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O-18 or SAPO-35 in the
bifunctional catalyst for the direct conversion of
syngas to light olefins

Yuxuan Huang, Hongfang Ma, Zhiqiang Xu, Weixin Qian, Haitao Zhang
and Weiyong Ying *

SAPO-18 and SAPO-35 were synthesized and utilized as the zeotype in the bifunctional catalyst for the STO

process, respectively. SEM and Ar physisorption proved that SAPO-18 displayed abundant outer cages, and

facilitated the diffusion of the reactant and products. NH3-TPD revealed the adequate acid strength of

SAPO-18, thus ZnCrOx + SAPO-18 bifunctional catalyst showed high selectivity to light olefins during the

whole stage of the STO process. 19.9% CO conversion and 68.6% light olefins selectivity (free of CO2)

was achieved over ZnCrOx + SAPO-18(0.048) at 653 K, 1.0 MPa, GHSV ¼ 6000 mL g�1 h�1. The catalytic

performance was stable after 6000 minutes of reaction because of the good diffusibility of SAPO-18.

GC-MS and TG demonstrated that the ZnCrOx + SAPO-35 bifunctional catalyst deactivated very quickly

because of the severe formation of the heavy coke deposits, which should be attributed to the acidic

properties of SAPO-35 and the poor diffusibility originating from its 2-dimensional channel system.

Although the ZnCrOx + SAPO-35 bifunctional catalyst exhibited high CO conversion and light olefins

selectivity at the early stage of the STO process as well, its catalytic performance was unsustainable.
Introduction

Light olens (C2–4 olens) are basic chemicals in the chemical
industry, which are mainly obtained from naphtha cracking, gas
cracking and uid catalytic cracking.1 Syngas, consisting of CO and
H2, is an important platform in C1 chemistry since it can be
derived from coal, natural gas and biomass, making it a more
sustainable feedstock than crude oil.2 Thus, the direct conversion
of syngas to light olens (STO) has been investigated for decades,
known as Fischer–Tropsch synthesis (FTS). However, the selectivity
to light olens among the hydrocarbon product of FTS is limited
according to the Anderson–Schulz–Flory distribution model.3–5

Direct conversion of syngas to hydrocarbons via the reaction
coupling strategy has received intensive attraction in recent
years. The hydrocarbon distribution can be adjusted by
changing the zeolite/zeotype in the bifunctional catalyst. The
ZnCrOx + SAPO-34 bifunctional catalyst and ZnO–ZrO2 + SAPO-
34 bifunctional catalyst were rstly reported to be effective for
the STO process in 2016.6,7 CO was activated over the oxide
surface with oxygen vacancy, forming the intermediate, which
should be methanol/dimethyl ether according to the further
research studies.8,9 The intermediate was transferred to SAPO-34
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via the gas phase, and the C–C coupling occurred inside SAPO-
34 cages with acid sites. Although different metal oxides were
tested for the CO activation, SAPO-34 was themost popular zeotype
used in the bifunctional catalyst for the STO process.6,7,9–13 The
diffusion restriction which originated from the eight-ring pore
opening of SAPO-34 led to the high selectivity to C2–4 hydrocarbons
among the product, while the mild acid strength resulted in the
high olen/paraffin ratio (o/p).14 When ZSM-5 acted as the zeolite
in the bifunctional catalyst, the product of syngas conversion
would contain a major fraction of aromatics, which should be
owed to the ten-ring structure of ZSM-5.5,15,16

SAPO-18 is the silicoaluminophosphate with the AEI framework
structure. The cages of SAPO-18 and SAPO-34 are similar to each
other, but the orientation of the double six-ring unit in SAPO-18
and SAPO-34 is different.17 SAPO-18 shows the weaker acid
strength comparing with SAPO-34, and exhibits high conversion
and selectivity in themethanol-to-olens (MTO) reaction.17–19 Since
the STO reaction via the methanol/dimethyl ether intermediate
can be understood as the combination of the methanol synthesis
reaction and the MTO reaction,9 SAPO-18 has the potential to be
used as the zeotype in the bifunctional catalyst for the STO reac-
tion. The bifunctional catalyst containing AlPO-18 or low-Si AlPO-
18 displayed the satisfying catalytic performance in the STO reac-
tion.20 However, the bifunctional catalyst containing high content
SAPO-18 has not been investigated.

