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ABSTRACT: Given the increase in global carbon emissions, efficiently
converting syngas into one single C2+ hydrocarbon product with low CO2
selectivity is important but still challenging. Herein, we report a dual-bed
catalyst system, which can highly convert syngas into propane with lower CO2
emissions. Propane in hydrocarbon products can reach 79% at CO conversion
of 96% with 12% CO2 selectivity. The selectivity of methane is lower than 6% at
the same time. Furthermore, up to 66% propane yield is achieved, which can
significantly increase the efficiency of carbon utilization compared with
traditional methods. The catalytic performance of the dual-bed reaction system
also exhibits an excellent stability during the 200 h test on stream. The dual-bed
reaction system is configured with a syngas-to-dimethyl ether (DME)
CuZnAlOx + ZSM-5 catalyst in the upper bed and a DME-to-propane SSZ-
13 zeolite catalyst in the lower bed. The higher strength of the acid sites for
SSZ-13 benefits the formation of propane and helps to limit the coke
deposition. Probing experiments and DFT calculations imply that syngas-to-propane reaction includes methanol-to-olefin processes
and subsequent conversion of lower olefins in high-pressure H2. The generated intermediate propylene hydrogenation over SSZ-13
leads to a high propane selectivity. This strategy offers a scenario to promote the syngas-to-hydrocarbon performance with low CO2
emissions.
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1. INTRODUCTION

With the depletion of petroleum resources and the arrival of
carbon neutrality, the development of a nonpetroleum route
for producing fuels and bulk chemicals is of great significance.
Among various alternative routes, syngas conversion is very
attractive because the technologies for syngas production from
many nonpetroleum resources like biomass and CO2 are
industrially applied. Until now, a variety of hydrocarbon fuels
(i.e., gasoline and diesel) and chemicals (i.e., light olefins and
aromatics) have been synthesized from syngas by using
Fischer−Tropsch (F−T)1−6 or oxide−zeolite (OX-ZEO)
bifunctional catalysts.7−11 Due to the control of Anderson−
Schulz−Flory distribution, it is not easy to obtain a single
hydrocarbon product by conventional F−T synthesis.
Recently, with the progress of OX-ZEO catalyst design, some
single hydrocarbons, such as ethane,12 ethylene,13 propane,14,15

and tetra-methylbenzene,16 have been synthesized with a
relatively higher selectivity, but the yield of the target product
is still unsatisfactory. In our opinion, there are at least two
reasons for the low yield. The oxide components such as
ZnCrOx and ZnZrOx in OX-ZEO catalysts are not highly
effective for converting syngas. Moreover, the selectivity of
CO2 is too high and generally reaches 40−50%.

During the OX-ZEO catalysis process, the intermediate
oxygenated compounds (such as methanol and dimethyl ether)
generated on oxides are transformed into hydrocarbons and
water on zeolites. The water continues to react with CO to
form CO2 on oxides by water-gas-shift (WGS) reaction. Since
the zeolite and oxide components are completely bonded
together, the severe WGS reaction is difficult to avoid. In order
to solve all above problems, we proposed the design concept of
a dual-bed reaction system. High efficiency syngas-to-dimethyl
ether (so-called STD) catalysts, such as CuZnAlOx + ZSM-5
and CuZnAlOx + γ-Al2O3, were placed on the upper bed, while
DME-to-hydrocarbon catalysts such as SAPO-34 and H-ZSM-
5 were put on the lower bed. By using the dual-bed reaction
system, syngas was highly converted to lower olefins (C2−C4

=)
or gasoline ranged hydrocarbons.17−19 However, so far,
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obtaining a highly selective one hydrocarbon product with high
CO conversion is still challenging in syngas conversion.
Herein, we report a dual-bed catalyst system containing a

syngas-to-dimethyl ether (DME) catalyst CuZnAlOx + ZSM-5
in the upper bed and a DME-to-hydrocarbon zeolite catalyst
SSZ-13 in the lower bed. The reaction temperatures of the
dual-bed catalyst can be separately controlled (Scheme 1). The

