
This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
author guidelines.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the ethical guidelines, outlined 
in our author and reviewer resource centre, still apply. In no 
event shall the Royal Society of Chemistry be held responsible 
for any errors or omissions in this Accepted Manuscript or any 
consequences arising from the use of any information it contains. 

Accepted Manuscript

rsc.li/njc

NJC
New Journal of Chemistry  A journal for new directions in chemistry
www.rsc.org/njc

ISSN 1144-0546

PAPER
Jason B. Benedict et al.
The role of atropisomers on the photo-reactivity and fatigue of 
diarylethene-based metal–organic frameworks

Volume 40 Number 1 January 2016 Pages 1–846

NJC
New Journal of Chemistry  A journal for new directions in chemistry

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  G. Raveendra, C.

Li, Y. Cheng, F. Meng and Z. Li, New J. Chem., 2018, DOI: 10.1039/C7NJ04734G.

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c7nj04734g
http://pubs.rsc.org/en/journals/journal/NJ
http://crossmark.crossref.org/dialog/?doi=10.1039/C7NJ04734G&domain=pdf&date_stamp=2018-02-08


1 

 

Direct Transformation of Syngas to Lower Olefins synthesis over 

Hybrid Zn-Al2O3/SAPO-34 Catalysts 

G. Raveendra, Congming Li*, Yang Cheng, Fanhui Meng and Zhong Li* 

Key Laboratory of Coal Science and Technology,  Ministry of Education and Shanxi 

Province, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China 

Abstract 

Syngas is a key platform chemical for the utilization of non-petroleum carbon 

resources. Therefore, a great attention has been paid to the syngas conversion to value added 

chemicals, such as lower olefins (C2-C4
=
), liquefied petroleum gas (LPG), gasoline and 

aromatics. Among these value added chemicals the lower olefins is a promising chemicals, 

and the direct synthesis of lower olefins from syngas was investigated over a series of hybrid 

catalysts composed of Zn-M catalysts (M=Al2O3, ZrO2, Cr2O3 and CeO2) and SAPO-34 

zeolite. The Zn-M catalysts and different Si/Al ratio of SAPO-34 zeolites were synthesized 

by co-precipitation and hydrothermal methods, respectively. The aim of the present study the 

influence of various supports on the catalytic performance of in this reaction. The catalysts 

were well characterized by X-ray diffraction (XRD), SEM, ICP-AES, BET surface area, 

NH3-TPD, CO2-TPD, FT-IR, TEM-EDS and H2-TPR techniques. NH3-TPD results showed 

that with the increase of Si/Al ratio in SAPO-34 zeolite the catalysts exhibit higher acidity 

due to higher amount of silica content. From the H2-TPR and XRD results suggested that the 

Zn/Al2O3 catalyst shows strong metal support interactions it is favorable for the higher 

activity. Various factors that affect the catalytic activity, including reaction pressure, catalysts 

weight ratio, SiO2/Al2O3 ratio and integration manner of both active components were 

investigated. These results clearly demonstrated that Si/Al ratio in SAPO-34 catalyst had a 

predominant effect on lower olefins selectivity. The Zn/Al2O3 with SAPO-34(0.043) catalyst 
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showed excellent lower olefins selectivity (80%). For the integration manner of hybrid 

catalysts, the highest activity was obtained when the powders of both Zn/Al2O3 and SAPO-34 

catalysts was grinded in a mortar for 10 min and pelletized. While the sequential bed and 

granule mixing of Zn/Al2O3 and SAPO-34 catalyst showed less amount of lower olefins 

selectivity, indicating that appropriate proximity of active components favor the lower olefins 

selectivity.  

Keywords: Lower olefins, Syngas, Zn-Al2O3, SAPO-34 

 

Corresponding authors: Congming Li; Zhong Li, Email:licongming0523@163.com; 

lizhong@tyut.edu.cn 

1. Introduction 

The lower olefins such as ethylene, propylene and butylenes are very important 

chemicals and these are used in petrochemical industry as key building blocks. This can be 

used for to synthesize value added chemicals such as polymers, solvents and drugs. The 

lower olefins are mainly synthesized by catalytic cracking of naphtha, gas oil and light 

alkanes.
1, 2 The rapid depletion of petroleum resources that serve as the source of these 

hydrocarbons, there is an urgent need for the development of direct synthesis processes which 

can produce lower olefins from alternative feedstock’s.
3, 4 The production of lower olefins is 

more than 120 million metric tons per year.
1 

Syngas converted into lower olefins by three 

different routes: (1) Fischer-Tropsch (FT) Synthesis, (2) Syngs to olefins via ketene 

intermediate (3) Syngas to olefins via methanol intermediate. FT-Synthesis route is a well 

known process for the transformation of syngas to olefins synthesis. Long time onwards 

many scientists have studied for FT synthesis route mostly on Fe based catalysts.
5, 6 However, 

the lower olefins selectivity is limited because of Anderson–Schulz–Flory distribution(ASF). 

Another indirect route is syngas to lower olefins synthesis via dimethyl ether or methanol 

intermediate.
7
 The production of lower olefins roared for the development of efficient and 
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applicable strategies to achieve high selectivity, thermal stability and longer life time.
8, 9 

Indirect synthesis route, the development of a hybrid catalyst, combining a Zn based 

methanol synthesis catalyst and SAPO-34 as a methanol to lower olefins synthesis catalyst, 

are well suited for the lower olefins synthesis, in this process first syngas converted into 

CH3OH and then methanol selectively converted into lower olefins. This is a promising route 

for selective conversion of syngas to lower olefins synthesis in a single step process. Such a 

direct synthesis route could take advantage for lower olefins synthesis, as a result of high 

selectivity of lower olefins at lower reaction pressure.10 Generally most of the previous 

publications from syngas to methanol synthesis over copper based catalysts used at lower 

reaction temperatures. As we well known, Cu based catalysts are sensitive to reaction 

temperature easy to sintering and leading to deactivation of catalyst particularly at higher 

reaction temperatures of >300
o
C.

