereas the selectivity of olefins was

less than 2%. Moreover, the iso/n-paraffin ratio reached 18, which is much higher

than that in F–T products.6,25–28 Figures S5 and S6 indicate that increasing GHSV

or H2/CO ratio had little effect on C5–11 selectivity. Figure 2C shows that increasing

the pressure significantly increased the CO conversion without affecting the C5–11

selectivity, which is extremely valuable for improving the efficiency of the STG pro-

cess. Notably, at P = 4.0 MPa, H2/CO = 2, and GHSV = 3,000 mL g�1 h�1, the CO

conversion was as high as 86.3%, while the selectivity of C5–11, C3–11, and CO2

reached 80.6%, 98.2%, and 30.6%, respectively. By calculation, the space time yield

was up to 0.28 g C5–11 per hour per gram of dual-bed catalyst. The main research

progress concerning the conversion of syngas to C5–11 liquid hydrocarbons

(including aromatics) in the past 3 years is listed in Table S1.10,11,14,19,29–36 It is

apparent that, compared with F-T-based catalysts (modes I, II, or IV), this dual-

bed catalyst (mode V) has significant advantages in suppressing the low-value light

C1–2 and achieving a high C5–11 and iso/n-paraffin ratio. Besides, compared with MS-

catalyst-based physically mixed catalysts (mode III), this mode V catalyst has remark-

able advantages in achieving high CO conversion and regenerating the deactivated

catalyst after long-term operation. The effect of the reaction temperature on the

lower bed was studied. It can be seen from Figure 2D that increasing the tempera-

ture is harmful to the generation of C5–11.

Note that the dual-bed catalyst (CZA + Al2O3)/N-ZSM-5(97) for all of them was

configured by 1.5 g CZA + Al2O3 (upper bed) and 1.0 g N-ZSM-5(97) (lower bed).
386 Chem Catalysis 1, 383–392, July 15, 2021
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Figure 2. The catalytic performances of syngas conversion over a dual-bed catalyst (CZA +

Al2O3)/N-ZSM-5(97)

(A) Stability test: T (upper bed) = 533 K, T (lower bed) = 593 K, P = 3.0 MPa, CO = 20.1 mL min�1, H2 =

40.2 mL min�1, Ar = 2.1 mL min�1.

(B) Detailed distribution of the gasoline-range C5–11 hydrocarbons: T (upper bed) = 533 K, T (lower

bed) = 593 K, P = 3.0 MPa, CO = 20.1 mL min�1, H2 = 40.2 mL min�1, Ar = 2.1 mL min�1.

(C) Effect of reaction pressure: T (upper bed) = 533 K, T (lower bed) = 593 K, CO = 40.3 mL min�1,

H2 = 80.6 mL min�1, Ar = 4.2 mL min�1.

(D) Effect of the reaction temperature for lower bed: T (upper bed) = 533 K, P = 3.0 MPa, CO =

40.3 mL min�1, H2 = 80.6 mL min�1, Ar = 4.2 mL min�1. CO conversion and CO2 selectivity are

approximately 76% and 32%, respectively.
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The X-ray diffraction (XRD) patterns in Figure 3A indicate that the four ZSM-5 zeolites

in this study possess a typical pure MFI structure. The XRD patterns in Figure S7 sug-

gest that CZA and Al2O3 exhibit the structures of a conventional industrial CuZnAl

MS catalyst and a g-Al2O3 catalyst, respectively.
37 The NH3-TPD results in Figure 3B

show that the acid amount follows the order M-ZSM-5(116) < N-ZSM-5(97) < N-ZSM-

5(21) <M-ZSM-5(18), which is exactly the reverse order of the Si/Al ratio (Figures 3C–

3F). The NH3-TPD result in Figure S8 proves that Al2O3 has an acid property, which

should be derived from Lewis acid sites.20 The XRF results listed in Table S2 show

that the Cu/Zn/Al molar ratio is 4.8:1.8:1 for CZA. It can be observed from Figures

3C–3F that N-ZSM-5(97) and N-ZSM-5(21) are composed of approximately 200

and 50 nm particles, respectively, while M-ZSM-5(116) and M-ZSM-5(18) are both

made up of 2–5 mm hexagonal crystals. Table S3 shows that N-ZSM-5(97) has the

highest Brunauer-Emmett-Teller (BET) area and external area. Combined with the

results in Figures 1B, S3, and 3C–3F, there is no doubt that reducing the crystal

size of the lower-bed ZSM-5 zeolite will considerably prolong the lifetime of the

overall dual-bed catalyst. In addition, it can be inferred from Figures 2B and 3B

that, whether using nano- or micro-structured ZSM-5 zeolite, low acid content can

facilitate the formation of C5–11 and depress the generation of light hydrocarbons.