propane in the hydrocarbon product can reach 79% at CO
conversion of 96% with 12% CO2 selectivity. The propane
yield is up to 66%. As expected, this dual-bed configuration
mode can realize that each catalyst operates at its optimistic
reaction temperature, which exhibits superior performance in
syngas-to-propane reaction. The propane formation mecha-
nism is also explored.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. The methanol synthesis

catalysts of ZnCrAlOx and CuZnAlOx were prepared by a
traditional coprecipitation method.7,20 The molar ratio of Cu/
Zn/Al for the CuZnAlOx catalyst was about 6:3:1, while that of
Zn/Cr/Al for the ZnCrAlOx catalyst was about 1:1:2. SAPO-
18, SAPO-34, ZSM-5, and SSZ-13 (SiO2/Al2O3 ratio = 12 and
20) zeolites were all commercially supplied. SSZ-13 zeolites
(SiO2/Al2O3 ratio = 34 and 60) were supplied by 1202 Group
in Dalian Institute of Chemical Physics (DICP). The
commercial Na-SSZ-13 (SiO2/Al2O3 = 12.5) was converted
into H-form by exchanging Na-SSZ-13 with NH4NO3 aqueous
solution (a series of concentrations of 0.01, 0.03, 0.1, 0.3, and 1
mol−1 L−1) at 353 K for 2 h followed by filtration and washing
with deionized water. The desired samples were dried at 383 K
for 10 h followed by calcination at 823 K for another 4 h in air
to obtain a series of SSZ-13-x%H+ zeolites (where “x” indicates
H+-exchange, which was determined by 100-(Na/Al)mol %;
SSZ-13-100%H+ was denoted as SSZ-13 in this work).
The hybrid catalysts OX + ZEO (such as ZnCrAlOx + SSZ-

13, CuZnAlOx + SSZ-13, and CuZnAlOx + ZSM-5) were
obtained by mechanically mixing granules (0.4−0.8 mm) of
two components. The weight ratio of oxide and zeolite for the
hybrid catalyst was 2:1.
Catalysts in the dual-bed reaction system (such as

CuZnAlOx/SSZ-13 and (CuZnAlOx + ZSM-5)/SSZ-13)

used in this work were composed of syngas-to-methanol
catalyst CuZnAlOx oxide or the syngas-to-DME catalyst
CuZnAlOx + ZSM-5 in the upper bed and SSZ-13 zeolite in
the lower bed. The weight ratio of upper bed catalyst and
lower bed catalyst was 3:1.

2.2. Catalyst Characterizations. The X-ray diffraction
patterns were tested with a PANalytical X’Pert PRO X-ray
diffractometer with Cu Kα radiation. Elemental analysis was
carried out using a Philips Magix-601 X-ray fluorescence
spectrometer. The BET surface areas, average pore width, and
pore volumes of all the samples were estimated by nitrogen
adsorption−desorption isotherms at 77 K using a Micro-
meritics ASAP 2020 apparatus. Temperature programmed
desorption of ammonia (NH3-TPD) analysis was performed
using 100 mg of powder of the zeolite at a temperature range
of 350−1000 K after the sample pretreatment at 723 K for 1 h
under a He flow using a Micromeritics Autochem II 2920
equipped with a thermal conductivity detector (TCD).
In situ diffuse reflection infrared Fourier transform spec-

troscopy (DRIFTS) studies were carried out with a Bruker
Tensor 27 instrument with an MCT detector to detect the
change of intensity of surface intermediate species. Then, 50
mg of sample powder was pressed into a diffuse reflectance
infrared cell with a ZnSe window. Prior to the in situ DRIFTS
test, the catalyst was treated under N2 flow at 673 K for 4 h,
and then, the catalyst was cooled down to 653 K. The
background spectrum was obtained at 653 K. Then, the
catalyst sample was exposed to an H2/DME mixture (2 mL/
min DME and 30 mL/min H2), and the catalyst was treated at
this temperature for 30 min. After this, the temperature was
ramped every 10 K from 653 to 703 K, and the temperature
was kept for about 20 min for recording. The FT-IR spectra of
the surface species generated on the catalyst were obtained. In
situ DRIFTS spectra were recorded with a Nicolet FTIR
spectrometer with a resolution of 2 cm−1 and scan numbers of
32.