11
 Generally most of the mixed metal oxides are inactive and 

rarely been used for CO hydrogenation, they are mainly used as a promoters and supports for 

metal catalysts.
12, 13

 The above mentioned drawbacks of Cu based catalysts, first Wang et.al 

selected Zn metal as an active site component for the one pot synthesis of lower olefins from 

syngas at high reaction temperatures.
18 

In methanol synthesis ZnO as an active site, and the 

role of Al2O3was attributed to spinel formation, which can be prevented the sintering of ZnO 

crystallites with high surface area and better distribution of ZnO particles.
14

 The direct 

synthesis of lower olefins (C2
=
–C4

=
) from syngas with high selectivity (>60%) is a big 

challenge. But recently, some of the researchers they break through the ASF distribution to 

achieved high selectivity of lower olefins. For eg. (1) FT-Synthesis route, Torres Galviz et al. 

reported that Fe based catalysts gave lower olefins (C2
=
–C4

=
)selectivity of 61%.

3 
Zhong et al. 

found that cobalt carbide nanoprism catalysts gave lower olefins with a selectivity of 

61%
15

,(2) Ketene intermediate route, Zhu et al
16

 reported MnO/MSAPO-34 catalyst showed 

the selectivity of C2
=
–C4

=
is 79.2%. Jiao et al

17 
reported Zn-Cr2O3/SAPO-34 catalyst gave the 
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selectivity of lower olefins is about 80%. (3) Methanol intermediate route, Cheng et al
18

 

reported Zn-ZrO2/SAPO-34 catalyst for syngas to lower olefins synthesis the selectivity of 

C2
=
–C4

=  
is only 63%. 

In the present work, the nano sized SAPO-34 zeotype with different Si/Al ratio was 

synthesized by hydrothermal method. The Zn supported catalysts were synthesized by co-

precipitation method. Here we report the direct transformation of syngas to lower olefins 

synthesis via methanol intermediate in a fixed-bed single reactor. The 2 µm nano sized 

SAPO-34(0.043) zeolite with combination of Zn/Al2O3 as a hybrid catalyst exhibits high 

activity. Our intension is high activity means in terms of selectivity of the lower olefins 

(80%) when the conversion level of CO is low compared to the previous literature.
18

 Our 

results also supported from the previous literature for eg. Guangrui Chen et al reported that 

the nano-sized SAPO-34 catalysts exhibit remarkably prolonged lifetimes and high selectivity 

of ethylene and propylene.
19 

Qiming Sun et al reported nanosheet like SAPO-34 with lower 

silicon content of sample exhibited the longer catalyst lifetime and the lowest coking rate in 

the MTO reaction.
20

 However, to the best of our knowledge, there is no work dealing with 

syngas to lower olefins synthesis over Zn-Al2O3/SAPO-34(1:2) catalysts. Our results clearly 

demonstrate that reducing the silicon contents of 2 µm nano sized SAPO-34(0.043) zeolite 

which exhibits high selectivity of lower olefins. Among the different supported Zn catalysts 

the Zn/Al2O3catalyst is synergistically interacted with SAPO-34 zeolite which exhibits high 

catalytic activity. These activity results were correlated with XRD, H2-TPR, NH3-TPD, CO2-

TPD and BET surface area. 

2.0 Experimental 

2.1. Chemicals 

Zinc nitrate hexahydrate (Zn(NO3)2. 6H2O), aluminium nitrate nonahydrate Al(NO3)3. 

9H2O) and anhydrous sodium carbonate (Na2CO3) were provided by Beijing reagent factory, 
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China. Phosphoric acid (H3PO4, 85wt%,), aluminium iso-propoxide (Al(OPri)3, 99.5wt%, 

tetraethyl ammonium hydroxide solution (TEAOH, 35wt%, Alfa Aesar), and colloidal silica 

(40wt%, Aldrich).  

2.2 Catalyst preparation 

2.2.1 Synthesis of Zn/Al2O3 catalyst 

The weight ratio of 1:3 Zn-X (X=Al2O3, ZrO2, Cr2O3 and CeO2) catalysts was 

prepared by co-precipitation method. The required quantity of aqueous solutions containing 

Zn(NO3)2.6H2O, different supported metal nitrates and Na2CO3 solution were simultaneously 

added into a 1000 ml beaker at 65°C by using peristaltic pump. The resulting solution was 

stirred continuously and the pH value is kept for 7.0 by adjusting the addition of two 

solutions. After completion of the precipitation step the obtained precipitate was aged for 2h. 

Then, the precipitate was filtered and washed with deionized water to remove sodium ions. 

The filtered cake was dried in oven at 100°C for 12 h and subsequently calcined at 400°C for 

4 h in a muffle furnace. 