SAPO-35 is the silicoaluminophosphate with the structure of
levyne (LEV).21,22 The cages in SAPO-35 are accessible through
eight-ring windows, which is similar to SAPO-18. SAPO-35 has
© 2021 The Author(s). Published by the Royal Society of Chemistry
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been considered as a potential MTO catalyst and received some
attentions in recent years.23–25 Meanwhile, SAPO-35 deactivates
faster than SAPO-18 during the MTO process. A recent research
pointed out that the co-feeding H2 during the MTO reaction
could effectively prolong the catalytic lifetime of the MTO
catalyst.8 Since syngas consists of H2 and CO, it is interesting to
discuss the behaviour of the bifunctional catalyst containing
SAPO-35 during the STO process under the H2-rich atmosphere.

Herein, the bifunctional catalysts for the STO process con-
taining SAPO-18 or SAPO-35 were prepared. ZnCrOx was the
metal oxide, while SAPO-18 and SAPO-35 with different Si
content were tested. XRD, ICP-OES, SEM and Ar physisorption
were used to characterize the structure of the sample. The acidic
properties were investigated by NH3-TPD, and the carbonaceous
species retained in the spent bifunctional catalysts aer the STO
reactions were analyzed by TG and GC-MS.

Experimental
Synthesis of ZnCrOx

ZnCrOx was prepared by the co-precipitation method, which fol-
lowed the same procedure in our previous work.26 Zn(NO3)$6H2O
and Cr(NO3)$9H2O were dissolved in the deionized water, and the
concentration of Zn2+ and Cr3+ were both 0.5mol L�1. Ammonium
carbonate was used as the precipitant. (NH4)2CO3 aqueous solu-
tion was heated to 343 K and the nitrate solution was added
dropwise under the same temperature until the pH value of the
suspension reached 7.0. Aer aging for 3 h under 343 K, the
suspension was ltrated and washed for 7 times, followed by
drying at 383 K overnight. At last, the calcination was proceeded at
773 K for 1 h under the static air, and ZnCrOx was obtained.

Synthesis of SAPO-18

SAPO-18 was prepared by the hydrothermal synthesis.27,28 Fumed
silica, aluminium isopropoxide and 85% H3PO4 were used as
the source of Si, Al and P, while the template was 35% tetraethy-
lammonium hydroxide (TEAOH) aqueous solution. The
gel composition was SiO2 : Al2O3 : H3PO4 : TEAOH : H2O ¼
a : 1 : 8 : 8 : 147, where a variedwith the different Si content. Fumed
silica was added to the 35% TEAOH aqueous solution, followed by
the addition of the deionized water. Subsequently, aluminium iso-
propoxide was added to the suspension under the agitation. Aer
stirring for 1 h, 85% H3PO4 was added. Orthophosphoric acid
should be added slowly (about 0.3 g min�1) to prevent the aggre-
gation, and another one-hour agitation was proceeded. The gel was
placed in the PTFE-lined stainless-steel autoclave, and the autoclave
was kept at 433 K for 12 h under 100 rpm rotation. The result
suspension was washed by centrifuging with deionized water until
the supernatant was neutral. Aer being dried at 383 K overnight,
the sample was calcined at 873 K for 4 h with 300mLmin�1 air. The
obtained sample was denoted as SAPO-18(x), where x represented
the molar ratio of Si/(Si + Al + P) according to the ICP-OES result.

Synthesis of SAPO-35

SAPO-35 was prepared by the hydrothermal synthesis.24 30%
silica sol, Al(OH)3$xH2O (53.57% Al2O3) and 85% H3PO4 were
© 2021 The Author(s). Published by the Royal Society of Chemistry
used as the source of Si, Al and P, while the template was hex-
amethyleneimine (HMI). The gel composition was
SiO2 : Al2O3 : H3PO4 : HMI : H2O ¼ b : 2 : 4 : 3 : 110, where
b varied with the different Si content. Al(OH)3$xH2O was dispersed
in the deionized water. 85% H3PO4 was added dropwise, followed
by the two-hour agitation. Subsequently, 30% silica sol was added
dropwise. Aer stirring for 1 h, HMI was added and the mixture
was aged for 1 h. The gel was placed in the PTFE-lined stainless-
steel autoclave, and the autoclave was kept at 473 K for 24 h
under 100 rpm rotation. The result suspension was washed by
centrifuging with deionized water until the supernatant was
neutral. Aer being dried at 383 K overnight, the sample was
calcined at 873 K for 6 h with 300 mL min�1 air. The obtained
sample was denoted as SAPO-35(y), where y represented the molar
ratio of Si/(Si + Al + P) according to the ICP-OES result.