2.3. Catalytic Performance Test. Syngas conversion was
performed on a dual-bed reaction system (shown in Scheme 1
in the Section 1), which contained two fixed-bed stainless
reactors in tandem (one upper reactor linked with another).
Each bed was equipped with a temperature controller, and the
reaction temperatures of these two beds could be controlled
independently. The syngas-to-propane reaction occurred at
533 K (upper bed catalyst) and 683 K (lower bed catalyst), 5.0
MPa. For comparison, the catalytic behavior of syngas
conversion was also performed over the OX + ZEO hybrid
catalyst (such as ZnCrAlOx + SSZ-13 and CuZnAlOx + SSZ-
13 at 683 K, 5.0 MPa). All products were kept in the gas phase
and analyzed online with an Agilent 7890B GC equipped with
an HP-PLOT/Q capillary column connected to an FID
detector and a TDX-1 column connected to a TCD detector.
CH4 was used as a reference bridge between TCD and FID.
Hydrocarbon selectivity was based on the carbon atom
number. CO conversion, hydrocarbons (CnHm), MeOH, and
DME selectivity calculation methods (excluding CO2) were
the same as our previous work.21

2.4. Thermogravimetric Analysis of Zeolite after
Reaction and Confined Organic Determination with
UV−Vis and GC−MS. Thermogravimetric analysis (TGA)
was performed with a TA Q-600 analyzer with a heating rate of
10 K/min from room temperature to 1200 K under the air
flow. UV−vis spectra were recorded on a Cary 5000
spectrophotometer. The used zeolites loaded in the lower

Scheme 1. Configuration of the Dual-Bed Catalyst System
for Syngas-to-Propane Reaction
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bed were pressed into the diffuse reflectance cell. Before the
UV−vis test, the catalyst was treated at 673 K for 2 h with 20
mL/min N2 flow. The UV−vis spectra of the used samples
(100 mg) were recorded in air against BaSO4 in the region of
200−800 nm and scanning speed at 600 nm/min. The organic
materials retained in the spent zeolites after reactions were
analyzed by M. Guisnet’s method.22 The spent zeolites were
dissolved in 20 wt % HF solution. After being neutralized with
5 wt % sodium hydroxide solution, the soluble organics were
extracted with CH2Cl2 (containing 10 ppm C2Cl6 as an inner
standard) and then analyzed with a GC−MS instrument
(Agilent 7890B) equipped with an HP-5 capillary column.
2.5. Density Functional Theory (DFT) Calculations.

DFT calculations were performed with the Gaussian 09
package. For the calculation of the transition state, an extended
74 T (Si73AlO119H59) cluster model extracted from the
crystallographic CHA structure represents the structure of the
neutral H-SSZ-13 model containing one Brønsted acid site as
shown in Figure S3. For the extended model, the terminal Si−
H was fixed and oriented along the direction of the
corresponding Si−O bond. The location of the acid site was
chosen at the 8-membered ring, which is accessible for
adsorbents and surrounded by the maximum reaction space.
To preserve the integrity of the crystalline structure, the 8-
membered ring, active center (SiO)3−Si−OH−Al−(SiO)3 and
the adsorbate were set to a high-level layer, while the rest of
the atoms were set to a low-level layer. The combined
theoretical ONIOM method was exploited to predict the
stability of various adsorption structures, geometries, and
transition states (TS). For the structure optimization,
ωB97XD hybrid density functions with 6-31G(d,p) basis sets
and semi-empirical AM1 were employed for optimization of
the structures of high-level and low-level layers, respectively.
To obtain a highly accurate interaction energy, the single-point
energies were calculated at the level of ωB97XD/6-31G(d,p)
on the basis of the optimized structure. The frequency
calculations were performed at the same level as geometry
optimizations to check whether the saddle point exhibits the
appropriate number of imaginary frequencies. The attained TS
is a first-order saddle point of the potential energy surface, with
only a single imaginary frequency. The adsorbed state is
verified as being situated in the energy minima points of the
potential energy surface, with only real frequency. The intrinsic
free energy was obtained from the ωB97XD/6-31G(d,p) total
electronic energies and the thermal correction from the

ωB97XD/6-31G(d,p): AM1 frequency calculations with the
correction of zero-point vibration energies. Reactions: (H-OZ
represents the zeolite framework with Brønsted acidity).