2.2.2. Synthesis of nano-sized SAPO-34 zeolite catalysts 

The SAPO-34 zeolite was synthesized by hydrothermal method reported in the 

previous literature.
20 The molar composition of the gels 1.0Al2O3: 1.2P2O5: 2.0TEAOH: 

XSiO2: 40H2O (X = 0.2, 0.4 and 0.6). In the first step aluminium isopropoxide was mixed 

with TEAOH (35%) solution and deionized water, after stirring the mixture until dissolved 

completely.Then, phosphoric acid was added drop wise and stirred for 2 h. Finally, colloidal 

silica (Ludox-40%) was added. The resulting mixture was further stirred for 1 h.The resulting 

synthesis gel was transferred into a 100 ml Teflon-lined stainless steel autoclave. The gel was 

crystallized in oven at 170
o
C for 72 h. After crystallization, the slurry was washed several 

times with deionized water and finally washed with ethanol, dried in oven at 80
o
C over night 

followed by calcination in a muffle furnace at 550
o
C for 6 h. 
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The hybrid catalysts were prepared by the following procedure. The required amounts 

of methanol synthesis catalyst with SAPO-34 zeolite was prepared by grinded the mixture of 

two powders in an agate mortar at a mass ratio of 1:2 (w/w) to form homogeneous hybrid 

catalyst, followed by pressing the mixture into tablets and crushed into 20-40 mesh particle 

size before the reaction. 

2.3. Characterization 

XRD pattern was recorded to determine the crystalline phase composition of the 

sample using German Bruker D4 X-ray diffractometer with Ni-filtered Cu Kα radiation 

(40 kV, 30 mA,) and the metal oxide catalysts the scan range was 2θ = 5–80° and SAPO-34 

zeolites the scan range was 5-50
o 

with a scanning rate of 8°/min. 

The morphology of catalysts was studied by scanning electron microscopy (SEM) on 

a JEOL scanning electron microscope. 

FT-IR experiments were carried out in Germany BRUKER TENSOR infrared 

spectroscopy. The KBr pellet and the sample were mixed and ground in a mortar, the weight 

ratio of KBr and sample is 100: 1 for determination of functional groups in the sample. 

TEM and high-resolution TEM (HRTEM) experiments were performed on a JEOL 

JEM-2100 electron microscope, operating at 200 kV.The powder samples were ultrasonically 

dispersed in ethanol at room temperature for 30 min and transferred onto a carbon-coated 

copper grid by dipping.  

The N2 adsorption–desorption measurements were carried out on a Micromeritics 

2020 analyzer at -195.65
o
C, after the sample was degassed at 350

o
C under vacuum. The total 

surface area was calculated based on the BET equation. The micropore volume, external 

surface area and micropore surface area were evaluated by using the t-plot method. The total 

pore volume was determined from the amount adsorbed at the relative pressure of about 0.99. 
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Elemental analysis was performed by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). 2 ml of conc HF was used to dissolved 40 mg of catalyst sample, 

followed by adding 2 ml of 30 wt.% H2O2; prior to analysis, the solution was then diluted to 

1000 ml with de-ionized water. The contents of Si, Al, P and O in SAPO-34 and Zn, Al, Zr 

and Ce were determined. 

H2-TPR measurements were performed on Micromeritics Auto Chem 2920 

instrument. Typically, 20 mg of catalyst was loaded into a U-shape quartz reactor, and 

sample was degasified with nitrogen gas (50 mL/min) at 300
o
C for 30 min to remove the 

physisorbed moisture from the catalyst. After cooling to temperature 50
o
C, the gas was 

switched to 10% H2/Ar at a flow rate of 30 mL/min. The process was continued until a 

stabilized baseline was obtained in the gas chromatograph. Then, the TPR analysis was 

carried out from 50 to 800
o
C with a heating rate of 10

o
C/min. The amount of H2 consumption 

was monitored by a TCD. 

NH3-TPD experiments for the surface acidity determination were performed 

Micromeritics Auto Chem 2920 instrument. In a typical analysis, 40 mg of the sample was 

loaded into a U-shaped quartz micro-reactor and pre-treated in a N2 gas 50ml for min at 

300°C for 30 min.The sample was cooled down to 50 °C and then exposed to NH3 (15% 

NH3-85% He mixture gas) for 30 min was subsequently flushed with He at the same 

temperature to remove physiosorbed ammonia. The process was continued until a stabilized 

baseline was obtained in the gas chromatograph. The TPD measurements were conducted in 

flowing of He gas (30 ml/min) and the temperature increasing from 50 to 800°C with a 

constant heating rate of 10°C/min. Thus, the spectra during desorption of NH3 was recorded. 

CO2-TPD experiments for the surface basicity determination were performed using a 

conventional flow apparatus equipped with a thermal conductivity detector. In a typical 

analysis, 40 mg of the sample was loaded into a U-shaped quartz micro-reactor and pre-
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treated in a N2 gas 50 ml/min at 300°C for 30 min. The sample was cooled down to100°C and 

then exposed to CO2 (15% CO2-85% He mixture gas) for 30 min, was subsequently flushed 

with He gas at the same temperature to remove physiosorbed CO2.The process was continued 

until a stabilized baseline was obtained in the gas chromatograph. The TPD measurements 

were conducted in flowing He (30 ml/min) from100 to 800°C with a constant heating rate of 

10°C/min. Thus, the spectra during desorption of CO2 was recorded. 

2.4 Catalytic performance test 

The catalytic performance of the prepared hybrid catalysts were carried out in syngas 

to lower olefins synthesis. The catalytic activity test was performed in a continuous-flow, 

fixed-bed reactor. Typically, 0.5 g of 20-40 mesh hybrid catalyst was mixed with 0.2 g of 20-

40 mesh SiO2was packed into a stainless steel tubular reactor between quartz wool plugs. 