Catalyst characterization

D/MAX 2550 VB/PC diffractometer was used to carry out the X-
ray powder diffraction (XRD) tests. Cu Ka radiation (40 kV
and 100 mA) was the X-ray source.

Agilent 725 ICP-OES instrument was used to perform the
inductively coupled plasma optical emission spectrometer (ICP-
OES) test. The zeotype were dissolved by hydrouoric acid.

FEI Inspect F50 scanning electron microscope with 10 kV
accelerating voltage was used to proceed the scanning electron
microscopy (SEM) measurements.

Argon physisorption was carried out on theMicromeritics ASAP
2020 surface area and porosity analyzer. Before the adsorption test,
the sample was degassed at 573 K for 10 hours. Argon phys-
isorption was proceeded in liquid argon bath and the liquid argon
level was held by a polymer coating. The total surface area was
calculated by the BET equation. The micropore area and the
external surface area were determined by the t-plot method.

Ammonia temperature programmed desorption (NH3-TPD) tests
were proceeded on the Micromeritics AutoChem II 2920 chemi-
sorption analyzer. 0.1 g sample was pretreated at 873 K for 1 h under
the owing He. Aer cooling down to 333 K (or 473 K) and keeping
for 30 minutes, the adsorption of ammonia was proceeded in the
owing 10% NH3/He for 30 minutes at 333 K (or 473 K). The excess
ammonia was purged by the owing He for 30 minutes. Subse-
quently, TCD signal was recorded as the temperature rising to 873 K
at the heating rate of 10 K min�1 in the owing He.

Gas chromatography-mass spectrometry (GC-MS) tests were
carried out by the Agilent 7890A and Agilent 5975C GC-MS
instrument with the HP-5 capillary column. The spent bifunc-
tional catalyst was dispersed in the deionized water. The zeo-
type was dissolved by hydrouoric acid and the soluble
carbonaceous species was extracted by dichloromethane.

Thermogravimetric analysis was proceeded on the Thermo-
Fisher Thermax 400 instrument. The sample was heated from
the room temperature to 1173 K with 100 mL min�1 air at the
heating rate of 10 K min�1.

Catalytic performance test

Catalytic performance tests of the bifunctional catalyst for the
STO reaction were performed in the x-bed stainless-steel
RSC Adv., 2021, 11, 13876–13884 | 13877
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Table 1 Textural properties of SAPO-18 and SAPO-35

Sample SBET (m2 g�1) Smic (m
2 g�1) Sext (m

2 g�1) Sext/SBET

SAPO-18(0.030) 500 410 90 18%
SAPO-18(0.048) 499 391 108 22%
SAPO-18(0.054) 496 350 146 29%
SAPO-35(0.11) 399 371 28 7%
SAPO-35(0.17) 387 338 49 13%
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reactor with the quartz lining. ZnCrOx and zeotype (SAPO-18 or
SAPO-35) with the same particle size (250–425 mm) were
weighed aer being dried by a far-infrared dryer. 340 mg
ZnCrOx and 170 mg zeotype underwent thorough mixing before
being loaded in the reactor. The catalyst was reduced under
atmospheric H2 at 583 K for 180 minutes, and the catalytic
performance test was proceeded at 653 K, 1.0 MPa & GHSV ¼
6000 mL g�1 h�1 for 800 minutes. The H2/CO ratio was 2, and
10% N2 was used as the internal standard. The product
underwent a cold trap (273 K) before being analyzed by an
online Agilent 7890A GC equipped with HayeSep Q column,
MolSieve 5A column and HP-AL/S column. No liquid was
collected aer 800 minutes of reaction and the carbon balance
was higher than 98%.

CO conversion was determined by the following equation.26

XCO ¼ NCO;in �NCO;out

NCO;in

� 100% (1)

where NCO,in andNCO,out represented the molar ow of CO at the
inlet and outlet, respectively.

CO2 selectivity was determined by the following equation.

SCO2
¼ NCO2 ;out

NCO;in �NCO;out

� 100% (2)

where NCO2,out represented the molar ow of CO2 at the outlet.
Fig. 1 XRD patterns of SAPO-18 and SAPO-35.

13878 | RSC Adv., 2021, 11, 13876–13884
The hydrocarbon distribution of the individual hydrocarbon
CiHj was determined by the following equation.