3. RESULTS AND DISCUSSION

3.1. Physicochemical Properties of Oxides and
Zeolites Used in This Work. The physicochemical proper-
ties of the samples used in this work for the syngas-to-propane
reaction are shown in Table S1. Figure S1a,b indicates that all
the SSZ-13 and SAPO-34 have a typical CHA structure, and
SAPO-18 exhibits a typical AEI structure. As shown in Figure
S2a,b, the NH3-TPD profiles present two peaks ascribed to
weak and strong acid sites,23 respectively. The results
demonstrate that the acid strength for all the SSZ-13 zeolites
is much stronger than that of SAPOs (such as SAPO-34 and
SAPO-18). In addition, the acid strength increases as the H+-
exchanging degree increases but decreases with the ratio of
SiO2/Al2O3 climbing. Table S2 indicates that the acid amount
follows the order SAPO-34 > SAPO-18 > SSZ-13. The acid
amount of SSZ-13 zeolite increases with increasing H+-
exchange while decreasing with the SiO2/Al2O3 ratio climbing.

3.2. Catalytic Performance of Syngas-to-Propane
over Various Catalysts. We compared the behaviors of
syngas-to-propane over different catalysts at 5.0 MPa with
identical space velocity (GHSV). As shown in Figure 1 and
Table S3, the hybrid catalyst ZnCrAlOx + SSZ-13 exhibits a
71.9% propane selectivity at 60.6% CO conversion with about
30% CO2 selectivity. The performance of CuZnAlOx oxide
mixed with SSZ-13 is also investigated. As expected, higher CO
conversion and CO2 selectivity were obtained. Note that the
propane selectivity declined to 50.1% with undesired 27.2%
ethane and 13.7% butane in hydrocarbons. This is possibly
attributed to strong ability of hydrogenation within the
CuZnAlOx catalyst, which leads to a rapid hydrogenation of
C2−C4 olefins in high-pressure H2. Separation of CuZnAlOx
oxide and SSZ-13 zeolite, that is, the dual-bed system with
zeolite downstream from oxide, CuZnAlOx/SSZ-13, exhibits a
high CO conversion of 54.1% with 63.9% propane selectivity.
More interestingly, the generated CO2 amount (3%) is much
smaller than that of all above hybrid catalysts. When
CuZnAlOx is physically mixed with H-ZSM-5, (CuZnAlOx +
ZSM-5)/SSZ-13, which is configured by CuZnAlOx + ZSM-5
in the upper bed and SSZ-13 in the lower bed, exhibits a much
better performance than all above catalysts. CO conversion
reaches 95.7% with 77.4% propane selectivity, and the

Figure 1. Catalytic performance of syngas conversion over various catalysts. (OX + ZEO) is the hybrid mode catalyst, prepared by granule mixing
of 0.6 g of oxide with 0.3 g of zeolite, P = 5.0 MPa, T = 683 K, H2/CO = 7, and GHSV = 4000 mL g−1 h−1. Catalyst A/Catalyst B represents
catalysts in the dual-bed reaction system, configured by 0.6 g of catalyst A in the upper bed and 0.2 g of catalyst B in the lower bed, T (upper bed) =
533 K, T (lower bed) =683 K, P = 5.0 MPa, H2/CO = 7, and GHSV = 4000 mL g−1 h−1.
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selectivity of undesired CO2 is suppressed to 11.4%.
Furthermore, (CuZnAlOx + ZSM-5)/SSZ-13 presents a
propane yield up to 65.5%, which is 2 times as high as that
of the ZnCrAlOx + SSZ-13 hybrid catalyst and CuZnAlOx/
SSZ-13. This result is much higher than that reported in the
previous literature (Table S4).14,24−28