Generally, the growth of the carbon chains largely depends on the oligomerization

of the initial light olefins.38 However, the hydrogenation of light olefins, which can be

catalyzed by the acid sites (especially Brønsted acids) of H-form ZSM-5 zeolite,39,40 is
Chem Catalysis 1, 383–392, July 15, 2021 387
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Figure 3. Results of characterization for lower-bed ZSM-5 zeolite catalysts

(A) XRD patterns.

(B) NH3-TPD profiles.

(C–F) Scanning electron microscopy images, Si/Al, and BET areas.
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disadvantageous. Compared with oligomerization, a higher acid content for ZSM-5

zeolite can be more beneficial to the hydrogenation, which results in a lower C5–11.

The four ZSM-5 zeolite catalysts in the lower bed after reaction shown in Figure 1B

were analyzed by the thermogravimetric method. As presented in Figure 4A, their

weight losses follow the order N-ZSM-5(97) < N-ZSM-5(21) < M-ZSM-5(116) < M-

ZSM-5(18). This demonstrates that for ZSM-5 zeolites with approximate Si/Al ratios,

nano-sized structures are more resistant to coke, while for ZSM-5 zeolites with similar

structures, a low Si/Al ratio (or high acid content) is ready to cause carbon deposits.

Also, the catalytic results of a lower-bed ZSM-5 catalyst with a particle size of approx-

imately 500 nm also prove that decreasing the zeolite particle size is beneficial to

reduce coke and prolong lifetime (Figures S9A–S9D). During syngas conversion re-

actions, after the zeolite catalyst is mixed with the metal catalyst, the coke formation

rate will be generally significantly reduced, and the catalyst stability will be greatly

improved.41,42 As shown in Figure 4A, the weight loss of the spent N-ZSM-5(97) in

the dual-bed catalyst is close to that in the mixed catalyst, which implies that the

dual-bed catalyst (CZA + Al2O3)/N-ZSM-5(97) has the potential for long-term use.

After reaction, the four ZSM-5 zeolite catalysts in the lower bed were dissolved by

hydrofluoric acid, and then the retained organic species were extracted by dichloro-

methane and analyzed by gas chromatography-mass spectrometry. As presented in

Figure 4C, the content of aromatics (species 1, 2, 5, 6, and 8) with no more than ten

carbons (or no larger than tetramethyl-benzene) in the spent N-ZSM-5(97) is much

less than that in the others. However, the selectivity of aromatics for (CZA +

Al2O3)/N-ZSM-5(97) is substantially higher than that for the other three dual-bed cat-

alysts in Figures S3A–S3D. This indicates that the products no larger than the size of

micropores (0.533 0.56 nm) for MFI topology are easily diffused out of N-ZSM-5(97).
388 Chem Catalysis 1, 383–392, July 15, 2021
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Figure 4. Results of analysis for spent ZSM-5 zeolite catalysts

(A) Thermogravimetric analysis.

(B) Gas chromatography-mass spectrometry chromatograms of the retained organic species: (1 or

2) trimethyl-benzene, (3 or 4) dimethyl-2-cyclopenten-1-one, (5 or 6) trimethyl-2-cyclopenten-1-

one, (7) C2Cl6, (8) tetramethyl-benzene, (9) pentamethyl-benzene, (10) hexamethyl-benzene, (11 or

12) 2,3-dihydro-dimethyl-1H-inden-1-one, (13) phenol derivatives, (14) trimethyl-naphthalene, (15

or 16) dimethyl-methylethyl-naphthalene.

(C) Mass spectrum of species 4.