SCiHj
¼ iNCiHj ;out

Pn

1

iNCiHj ;out

� 100% (3)

where NCiHj,out represented the molar ow of CiHj at the outlet.
Results and discussion
Structure and acidic property

Fig. 1 displayed the XRD patterns of SAPO-18 and SAPO-35. All
SAPO-18 samples showed the diffraction peaks of the AEI
structure. The peak of 2q ¼ 10.6� was the major difference
between the AEI structure and the CHA structure, which proved
the formation of SAPO-18. The diffusion channel system of
SAPO-18 was 3-dimensional. The reactant and product could
diffuse to other six cages from the central cage through the 8-
ring windows and further diffuse to the whole framework, thus
even if the individual 8-ring window was blocked, the whole
channel system would still remain its function. SAPO-35 with
different Si content showed the diffraction peaks of the LEV
structure, which meant the successful synthesis of SAPO-35.29

The diffusion channel system of SAPO-35 was 2-dimensional.
The reactant and product could only diffuse to other three cages
located in the same plane from the central cage through the 8-
ring windows, which made the channel system is more likely to
be blocked during the reaction.
Fig. 2 SEM pictures of SAPO-18. (A) SAPO-18(0.030), 200 000�; (B)
SAPO-18(0.048), 200 000�; (C) SAPO-18(0.054), 200 000�; (D)
SAPO-18(0.030), 10 000�; (E) SAPO-18(0.048), 10 000�; (F) SAPO-
18(0.054), 10 000�.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM pictures of SAPO-35. (A) SAPO-35(0.11), 200 000�; (B)
SAPO-35(0.17), 200 000�; (C) SAPO-35(0.11), 10 000�; (D) SAPO-
35(0.17), 10 000�.
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Table 1 showed the total surface area remained stable
among SAPO-18 with different Si content, while the external
surface area and its proportion kept growing as the increase
of Si content, which should facilitate the diffusion of the
reactant and product. However, the micropore surface
became smaller at the same time. SAPO-35 showed the lower
external surface area and its proportion than SAPO-18, which
indicated the weaker diffusion ability of the reactant and
product.
Fig. 4 NH3-TPD profiles of SAPO-18 and SAPO-35. (A) NH3 adsorption

© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. 2A–C revealed that all the SAPO-18 samples were composed
of the sheet-like particles. The diameter of the particles was 200–
300 nm, while the thickness was around 30 nm. Although the
nanosized particles would be gathered to the micrometer-scale
aggregation (Fig. 2D–F), the nanosized particles were stacked
loosely, which could hardly inhibit the diffusion of the reactant
and product. In addition, the cracks over the surface of the
nanosized particles weremore obvious as the Si content increasing
in SAPO-18, which was in accord with the increasing external
surface area detected by Ar physisorption. As shown in Fig. 3,
SAPO-35 was composed of the micrometer-scale particles. The
surface of the particle was rough, which could explain its high
external surface area proportion (7–13%) comparing with other
micrometer-scale zeotype particles with the similar morphology
(4–5%).26

NH3-TPD was used to investigate the acidic properties of the
zeotype. Fig. 4A indicated that all the zeotype samples showed
two ammonia desorption peaks, which corresponded to the
weak acid sites and the strong acid sites, respectively.30 Since
the catalytic performance of the zeotype mainly related with the
strong acid sites, the inuence of the weakly held ammonia was
eliminated by carrying out the ammonia adsorption at 473 K.
Fig. 4B elucidated that the desorption peaks corresponding to the
strong acid sites in SAPO-18 were located among 560–573 K, sug-
gesting that the strong acid strength of SAPO-18 was mild. The
desorption peaks corresponding to the strong acid sites in SAPO-
35 were located around 623 K, revealing that the acid strength of
SAPO-35 was stronger than SAPO-18. As shown in Table 2, the
strong acid amount of SAPO-18(0.048) is higher than SAPO-
18(0.030), which should be obliged to the higher Si content.
However, the strong acid amount decreased in SAPO-18(0.054),
at 333 K; (B) NH3 adsorption at 473 K.