Prior to each test, the catalyst was reduced in-situ in a pure H2 (30 mL/min) at 400°C for 4 h 

under atmospheric pressure. After reduction the reactor was cooled down to 300
o
C, and the 

syngas with a H2/CO ratio of 2/1 was introduced, raising the pressure to 1.0 MPa and the 

temperature of 400°C. The reaction time is fixed for 25 h. All post-reactor lines and valves 

were heated to 200°C to prevent product condensation. The product stream was analyzed by 

an online gas chromatography (Agilent 7890A), which was equipped with flame ionization 

detector (FID) and thermal conductivity detector (TCD), using He (99.99%) as a carrier 

gas.The FID detector was equipped with HP-AL/S column(30 m × 530µm × 15µm) was used 

to analyze CH4 and C2–4 and TCD detector equipped with Porapak-Q column (2m × 3mm), 

HP-PLOT/Q column(30m × 530µm × 40µm) and HP-MOLESIEVE column 

(30m × 530µm × 25µm) were used to analyze CO, N2 and CO2.The temperature of FID and 

TCD were 300°C and 250°C, respectively. The products in the syngas to olefins are mainly 

as gas products. In each experiment, the balance of carbon was checked. The catalytic 

activity was evaluated at the steady state of reacting system. 
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The conversion of CO, the selectivity of CH4, CO2 and C2–C4 were calculated on a 

carbon-atom basis using the following equations: 

The CO conversion was calculated by comparing the molar inlet and outlet flows of 

CO: 

 

 

where XCO, SCH4, SCj and SCO2 refer to the conversion of CO, the selectivity of 

CH4, C2–4 and CO2, respectively.C2–4 represents C2H4, C2H6, C3H6, C3H8, C4H8, and 

C4H10. F represent the flow rate of CO, C2–4, CH4 and CO2 (mL/min, STP), respectively. The 

schematic diagram of syngas to olefins synthesis diagram are shown in Fig. 1. 
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Fig. 1.The schematic diagram of syngas to lower olefins synthesis 

3.0 Results and discussion  

3.1 Physicochemical characterization 

The chemical compositions of calcined SAPO-34 samples were determined by ICP-

AES analysis and the results are presented in Table 1(a). The TEM-EDS analysis of SAPO-

34 samples is shown in Fig. 2. The composition of SAPO-34 samples agree with the nominal 

compositions calculated from the catalyst preparation, and the content of Si/Al ratio is about 

0.2 in SAPO-34(0.043), 0.4 SAPO-34(0.082) and 0.6 in SAPO-34(0.091) for all samples. 

From the chemical analysis, it can be seen that the Si contents in the synthesized samples 

from 0.2 to 0.6 are increased with the increase of silica added in the reaction mixtures. From 

the TEM-EDS analysis the silica content of SAPO-34(0.043) sample the weight percentage 

of silica is 2.88% whereas SAPO-34(0.082) sample the silica content is 5.04% and SAPO-

34(0.091) sample contains the silica content is 5.94% it can be concluded that with increase 

of Si/Al ratio the silica content increased. The reported values for the nominal Si/Si+Al+P 
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ratio actually correspond to the nominal SiO2/SiO2+Al2O3+P2O5 ratio. As a result, the 

reported values are in good agreement with both ICP and TEM-EDS results. 

Table 1 (a). Textural properties of SAPO-34 catalysts 

Catalysts Si/(Si + P + Al)
a
 ICP-AES Acidity (mmol/g)

b
 

SAPO-34 (1) 0.091 Si0.14Al0.78P0.62O2 3.29 

SAPO-34 (2) 0.082 Si0.13Al0.78P0.67O2 3.01 

SAPO-34 (3) 0.043 Si0.067Al0.83P0.62O2 2.30 

 

a 
The (Si/Si+P+Al) values obtained by ICP-AES

   b
The acidity values from NH3-TPD. 

 

 

(b

) 
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Fig. 2. TEM-EDS analysis of (a) SAPO-34 (0.043) (b) SAPO-34 (0.082) (c) SAPO-34 

(0.091) catalysts 

The chemical compositions of Zn on three different supported catalysts were 

determined by ICP-AES analysis and the results are presented in Table 2. The Zn on three 

different supported catalysts, the theoretical weight ratio of the catalysts is fixed for 1:3 (i.e 1 

for Zn and support weight ratio is 3), whereas in experimental data from the ICP-AES 

analysis the weight ratio value of Zn/Al2O3 catalysts is 1: 2.98, Zn/ZrO2 catalyst the weight 

ratio is 1:2.97 and Zn/CeO2 catalysts the weight ratio is 1: 2.98. The theoretical value is 

similar to the experimental value. 

XRD patterns of different Si/Al ratio of SAPO-34 samples are shown in Fig. 3 (A). 

The main characteristic diffraction peaks of 2θ values at 9.6
o
, 13

o
, 15.9

o
, 17.7

o
, 20.7

o
, 24.9

o
, 

26
o
 and 31

o 
are observed in the XRD of all samples, which corresponded to the chabazite 

structure (CHA) indicating that SAPO-34 zeolite crystals were well orderly formed.
21 All 

prepared SAPO-34 samples exhibit identical characteristic peaks which are in good 

agreement with those patterns of SAPO-34 zeolite reported in the literature. The lower Si 

content of SAPO-34 (0.043) sample shows lower 2θ values while with increase of silica 

content in SAPO-34(0.082) and SAPO-34(0.091) the peaks slightly shifted towards higher 2θ 

(c) 
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values as a result of change in framework composition due to the expansion/contraction of 

the unit cell. From the XRD results, the SAPO-34 can be prepared with TEAOH solution, no 

obvious impurity phase peaks is observed with increasing the amounts of silica content.  

10 20 30 40 50

(c)

(b)
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.)
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(a)

 

 
Fig.3(A). XRD patterns of (a) SAPO-34 (0.043) (b) SAPO-34 (0.082) (c) SAPO-34 (0.091) 

catalysts 

The X-ray diffraction patterns of Zn on four different supported catalysts are shown in 

Fig. 3(B). The particle size of Zn on different supported catalysts was calculated by Debye 

Scherrer’s equation and the values are presented in Table 2.  