3.3. The Effect of Reaction Conditions on the CO
Conversion. In the previous work of the dual-bed mode
catalyst for syngas-to-olefin reaction (DSTO) process,17 the
STD reaction dominates CO conversion and CO2 selectivity.
In order to pursue an efficient syngas conversion process,
further enhancing the single-pass conversion of CO and
suppressing the selectivity of CO2 are definitely needed. As
demonstrated in Figure S4a and S4c, CO conversion in STD
reaction could approach the value predicted by the
thermodynamic equilibrium under some reaction conditions,
which are more effective than the syngas-to-methanol
(MeOH) reaction. Figure S4b indicates that more than 90%
CO conversion can be achieved only below 563 K. Continuing
to raise the reaction temperature is disadvantageous to STD
reaction. According to the previous literature,29 WGS reaction
would be severe at high temperatures. Therefore, we choose
533 K for the STD process. Figure S4c shows that CO
conversion is increased with the H2/CO ratio climbing. Figure
S4d indicates that increasing space velocity is not beneficial to
high CO conversion.
3.4. The Effect of Zeolites on the Selectivity of

Propane. Our previous studies17−19 clearly proved that
zeolites loaded in the lower bed are responsible for product
distribution in syngas conversion and the 8-membered ring
microporous zeolites showed high selectivity for low-carbon
hydrocarbon species. Therefore, three kinds of small pore
molecular sieves (SAPO-18, SAPO-34, and SSZ-13) were

investigated. In the case of SAPO-34 (with the same CHA-
topology as SSZ-13) and SAPO-18 (with AEI-topology),
which are all suitable for highly selective propane (shown in
Figure 2a), the propane selectivity in the dual-bed reaction
system achieved approximately 61% in the time of stream
(TOS) of 1.5 h (Figure 2b). After this, the propane selectivity
declined quickly, and DME and MeOH increased. Compared
with SAPO-34 or SAPO-18 in the syngas-to-propane process,
in the lower bed, SSZ-13 zeolite exhibits an excellent stability
under the same reaction conditions (Figure 2b). The effect of
acidity of SSZ-13 zeolite in the lower bed is also investigated;
Figure 2c,d indicates that increasing the H+-exchanging degree
can significantly increase the propane selectivity from 1.8 to
77.6%, while increasing the SiO2/Al2O3 ratio (SAR) could
slightly decrease the propane selectivity.

3.5. TGA, UV−vis, and GC−MS Analysis of Organic
Species in the Spent Zeolites. The spent SSZ-13, SAPO-
18, and SAPO-34 molecular sieves were analyzed by TGA. As
presented in Figure 3a, a low-temperature weight loss at <450
K and a high-temperature weight loss at >600 K can be
recognized. The former temperature range can be ascribed to
desorption of volatile compounds, while the latter temperature
range is assigned to coke compounds.30 Table S5 summarizes
the TG analysis results of all samples used for syngas-to-
propane in the lower bed. By calculation, the average formation
rates of retained species SAPO-34 and SAPO-18 are all higher
than those of SSZ-13 zeolite. This indicates that compared
with SAPOs with 8-MR micropores, SSZ-13 zeolite is more
resistant to carbon deposition deactivation. In addition, SSZ-
13 zeolite with a lower SiO2/Al2O3 ratio (with a higher acid
strength) is beneficial to inhibiting carbon deposition. The
nature of organic species formed in the spent zeolites was also
investigated by ex situ UV−vis spectroscopy. Figure 3b

Figure 2. Propane selectivity and yield of syngas conversion in the dual-bed reaction system. T (upper bed) = 533 K, T (lower bed) = 683 K, P =
5.0 MPa, H2/CO = 7, GHSV = 4000 mL g−1 h−1. (a) Effect of different zeolites in the lower bed on propane selectivity and yield over (CuZnAlOx
+ ZSM-5)/zeolite; (b) stability of zeolite in (CuZnAlOx + ZSM-5)/zeolite for the syngas-to-propane reaction; (c) effect of the H+-exchanging
degree of SSZ-13 zeolite in (CuZnAlOx + ZSM-5)/SSZ-13; and (d) effect of the SiO2/Al2O3 ratio of SSZ-13 zeolite in (CuZnAlOx + ZSM-5)/
SSZ-13.
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indicates that the UV bands at 220−420 nm occurred in all
above samples. The band at 220 nm is attributed to dienes,30,31