RSC Adv., 2021, 11, 13876–13884 | 13879
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Table 2 Strong acid amount of SAPO-18 and SAPO-35a

Sample
Strong acid amount
(10�6 mol g�1)

SAPO-18(0.030) 214
SAPO-18(0.048) 278
SAPO-18(0.054) 249
SAPO-35(0.11) 850
SAPO-35(0.17) 885

a The calculation was based on the desorption peaks in Fig. 4B.
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which should be related to the decrease of its micropore surface.
Since the acid sites of SAPO-18 located in the micropore, the drop
of the micropore surface would impair the existence of the acid
sites. SAPO-35 displayed the higher strong acid amount than
SAPO-18.
Fig. 5 Soluble carbonaceous species retained in the spent bifunc-
tional catalyst. 1-Toluene; 2-xylenes; 3-trimethyl-benzenes; 4-tetra-
methyl-benzenes; 5-naphthalenes; 6-pentamethyl-benzenes; 7-
methyl-naphthalenes; 8-dimethyl-naphthalenes; 9-hexamethyl-
benzenes.
Carbonaceous species and its distribution

Methyl-benzenes and methyl-naphthalenes were generally
considered as the active intermediate during the MTO
process.31 Since the STO process could be understood as the
combination of the methanol synthesis reaction and the MTO
reaction with H2 co-feeding, the carbonaceous species retained
in the spent bifunctional catalyst for the STO process should be
similar to the intermediates formed in the zeolite/zeotype cages
during the MTO process. Trimethyl-benzenes and the heavier
benzenes, along with naphthalenes, were the main carbona-
ceous species retained in the spent bifunctional catalyst for the
STO process according to our previous work.26 As shown in
Fig. 5, the carbonaceous species retained in the spent ZnCrOx +
SAPO-35 bifunctional catalyst aer 800minutes of reaction were
mainly dimethyl-benzenes and methyl-benzene, while little
trimethyl-benzenes existed. The generally accepted intermedi-
ates for the MTO process were almost exhausted. Meanwhile,
the carbonaceous species retained in the spent ZnCrOx + SAPO-
18 bifunctional catalyst were mainly tetramethyl-benzenes,
trimethyl-benzenes and pentamethyl-benzenes, which were
highly active intermediates during the MTO process.31

Fig. 6A manifested that the total carbonaceous species
retained in the spent ZnCrOx + SAPO-35 bifunctional catalyst
was higher than those retained in the spent ZnCrOx + SAPO-
18 bifunctional catalyst. Fig. 6B revealed that the carbona-
ceous species retained in the spent ZnCrOx + SAPO-35
bifunctional catalyst were mainly heavy coke deposits,
which related with the deactivation and hard to be extracted by
CH2Cl2, thus very little soluble carbonaceous species was detected
by GC-MS. The coke formation over ZnCrOx + SAPO-35 bifunc-
tional catalyst was more severe than ZnCrOx + SAPO-18 bifunc-
tional catalyst during the STO process, which should be owing to
the stronger acidity strength, the higher acid amount and the
weaker diffusion ability of SAPO-35. The strong acidity strength
and the high acid amount provided plenty of sites for carbona-
ceous species formation, while the diffusion of reactant and
product was restricted, subsequently led to the severe formation of
insoluble coke.
13880 | RSC Adv., 2021, 11, 13876–13884
Catalytic performance and the structure–performance
relationship

As shown in Table 3, all the bifunctional catalysts containing
SAPO-18 or SAPO-35 displayed high CO conversion and high
selectivity to light olens (free of CO2) at the early stage (TOS
¼ 20 min) of the STO process. 19.9% CO conversion and
68.6% light olens selectivity (free of CO2) was achieved over
ZnCrOx + SAPO-18(0.048) bifunctional catalyst at 653 K,
1.0 MPa, GHSV ¼ 6000 mL g�1 h�1. As the reaction progress,
CO conversion decreased to 14.1% and light olens selec-
tivity (free of CO2) raised to 84.4% aer 800 minutes of
reaction. The catalytic performance was stable within 6000
minutes of reaction (Fig. 7). As shown in Table 4, ZnCrOx +
SAPO-18(0.048) bifunctional catalyst showed the highest CO
conversion among all the ZnCrOx + SAPO-18 bifunctional
catalyst at the stable period (TOS ¼ 800 min) of the reaction,
which should be owed to the adequate textural property and
strong acid amount of SAPO-18(0.048). Comparing with
SAPO-18(0.030), SAPO-18(0.048) displayed higher strong acid
amount and the higher proportion of the external surface,
exposing more outer cages and facilitating the diffusion of
the reactant and product, which was benecial to maintain
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TG profiles (A) and DTG profiles (B) of the spent bifunctional catalyst (TOS ¼ 800 min).
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the high activity of the bifunctional catalyst during the STO
process. However, the proportion of the external surface in
SAPO-18(0.054) was too high, which corresponded to the
reduced micropore surface and strong acid amount, resulting
in the decrease of activity. This deduction was in good
consistence with the slightly decreased desorption peak area
and desorption peak temperature of SAPO-18(0.054) in the
NH3-TPD experiment (Fig. 4B & Table 2) comparing with
SAPO-18(0.048). The defect on the surface of SAPO-18(0.054)
implied that the excess proportion of the external surface
slightly damaged the particle structure (Fig. 2).