D= 0.94         λ   

                              FWHMrad COSθ 

 

where D is the average crystallite size in nm, λ= 1:54184 A˚ is the wavelength of the 

Cu Ka X-ray source, θ the angle under which the reflection is seen, and FWHMrad its full 

width at half maximum intensity in radians.
22

 The Zn/Al2O3 catalyst shows the peaks at 2θ 

values of ~31.5
o
, 36.6

 o
, 44.85

 o
, 49.1

 o
, 55.8

 o
, 59.5

 o
, 65.4

 o
, 74.2

 o
, and 77.4

 o 
can be assigned 

as (220), (311), (400), (331), (422), (511), (440), (620), and (533) planes mainly attributed to 

the cubic structure of zinc aluminate phase.
23

 There is no peaks related to the ZnO and Al2O3, 
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indicating that Zn was uniformly dispersed on the Al2O3 support.
24 

The Zn/Cr2O3 catalyst 

shows the diffraction peaks of 2θ = 36.0°, 54.6°, 63.4° is mainly related to the zinc chromate 

structure.
25

 The Zn/ZrO2 samples exhibit diffraction peaks at 2θ=30.2°, 34.8°, 50.1°, 59.8° and 

62.8°, corresponding to the (111), (200), (220), (311) and (222) diffraction planes of cubic ZrO2 

phase.
26

 The diffraction peaks of 31.84°, 34.75, 36.40°, 47.65°, 56.75°, 63.98°, 69.4° which are 

indexed to hexagonal wurtzite ZnO.
27

 Whereas Zn/CeO2 catalysts the diffraction peaks can be 

assigned to the (111), (200), (220), (311), (222) and (400) corresponding to a 

cubic fluorite structure of ceria phase.
28 

From the above XRD results the Zn/Al2O3 catalyst the 

peaks shifted towards slightly higher 2θ values which are mainly attributed to the strong 

interaction between Zn and Al2O3 support which is also supported by the H2-TPR, CO2-TPD and 

NH3-TPD results. 
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Fig. 3 (B). XRD patterns of (a) Zn/Al2O3 (b) Zn/Cr2O3 (c) Zn/ZrO2 (d) Zn/CeO2 catalysts 

The N2- adsorption desorption isotherms of different Si/Al ratio of SAPO-34 zeolite 

are shown in Fig. 4. The BET surface area, external surface areas, micropore areas, micro and 

mesopore volume of different Si/Al ratio of 0.2 in SAPO-34(0.043) to 0.6 in SAPO-
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34(0.091) samples are presented in Table 1(b). All of the SAPO-34 samples exhibit the 

characteristic type I isotherm in the curve at low relative pressures, confirming that the 

samples exhibit microporosity.
20

 An uptake near saturation pressure in the isotherms of 

samples is observed due to the intercrystalline porosity, which is typical of the nanocrystal 

structure of SAPO-34. The BET surface area of SAPO-34 catalysts with increase of Si/Al 

ratio from SAPO-34 (0.043) to 0.6 SAPO-34(0.091), the surface area increased from 611 to 

693 m
2
/g. It can be seen that all of these samples also exhibit external surface area, which is 

mainly due to the some defects of the external surface as well as the intercrystalline porosity 

property.  
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Fig.4. N2 Adsorption-desorption isotherms of (a) SAPO-34(0.043) (b) SAPO-34(0.082) (c) 

SAPO-34(0.091) catalysts 
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Table 1 (b).Textural properties of SAPO-34 catalysts 

No. Stotal
a
 (m

2-1
) Smicro

b
 (m

2 

g
-1

) 

Sext
c
 

(m
2
 g

-1
) 

Vmicro
c
(cm

3
 g

-

1
) 

Vmeso(cm
3
g-

1
) 

Vtotal(cm
3
 g

−1
) 

1 611.32 553.9 57.5 0.26 0.17 0.43 

2 636.53 603.2 33.4 0.26 0.05 0.31 

3 693.62 650.8 42.8 0.28 0.11 0.40 

 

a
BET surface area 

b
Smicro (micropore area), Sext (external surface area) and Vmicro 

(micropore volume) determined from the t-plot method. 
c
Vmeso (mesopore volume) = Vtotal− 

Vmicro; Vtotal is determined from the adsorbed volume at P/P0 = 0.99. 

 

FT-IR spectroscopy is widely used technique to determine framework structures and 

acidity of zeolite materials. The IR spectra of SAPO-34 with varying the Si/Al ratio of 

samples are shown in Fig. 5. All characteristic peaks of three SAPO-34 samples are identical 

to those reported in the literature. In the finger print region (400–1300 cm
-1

), the bands 

observed around at 490 cm
−1 

and 638 cm
−1

 are mainly attributed to the T-O bending bands of 

SiO4 and D-6 rings. The vibration bands at 730 cm
−1

 and 1095 cm
−1 

are assigned to the 

symmetric stretching vibration of P-O (or Al-O) and asymmetric stretching vibration of O-P-

O, respectively. The D-6 ring peaks correspond to the CHA framework this is key evidence 

for the successful synthesis of SAPO-34. The peaks at 1385 cm
-1 

and 1640 cm
-1 

corresponds 

to the CH3 bending vibrations of residual template and bending vibration of water physically 

adsorbed on the surface of SAPO-34.
29, 21 

In the hydroxyl group region (3000–4000 cm
-1

), a 

broad stretching vibrational band between 3200 and 3600 cm
-1

 is attributed to the bridging 

hydroxyl groups, Si–OH–Al, which is responsible for the generation of Brønsted acidity of 

SAPO-34.
30 

 

Page 16 of 38New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
8 

Fe
br

ua
ry

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
L

ib
ra

ri
es

 o
n 

10
/0

2/
20

18
 0

9:
33

:1
6.