which fits well with the performance of the lower-temperature
weight loss in the TG analysis. Broad bands at 276−285 and
350−420 nm are attributed to the methylated benzenes and
polycyclic aromatic species,32,33 respectively, which suggested
that carbon chain growth and aromatization processes
occurred in syngas-to-propane over all above the mentioned
zeolites in the lower bed. Compared with SSZ-13 zeolite,
additional bands at 470−520 nm occurred in SAPO-34 and
SAPO-18 zeolites, which are attributed to the condensed
aromatics with two or three aromatic species with more than
three or four rings.34,35 As is well known, the condensed
aromatic species are generally considered as coke deposits that
cause deactivation by covering the acid center sites.36 The
concentrations of all above organic species are reflected by the
intensities of the corresponding UV bands, which are
consistent with the order of weight losses in TG analysis. To
further confirm the nature of organic species over spent
zeolites, we dissolved the spent SSZ-13, SAPO-34, and SAPO-
18 zeolites by using HF and extracted the retained organics by
CH2Cl2, and then analyzed soluble organics by GC−MS. As
shown in Figure 3c, compared with the soluble organic
solutions of the spent SAPO-34 and SAPO-18 samples, the
color of the extract of the spent SSZ-13 zeolite becomes lighter
and the detailed analysis of GC−MS results indicates that light
aromatics such as methylbenzenes (species 1−7 and 9),
naphthalene (species 8), and methylnaphthalenes (species 10−
17) can be observed in the spent SSZ-13 zeolite, with no

condensed aromatics (such as phenanthrene and pyrene etc.)
detected in the residues. However, the content of all the above
light aromatic species is much less than that in SAPO-34 and
SAPO-18 due to the presence of phenanthrene and pyrene,
which are in good agreement with UV−vis results. The
accumulation of these polycyclic aromatics would lead to
blocking of molecular sieve pores and cause the deactivation of
the catalyst.37 Based on the previous literature,37,38 aromatics
hydrogen could take place over acid sites on zeolites under a
high-pressure H2 atmosphere. SSZ-13 with stronger acid can
catalyze the hydrogenation of aromatics, which can inhibit the
formation of polycyclic aromatic hydrocarbons. This contrib-
utes to prolonging the reaction lifetime.

3.6. Probe Experiment and DFT Calculation. In the
syngas-to-propane reaction over (CuZnAlOx + ZSM-5)/SSZ-
13, DME is first produced in the upper bed. The highly
selective propane is primarily related to the conversion
mechanism of DME over SSZ-13. Therefore, we systematically
compared the reaction behaviors of DME conversion in the
lower bed. As shown in Figure 4a, in DME conversion over
SSZ-13 under a high-pressure H2 atmosphere, product
distribution is highly consistent with the syngas-to-propane
process (Figure S5) and the propane selectivity is as high as
77.1%. After SSZ-13 was mixed with CuZnAlOx, the selectivity
of propane is only 51.7% with 27.5% ethane and 12.1% butane
in hydrocarbons. It is attributed to the strong ability of
hydrogenation of the Cu-based catalyst, over which alkenes are
converted into alkanes. Furthermore, by adding 10 times of
inert gas to the feed gas, C2−C4

= even reaches up to 80.5% in

Figure 3. (a) TG curves of the spent zeolites; (b) ex situ UV−vis spectra of the spent zeolites obtained after the reaction; (c) GC−MS
chromatograms of the organic materials retained in zeolite components of spent (CuZnAlOx + ZSM-5)/zeolite, C2Cl6 was used as the internal
standard, methyl-benzene, (2 or 3): dimethyl-benzene, (4 or 5): trimethyl-benzene, 6: C2Cl6, 7: tetamethyl-benzene, 8: naphthalene, 9:
pentamethyl-benzene, (10 or 11): methyl-naphthalene, 12: dimethyl-naphthalene, 13: trimethyl-naphthalene, (14−17): polymethyl-
isopropylnaphthalenes: 18: phenanthrene, 19: pyrene, and 20: methyl-pyrene.
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hydrocarbons. These all suggest that C2−C4 olefins could be
acted as intermediates to form propane in syngas-to-propane
reaction. Combined with GC−MS results shown in Figure 3c,
the organic substances in the spent SSZ-13 zeolite are the
polymethyl-benzene species, which are generally considered as
“hydrocarbon pool” (HCP species) and benefit the formation
of olefins.39,40 Therefore, we confirm that methanol/DME-to-
olefins (MTO) reactions must be included in the syngas-to-
propane process and C2−C4 olefins are deemed to be the
important intermediates to form propane over the SSZ-13
zeolite. Therefore, we investigated the behaviors of C2−C4

olefin conversion catalyzed by SSZ-13 with high-pressure H2

cofeeds. For comparison, the feed rates of the lower olefins
based on carbon numbers are equivalent to those of syngas or
DME. According to the product distribution (Figure 4b),
propane is the dominant product in C2−C4