(D) Mass spectrum of species 11.
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It also can be seen that the naphthalene derivatives (species 14–16) are hardly gener-

ated for N-ZSM-5(97). These polycyclic aromatics are too large to block micropores

and cause catalyst deactivation.43 Besides methylbenzenes and polycyclic aro-

matics, a considerable amount of oxygenates, which include the derivatives of 2-cy-

clopenten-1-one (species 3–6) and phenol (species 13), can be observed in Fig-

ure 4B. The mass spectra of the typical oxygenates are shown in Figures 4C and

S10. Our previous researches have proved that the 2-cyclopenten-1-one species,

which can be produced via a series of C–C bond formation reactions, such as carbon-

ylation, aldol, prins, and hydroacylation, are important intermediates for the forma-

tion of single-ring aromatics.44–46 Compared with the spent N-ZSM-5(97), the spent

N-ZSM-5(21) obviously contains more 2-cyclopenten-1-one species. However, the

selectivity of aromatics over (CZA + Al2O3)/N-ZSM-5(97) is apparently higher than

that over (CZA + Al2O3)/N-ZSM-5(21) (Figures S3A and S3B). This means that there

are other ways to generate aromatics. Recently, Wei and colleagues found that

phenol species formed by the aldol cycle in the syngas atmosphere can be trans-

formed to aromatics.47 The amount of phenol species in spent N-ZSM-5(97) is

more than that in spent N-ZSM-5(21), which is positively related to the selectivity

of the aforementioned aromatics. This suggests that phenol species are likely to

act as intermediates for aromatics. In the spent N-ZSM-5(97) of the mixed catalyst

(CZA + Al2O3 + N-ZSM-5(97)), 2-cyclopenten-1-one species can be hardly found,

whereas phenol species can be detected. This mixed catalyst can actually produce

few aromatics (6%), which also suggests that the speculation above is reasonable.
Chem Catalysis 1, 383–392, July 15, 2021 389
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Although the mechanism of synthesizing single-ring aromatics from these oxygen-

ates, such as 2-cyclopenten-1-one and phenol species, has been well explored by

the previous works of ourselves and others,15,44,45,47 the pathway of generating

polycyclic aromatics, which are the main factors leading to catalyst deactivation,

has still not been revealed. The weight loss for the spent M-ZSM-5(18) is more

than twice that for the spent N-ZSM-5(97) (Figure 4A); however, the amount of their

soluble organics is relatively close (Figure 4B). This demonstrates that there is a large

amount of insoluble heavy carbon deposits, which are generally polycyclic aro-

matics,43 in the spent M-ZSM-5(18). Interestingly, some 2,3-dihydro-1H-inden-1-

one oxygenates (species 11 and 12) can be definitely detected and identified in

the spent M-ZSM-5(18) (Figures 4B, 4D, and S3D). We consider that they can be

generated through carbonylation and condensation of phenol species and trans-

formed to polycyclic aromatics by reactions such as isomerization and dehydration

because this is similar to the mechanism for the formation and conversion of 2-cyclo-

penten-1-one species.44–46
Conclusion

In summary, high and selective conversion of syngas to gasoline-range C5–11 liquid

hydrocarbons can be simultaneously achieved over a dual-bed catalyst (CZA +

Al2O3)/N-ZSM-5(97) that consists of a STD catalyst CZA + Al2O3 (a mixture of CuZnAl

MS catalyst and acidic g-Al2O3 catalyst) in the upper bed and a DTG catalyst N-ZSM-

5(97) (nano-sized H-ZSM-5 zeolite with Si/Al ratio = 97) in the lower bed. The selec-

tivity of C5–11 and C3–11 can reach 80.6% and 98.2%, respectively, along with 86.3%

CO conversion at T (upper bed) = 533 K, T (lower bed) = 593 K, P = 4.0MPa, H2/CO=

2, and GHSV = 3,000 mL g�1 h�1. This dual-bed catalyst exhibits an excellent stabil-

ity during a 110-h test. The iso/n-paraffin ratio in the C5–11 is up to 18. By comparing

four lower-bed ZSM-5 zeolite catalysts with various particle sizes and acid content,

we found that the nano-sized structure is beneficial to reduce coke and prolong life-

time; meanwhile, the low acid content is advantageous to increase C5–11 selectivity.

The 2,3-dihydro-1H-inden-1-one species can be definitely detected and identified in

the spent lower-bed micro-sized M-ZSM-5(18). They are regarded as intermediates

to generate polycyclic aromatics, which generally lead to catalyst deactivation. The

dual-bed catalyst (CZA + Al2O3)/N-ZSM-5(97) suggests a promising application in

producing gasoline from syngas.
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