 

View Article Online
DOI: 10.1039/C7NJ04734G

http://dx.doi.org/10.1039/c7nj04734g


17 

 

4000 3500 3000 2500 2000 1500 1000 500

(c)

(b)

T
ra

n
sm

it
ta

n
ce

 (
%

)

Wavenumber (cm
-1
)

(a)

 

 

 

Fig.5. FT-IR spectra of (a) SAPO-34(0.043) (b) SAPO-34(0.082) (c) SAPO-34 

(0.091)  catalysts 

NH3-TPD technique was used to characterize the acidic properties of SAPO-34 

catalysts and the results are shown in Fig. 6(A). The total acidity of the different Si/Al ratio 

of SAPO-34 samples is shown in Table 1(a). The desorption peak at below 100°C was 

associated with the physically adsorbed ammonia. All of the SAPO-34 samples exhibit two 

distinct peaks at two different temperatures. The first desorption peak at around150-180
o
C is 

assigned to the NH3 molecules adsorbed on weak acidic sites, which is mainly attributed to 

the Bronsted acid sites of P-OH groups not fully linked to the AlO4 tetrahedra.
31 

The first 

desorption peak area increases in the following order: SAPO-34(0.091)> SAPO-34(0.082)> 

SAPO-34(0.043). The intensity of high temperature desorption peak appearing at 380-410
o
C 

is attributed to the strong acidic sites, which are produced by the incorporation of Si into the 

frame work of SAPO-34 zeolite. The SAPO-34(0.091) sample with high silica incorporation 

had high amount of strong acid sites probably the Si islands fabrication. From the table 1(b) 
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shows the total acidity of the three different ratios of SAPO-34 catalysts, the lower Si content 

of SAPO-34(0.043) catalyst exhibits lower acidity with increase of Si content in SAPO-34 

(0.082) and SAPO-34(0.091) the acidity of the catalysts increased.Yingxu Wei et al found 

that from the Si MAS NMR spectra the lower Si content of SAPO-34 sample exhibits the 

chemical shift value at -91 ppm, that means one Si coordination state, Si(4Al) appears in the 

frame work, whereas higher Si content of SAPO-34 sample with more Si incorporation which 

exhibits the chemical shift values of -95, 100, 105, 110 ppm. The Si incorporation into AlPO4 

framework by two substitution mechanisms.
32 

One mechanism (SM2) is that one Si 

substitution for one P to form Si(4Al) entities, which gives the negatively charged framework 

and relatively weak Bronsted acid sites. While the double substitution of neighboring Al and 

P by two Si atoms (SM3) to form Si(nAl) (n = 3-0) structures leads to the formation of 

stronger Bronsted acid sites. The acidic strength of the bridge hydroxyl species of Si(nAl) 

follows in the order of Si(1Al)> Si(2Al) > Si(3Al)> Si(4Al), from the Si NMR spectra, with 

more Si incorporation, the increase of acid amount of SAPO-34, the acid strength may also 

changed. These results are correlated with our different Si/Al ratio of SAPO-34 catalysts, 

here the SAPO-34(0.091) sample have more acid sites and stronger acidity than other two 

SAPO-34 samples.
33 

The NH3-TPD results were in good agreement with the results of FT-IR 

spectra of samples at OH vibration band region. The Si incorporation into AlPO framework 

in SAPO-34 plays an important role in acid site generation.
32
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Fig.6 (A). NH3-TPD profiles of (a) SAPO-34(0.043) (b) SAPO-34(0.082) (c) SAPO-

34(0.091) catalysts 

NH3-TPD is one of the most promising techniques for characterizing the acidic 

property of metal oxide surfaces NH3-TPD profiles of Zn on four different supported 

catalysts are shown in Fig. 6(B). The total acidity of the catalysts is presented in Table 2. 

According to previous literature,
34 

the desorption peaks can be broadly divided into three 

temperature regions i.e weak (50–150
o
C), moderate (150–400

o
C), and strong (≥400

o
C) acidic 

sites. All of the catalysts show NH3 desorption peaks in the temperature range of 100-120 
o
C, 

it is assigned to weak acidic sites of the catalysts. The Zn/Al2O3 catalyst shows three NH3 

desorption peaks were found at low and high temperatures region, which corresponded to the 

weak, moderate and strong acidic sites, respectively. Whereas in the case of Zn/Cr2O3 catalyst 

shows low and high desorption temperature regions it is also related to weak and strong 

acidic sites. The Zn/ZrO2 catalyst has one high temperature desorption peak at 400-550
o
C it 

is mainly attributed to strong acidic sites. In Zn/CeO2 catalyst shows lower and high 
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desorption temperature peaks it is mainly attributed to weak and strong acidic sites. The 

acidity of the catalysts in Table 2 it shows that that the Zn/Al2O3 catalyst exhibits higher 

acidity when compared other supported catalysts. 
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Fig. 6 (B). NH3-TPD profiles of (a) Zn/Al2O3 (b) Zn/Cr2O3 (c) Zn/ZrO2 (d) Zn/CeO2 catalysts 

Table 2.Textural properties of Zn on different supported catalysts 

Catalysts Acidity 

(mmol/g)
a
 

Basicity 

(mmol/g)
b
 

H2consumption 

(mmol/g)
c
 

ICP-AES 

Zn-M 

D (nm)
d
 

1:3 Zn/Al2O3 2.83 2.56 12.77 1:2.98 6.2 

1:3 Zn/Cr2O3 1.39 1.29 4.66 - 6.4 

1:3 Zn/ZrO2 2.22 2.18 3.03 1:2.97 7.7 

1:3 Zn/CeO2 1.09 0.99 1.63 1:2.98 9.3 

a
The acidity values from NH3-TPD,

b 
basicity values from CO2-TPD, 

c
The H2 consumption 

values from H2-TPR.
d
Average particle size of the catalysts were determined by XRD using 