The high selectivity to light olens (free of CO2) over
ZnCrOx + SAPO-18 bifunctional catalyst at the early stage
should be attributed to the appropriate acid strength of
SAPO-18. The acid strength of SAPO-18 was weak, thus the
hydrogen transfer reaction during the induction period was
inhibited. Since the STO process via the oxide-zeolite strategy
Table 3 Catalytic performance of the STO reaction over the bifunction

Zeotype in bifunctional
catalyst CO conversion (%)

Hydrocarbon d

CH4 C2–

SAPO-18(0.030) 17.2 1.6 75.1
SAPO-18(0.048) 19.9 2.3 68.6
SAPO-18(0.054) 18.2 1.8 69.9
SAPO-35(0.11) 16.5 9.7 75.1
SAPO-35(0.17) 13.9 7.1 74.2

a Reduction condition: 583 K, atmospheric H2, GHSV ¼ 6000 mL g�1 h�1

20 min, H2/CO/N2 ¼ 6/3/1, OX/ZEO ¼ 2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
could be understood as the combination of the methanol
synthesis reaction and the MTO reaction with H2 co-feeding,
the inhibition of the hydrogen transfer reaction at the
induction period in the MTO process should be benet to
increase the light olens selectivity (free of CO2) at the early
stage in the STO process.

ZnCrOx + SAPO-35(0.11) displayed 16.5% CO conversion
and 75.1% light olens selectivity (free of CO2) at 653 K,
1.0 MPa, GHSV ¼ 6000 mL g�1 h�1 and TOS ¼ 20 min. The
olen/paraffin (o/p) ratio was 6.54. However, the activity of
ZnCrOx + SAPO-35(0.11) bifunctional catalyst decreased very
quickly. CO conversion dropped to 5.68%, while the selec-
tivity to light olens among the hydrocarbon products
decreased to 57.1% aer only 100 minutes of reaction. As the
reaction progress, the deactivation became deeper, which
made the discussion based on the catalytic performance over
al catalyst (TOS ¼ 20 min)a

istribution (%)

CO2 selectivity (%) C2–4 o/p4] C2–4
�

C5+

11.6 11.8 49.9 6.5
16.2 12.9 49.2 4.2
13.0 15.4 49.4 5.4
11.5 3.7 47.4 6.5
17.7 1.0 46.9 4.2

. Reaction condition: 653 K, 1.0 MPa, GHSV ¼ 6000 mL g�1 h�1, TOS ¼
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Fig. 8 CO conversion along with the reaction progress over ZnCrOx +
SAPO-35 bifunctional catalyst.Fig. 7 Stability test of the catalytic performance for the STO reaction

over ZnCrOx + SAPO-18(0.048) bifunctional catalyst. Reduction
condition: 583 K, atmospheric H2, GHSV ¼ 6000 mL g�1 h�1. Reaction
condition: 653 K, 1.0 MPa, GHSV¼ 6000mL g�1 h�1, TOS¼ 6000min,
H2/CO/N2 ¼ 6/3/1, OX/ZEO ¼ 2.
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ZnCrOx + SAPO-35 bifunctional catalyst at TOS ¼ 800 min
meaningless (Fig. 8).