= (especially C3
=)

conversion with high-pressure H2 cofeeding. Propane
selectivity and distribution of other products are all similar
to those of the syngas-to-propane process, indicating that
highly selective propane is mainly obtained by the hydro-

genation of the generated propylene. In addition, propane can
also be obtained from ethylene-to-propylene reaction (ETP)
or the C4+ species hydrocracking to propene process

30,41,42 and
then the generated propylene hydrogenation to propane in
cascade over the SSZ-13 zeolite. Noticeably, approximately
32% ethane is also produced simultaneously in ethylene
conversion under high-pressure H2. Distribution of these
products is different from syngas-to-propane in the dual-bed
reaction system. This indicates that in the syngas-to-propane
reaction network, there may be other reaction paths for the
conversion of ethylene to propane besides the ETP process.
In order to get further insights into the reaction network for

high propane selectivity, the in situ DRIFTS of DME
conversion with H2 over SSZ-13 was explored. A critical
intermediate of the methoxy (2930, 2820, and 1052 cm−1)
species is detected (Figure S6), which is generally involved in
the alkene cycle of the MTO process. DFT calculation (results
shown in Figure 4c and Table S6) indicates that ethylene could
methylate with methoxy species to produce propylene groups
(Ea3 = 151.94 kJ·mol−1) or be hydrogenated to ethane (Ea2 =

Figure 4. (a) DME conversion in high-pressure H2 (or with 10 times of Ar) cofeeding over the SSZ-13 or CuZnAlOx + SSZ-13 hybrid catalyst;
reaction conditions: T = 683 K, P = 5.0 MPa, H2/DME = 17/1, GHSV = 9000 mL g−1 h−1. (b) C2−C4 olefin conversion in high-pressure H2 over
the SSZ-13 zeolite; reaction conditions: T = 683 K, P = 5.0 MPa, H2/olefin =17/1, GHSV = 9000 mL g−1 h−1; (c) DFT calculation results of
ethylene conversion via multiple routes over the SSZ-13 zeolite; (d) ethylene conversion in high-pressure H2 with a small amount of DME over the
SSZ-13 zeolite under reaction conditions shown in Table S7; (e) 1-butene conversion in high-pressure H2 with a small amount of DME over the
SSZ-13 zeolite under reaction conditions shown in Table S8.
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159.58 kJ·mol−1). The propylene group easily reacts with
hydrogen to produce propane (Ea4 = 67.20 kJ·mol−1). As a
result, over SSZ-13 zeolites, ethylene can be methylated to
propylene, which is further hydrogenated to propane. In order
to further verify the process that ethylene methylation can
produce propane in high-pressure H2, a small amount of DME
is added to ethylene conversion reaction under high-pressure
H2. Figure 4d and Table S7 indicate that the increase of
propane selectivity is equivalent to the decrease of ethane
selectivity by introducing a small amount of DME, which
proves that the methylation process is more likely to occur in a
high-pressure H2 atmosphere than ethylene hydrogenation to
ethane. Noticeably, with the introduction of DME, butene
selectivity gradually decreases or even disappears, which
suggests that butene species may also undergo methylation
and then crack to propene, which is further hydrogenated to
propane. In order to clarify the contribution of butene in
propane generation reaction, apart from butene conversion
over SSZ-13 in high-pressure H2, additional experiments of
butene conversion with DME over SSZ-13 in high-pressure H2
was also investigated. As shown in Figure 4e and Table S8,
with the introduction of DME, propane selectivity in
hydrocarbons increases, while butane selectivity decreases,
which further proves that butene could also be methylated and
then cracked to propene,30 which is further hydrogenated into
propane under high-pressure H2.
3.7. A Proposed Reaction Network for Syngas-to-