Scherrer equation 
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CO2-TPD was used to measure the basicity of metal oxide catalysts. The CO2-TPD 

profiles of Zn on four different supported catalysts are shown in Fig. 6 (C). The basicity 

values of the catalysts are shown in Table 2. The desorption peak in the range of 100-160°C is 

assigned to the CO2 interacting with weak basic hydroxyl groups on the supports. The 

desorption peak in the range of 160-400°C can be attributed to the association with medium 

basic sites, the peaks appearing above 400°C it is mainly related to the strong basic sites. The 

Zn/Al2O3 catalyst shows three CO2 desorption peaks were found at low and high temperatures 

region, which corresponded to weak, moderate and strong basic sites. Whereas Zn/Cr2O3 

catalyst shows high desorption temperature regions it is related to strong basic sites. The 

Zn/ZrO2 catalyst has only high temperature desorption peak at 400-550
o
C it is related to 

strong basic sites.  
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Fig. 6 (C). CO2-TPD profiles of (a) Zn/Al2O3 (b) Zn/Cr2O3 (c) Zn/ZrO2 (d) Zn/CeO2 catalysts 

In Zn/CeO2 catalyst shows lower desorption peak at 100-160
o
C and high desorption 

temperature peak at 400-500
o
C it shows weak, moderate and strong basic sites. From the 
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above results suggested that Zn/Al2O3 catalyst shows higher basicity these results also 

supported from the basicity values of the catalysts in Table 2. 

H2-TPR was performed to explore the reduction behavior of ZnO and the strength of 

metal support interaction. The Zn on different supported catalysts was characterized by H2-

TPR experiments and the results are shown in Fig. 7. The H2 consumption values are 

presented in Table 2. The Zn/Al2O3 catalyst shows one strong reduction peak at 538°C is 

probably due to the ZnO surface reduction.
35

 For the Zn/Cr2O3 catalyst, there were two 

hydrogen consumption peaks appearing at around 375 and 550°C.The first peak at 374
o
C is 

mainly related to the reduction of Cr
6+

 species to Cr
3+

 species, while the reduction peak at 

552°C are assigned to the ZnO surface species reduction with a relatively strong interaction 

with the support.
36  

Whereas in the case of Zn/ZrO2 catalysts the peak at 544
o
C is due to the ZnO 

surface species reduction. Therefore in the current study, all of the Zn supported catalysts the 

reduction peaks mainly attributed to the ZnO surface reduction. The Zn/CeO2 catalyst has two 

reduction peaks at around 430 and 750°C were observed, which can be ascribed to the 

reduction of surface and bulk oxygen species of CeO2.
37 

From the above results suggested 

that the introduction of Al ion could improves the dispersion of ZnO species and strengthen 

the interaction between ZnO and Al2O3. Among all the catalysts the Zn/Al2O3 catalyst leads 

to a shifting of the TPR peak towards to higher reduction temperature than the other three Zn 

supported catalysts, indicating that the stronger interactions between Zn species with the 

Al2O3 support.
38 

From the Table 2 the Zn/Al2O3 catalyst has the consumption of hydrogen is 

very high when compared to other supported catalysts. 
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Fig. 7. H2-TPR profiles of (a) Zn/Al2O3 (b) Zn/Cr2O3 (c) Zn/ZrO2 (d) Zn/CeO2 catalysts 

SEM was used to find the particle size and morphology of the catalysts. The SEM 

images of nano sized SAPO-34 and Zn-Al2O3/SAPO-34 hybrid catalysts are shown in Fig. 8. 

It can be clearly seen that all of the SAPO-34 samples exhibit uniform nano sheet-like 

morphology. With increase of silica content the morphology of the catalysts changes. At 

lower Si/Al ratio of SAPO-34(0.043) sample the morphology is good when compared to 

higher Si content of SAPO-34(0.082) and SAPO-34(0.091) samples. The crystal size of all 

the catalysts is in the range of 2µm. The hybrid Zn-Al2O3/SAPO-34 catalyst the Zn/Al2O3 is 

homogeneously dispersed on the SAPO-34 it is clearly seen in the image of Fig 8(d).  
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Fig. 8. SEM images of (a) SAPO-34(0.043) (b) SAPO-34(0.082) (c) SAPO-34(0.091) 

catalysts (d) Zn-Al2O3/SAPO-34 catalysts. Scale bar in (a)–(d): 2µm 

3.2 Catalytic activity 

3.2.1 Effect of catalysts 

The catalytic activity of both Zn/Al2O3 and SAPO-34 zeolite experiments were done 

and the results were summarized in Table 3. All of the experiments in this paper the reaction 

time is fixed for 25 h. The blank experiments were conducted at 400 
o
C, 1MPa pressure and 

H2/CO ratio 2:1 it showed the conversion of CO is only 0.04%. The Zn/Al2O3 catalyst under 

the same reaction conditions, the conversion of CO is very low and CH4 as the primary 

product. The lower olefins selectivity is only 22%.The SAPO-34(0.043) catalyst exhibited 

lower CO conversion and major products belong to CH4 and paraffins, only fewer amounts of 

lower olefins are formed. In both cases CH4 is the main reaction product. The distribution of 
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hydrocarbons over hybrid catalysts greatly depended on the SAPO-34 catalyst, which is 

affected both the CO conversion and desired hydrocarbon yields. The composite catalyst 

works synergistically the Zn/Al2O3 with SAPO-34(0.043) catalyst exhibits high activity, the 

CO conversion could achieved to 4.5%, and lower olefins selectivity is 77%, which is far 

higher than those over individual catalysts.  