The lifetime of ZnCrOx + SAPO-35 bifunctional catalyst was
short, thus the induction period was condensed and the stable
period came earlier, resulting in the high selectivity to light
olens at TOS¼ 20min. However, this kind of high selectivity to
light olens was unsustainable. Since the aromatics were the
essential intermediate during the MTO process,9,32 while
benzenes and naphthalenes had the potential to develop into
the polyclinic aromatics, the 2-dimensional channel system of
SAPO-35 would be blocked easily. The MTO reaction which
occurred in the zeotype consumed methanol, provided the
thermodynamic driving force to the CO activation over the
metal oxide and led to the high CO conversion during the STO
process. The block of the zeotype would impair the methanol
consumption, and weaken the thermodynamic driving force,
resulting in the lower CO conversion during the STO process.
Although the H2-rich atmosphere could slow down the evolu-
tion of coke species and prolong the catalytic lifetime,8 the
bifunctional catalyst containing SAPO-35 still showed the short
lifetime. The block of the channel system would facilitate the
formation of the larger coke compounds and graphitic deposits,
Table 4 Catalytic performance of the STO reaction over ZnCrOx + SAP

Zeotype in bifunctional
catalyst

CO conversion
(%)

Hydrocarbon dis

CH4 C2–

SAPO-18(0.030) 12.4 3.5 85.6
SAPO-18(0.048) 14.1 3.3 84.4
SAPO-18(0.054) 12.4 4.3 82.7

a Reduction condition: 583 K, atmospheric H2, GHSV ¼ 6000 mL g�1 h�1

800 min, H2/CO/N2 ¼ 6/3/1, OX/ZEO ¼ 2.

13882 | RSC Adv., 2021, 11, 13876–13884
leading to the fast catalyst deactivation.33 The absence of the
active intermediates retained in the spent ZnCrOx + SAPO-35
bifunctional catalyst was consistent with the deactivation aer
800 minutes of reaction.

The lifetime of ZnCrOx + SAPO-35 bifunctional catalyst
was short because of the severe coke formation originated
from the acidic strength, acid amount and 2-dimensional
channel system of SAPO-35. Thus, the stable period came
early, resulting in the high CO conversion and high selec-
tivity to light olens at the early stage of the process.
However, this kind of catalytic performance was unsustain-
able. ZnCrOx + SAPO-35 bifunctional catalyst would deacti-
vate very quickly.

The 3-dimensional channel system of SAPO-18 and the
nanosized sheet-like morphology of SAPO-18 particles facil-
itated the diffusion of the reactant and products, resulting in
the lower content of total carbonaceous species retained in
the spent ZnCrOx + SAPO-18 bifunctional catalyst comparing
with the spent ZnCrOx + SAPO-35 bifunctional catalyst
(Fig. 6A), and led to the sustainable catalytic performance
within 6000 minutes of reaction. Meanwhile, the acid
strength of SAPO-18 was weak, resulting in the high selec-
tivity to light olens during the whole period of the STO
process, including the induction period and the stable
period.
O-18 bifunctional catalyst (TOS ¼ 800 min)a

tribution (%)
CO2 selectivity
(%) C2–4 o/p4] C2–4

�
C5+

3.7 7.3 52.0 23.3
4.1 8.2 51.5 20.6
4.3 8.6 51.9 19.5

. Reaction condition: 653 K, 1.0 MPa, GHSV ¼ 6000 mL g�1 h�1, TOS ¼

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

The appropriate acid strength of SAPO-18 resulted in the high
selectivity to light olens during the whole period of STO
process over ZnCrOx + SAPO-18 bifunctional catalyst. The 3-
dimensional channel system and the nanosized sheet-like
morphology of SAPO-18 facilitated the diffusion of the reac-
tant and product, thus the carbonaceous species retained in the
SAPO-18 cages were highly active methyl-benzenes, making the
catalytic performance over ZnCrOx + SAPO-18 bifunctional
catalyst sustainable. The strong acidic strength and acid
amount of SAPO-35 facilitated the carbonaceous species
formation, and the 2-dimensional channel system of SAPO-35
inhibited the diffusion, thus mass heavy coke deposits gener-
ated, and severely shortened the lifetime of ZnCrOx + SAPO-35
bifunctional catalyst. As the consequence, the stable period of
the STO process came early, displaying high CO conversion and
high selectivity to light olens. However, this was an unsus-
tainable catalytic performance as ZnCrOx + SAPO-35 bifunc-
tional catalyst deactivated very quickly. ZnCrOx + SAPO-18
bifunctional catalyst and ZnCrOx + SAPO-35 bifunctional cata-
lyst both displayed high CO conversion and high selectivity to
light olens at the early stage of the STO process. 19.9% CO
conversion and 68.6% light olens selectivity (free of CO2) was
achieved over ZnCrOx + SAPO-18(0.048). CO conversion was
stable aer 6000 minutes of reaction and the selectivity to light
olens was high throughout the whole period during the STO
process.
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