Propane. Based on all above analysis, a proposed reaction
network for propane formation with high selectivity is
illustrated in Scheme 2. First, DME is produced from syngas
over the CuZnAlOx + ZSM-5 hybrid catalyst in the upper bed.
Then, DME is transmitted to SSZ-13 in the lower bed and

C2−C4 olefins are generated by the MTO reaction. Ethylene
could be continuously converted into propane over SSZ-13 by
the following processes: at the beginning, ethylene is
protonated by Brønsted acid sites to form a C2

+ carbonium,
following a bimolecular dimerization with a second ethylene
molecule to form C4

+ carbocations, which readily isomerizes
into the other butene isomers. The C4

+ carbocations would
polymerize with the third ethylene molecule to form C6

+

intermediates, which can then crack into propylene. Addition-
ally, ethylene also can be directly methylated into propylene.
Similarly, the butene-cracking reaction over SSZ-13 catalysts is
also a complex process, which involves oligomerization-
cracking reactions of C6

+ or C8
+ intermediates to propylene

reactions. C4
= can also be methylated into a C5

+ intermediate,
which can further crack into propylene. The cracking of C6

+

and C8
+ intermediates into propylene would be accompanied

by cyclization and aromatization processes. According to the
previous literature, the naphthalene-based species, such as
polymethyl-isopropyl-naphthalenes, play a significant role in
generating propylene.30 Finally, propylene obtained by all
above reactions is hydrogenated into propane.

3.8. Catalytic Performance of Syngas-to-Propane
under Optimized Reaction Conditions. To further
investigate the reaction performance, the reaction temperature
of the lower bed catalyst, space velocity, and the H2/CO ratio
were tuned to optimize the catalytic performance of syngas-to-
propane reaction. Figure S7a shows that propane selectivity
increases with the increase of reaction temperature in the lower
bed, which is valuable for improving the efficiency of the
syngas-to-propane process. Increasing the ratio of H2/CO in
the feedstock can increase the propane selectivity and depress
the CO2 selectivity but has little effect on CO conversion

Scheme 2. Proposed Reaction Network for Syngas-to-Propane

Figure 5. Stability of syngas-to-propane reactions over (CuZnAlOx + ZSM-5)/SSZ-13. T (upper bed) = 533 K, T (lower bed) = 683 K, P = 5.0
MPa, H2/CO = 7, and GHSV = 4000 mL g−1 h−1.
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(Figure S7b). Figure S7c shows that CO conversion and
propane selectivity decrease with space velocity rising, but the
selectivity of CO2 is slightly changed. Under the optimum
reaction conditions of 533 K (upper bed), 683 K (lower bed),
5.0 MPa, H2/CO = 7/1, and GHSV = 4000 mL g−1 h−1,
(CuZnAlOx + ZSM-5)/SSZ-13 exhibits an excellent stability
within 200 h on stream (Figures 5 and S8). The propane
selectivity and CO conversion are kept at approximately 78.6%
and 93.6, respectively; meanwhile, the byproduct CO2
selectivity is suppressed as low as 11.8%. Furthermore, the
propane yield reaches as high as 65.1% in a single run.

4. CONCLUSIONS
In summary, highly selective conversion of syngas-to-propane
can be simultaneously achieved over (CuZnAlOx + ZSM-5)/
SSZ-13, a dual-bed reaction system, which consists of an upper
bed CuZnAlOx + ZSM-5 and a lower bed catalyst SSZ-13
(SiO2/Al2O3 ratio = 12.5) in the downstream. The propane in
the hydrocarbon product can reach 78.6% at CO conversion of
95.7% with less than 15% CO2 selectivity. The propane yield is
as high as 65.1%. This dual-bed reaction system exhibits an
excellent stability during the 200 h test on stream. For the
lower bed SSZ-13 catalyst, strong acid is advantageous to
propane formation and beneficial to reducing the coke
deposition rate and prolonging lifetime. Probing experiments
and DFT calculations imply that highly selective propane
formation mainly includes the MTO reaction generating C2−
C4 olefins, C4+ cracking, and ethylene and butene methylation
or oligomerization-cracking processes. Each catalyst of this
dual-bed catalyst system can operate under its optimistic
conditions. This route would provide a potential method to
synthesize one single C2+ hydrocarbon from syngas with low
CO2 emissions.
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