Table 3. Hydrogenation of CO over methanol synthesis catalysts and bifunctional catalysts 

composed of methanol synthesis catalyst and SAPO-34. 

Catalysts CO conv. 

(%) 

CH4 

Sel(%) 

C2-C4
= 

Sel 

(%) 

C2-C4
0
 Sel 

(%) 

CO2 Sel 

(%) 

1:3 Zn/Al2O3 1.7 73.9 22.7 3.4 46.1 

SAPO-34 1.00 57.9 19.8 22.3 20.7 

1:3Zn-Al2O3/SAPO-34 4.5 10.4 77.0 12.6 44.8 

1:3Zn-Cr2O3/SAPO-34 1.8 16 37.2 46.8 46.4 

1:3Zn-ZrO2/SAPO-34 5.3 30.2 11.2 58.6 44.4 

1:3Zn-CeO2/SAPO-34 2.1 34.4 55.8 9.8 43.6 

 

Reaction conditions: catalyst 0.50 g; H2/CO=2:1; 1 MPa; 30 mLmin
-1

; time on stream 

25 h; 400 
o
C. Selectivity was calculated on a molar carbon basis for CO hydrogenation; the 

formation of CO2 by the WGS reaction. The selectivities of the products are CO2 free.  

The above results indicated that the synergistic effect existed between Zn/Al2O3 and 

SAPO-34 in the reaction of syngas to olefins synthesis. We therefore concluded that first CO 

hydrogenated to CH3OH on the Zn/Al2O3 surface, and CH3OH was then transformed into 

lower olefins on the SAPO-34 zeolite. The Zn/Al2O3 catalyst shows a good methanol 

synthesis function while SAPO-34 zeolite excellent for methanol to lower olefins due to its 
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acidic sites. The maximum activity of Zn-Al2O3/SAPO-34 catalysts could be explained by the 

results obtained from XRD, FT-IR, NH3-TPD and CO2-TPD experiments. 

3.2.2 Proximity effect of bi-functional catalysts 

The proximity of the two active components in hybrid catalyst has significant 

influence on the catalytic activity. As shown in Fig. 9, we investigated three different types of 

catalytic arrangements. The use of a sequential bed filling of the catalysts with Zn/Al2O3 is 

top and SAPO-34(0.043) catalyst is below and these two catalysts were separated by a layer 

of inert quartz wool, the catalyst shows 2.03% of lower CO conversion is observed. The CH4 

and C2–C4 paraffins became the major products probably because of longer contact time of 

syngas with Zn/Al2O3 catalyst they are difficult to convert to lower olefins over the 

downstream bed of SAPO-34 catalyst, but lower olefins were formed because of SAPO-34 

catalyst and the selectivity of olefins is 64.57%. We tried to shorten the distance between two 

active components further by grinding a powder mixer of both catalysts in an agate mortar to 

investigate the effect of their intimate contact between them. The pellets of powder mixing of 

Zn/Al2O3 and SAPO-34 hybrid catalyst is significantly increased the CO conversion to 4.5% 

and lower olefins selectivity of 77%, the selectivity of CH4 is 10.4%. This is mainly due to 

the synergistic effect existed between Zn/Al2O3 and SAPO-34 catalyst. Whereas Zn/Al2O3 

catalyst first pelletized to 20-40 mesh and SAPO-34 also pelletized to 20-40 mesh and finally 

both the granules of the catalysts were mixed, the distance between these two catalysts was 

enlarged, and methanol formed on the surface of Zn/Al2O3 sites, and then diffused through 

SAPO-34, formed methanol further converted into lower olefins, and the selectivity of lower 

olefins is 64.19% and the conversion of CO is 4.13%. The proximity effect of mixed oxide 

catalyst with SAPO-34 catalysts compared with the previous publications, the author F. Jiao 

et al
17

 reported that the ZnCrOx-MSAPO-34 catalysts showed higher selectivity of lower 

olefins C2=−C4= (80%), obtained over the well-mixed composite catalyst of Zn/Cr2O3 and 

Page 26 of 38New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
8 

Fe
br

ua
ry

 2
01

8.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Fl

or
id

a 
L

ib
ra

ri
es

 o
n 

10
/0

2/
20

18
 0

9:
33

:1
6.

 

View Article Online
DOI: 10.1039/C7NJ04734G

http://dx.doi.org/10.1039/c7nj04734g


27 

 

MSAPO-34 and another author K. Cheng et al
18

 reported that the granule mixing of Zn/ZrO2 

and SAPO-34 catalysts exhibit higher CO conversion and high selectivity of lower olefins 

when compared to power mixing of Zn/ZrO2 and SAPO-34 catalysts. Whereas in our case the 

powder mixing of Zn/Al2O3 and SAPO-34 catalyst make pellets it shows best activity for the 

lower olefins selectivity, this is first time reported in this work. From the above results 

suggested that powder mixing of hybrid catalysts gave a higher selectivity and activity for 

lower olefins synthesis than the other two catalysts prepared by granule mixing and 

sequential bed filling. 
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Fig. 9. Effect of catalyst mixing on syngas conversion over Zn-Al2O3/SAPO-34(1:2) 

catalysts. 

3.2.3. Effect of reaction pressure  

Pressure is an important parameter in syngas to lower olefins synthesis. A series of 

experiments were carried out to investigate the influence of reaction pressure (0.5-1.5MPa) at 

a constant temperature of 400°C on the catalytic performance of CO conversion and lower 

olefins selectivity and the results are shown in Fig. 10. At the lower reaction pressure of 0.5 
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MPa the conversion of CO is 2.71% and selectivity of lower olefins is 76%. It indicates that 

the lower reaction pressure is not enough to increase the CO conversion. However, with the 

increase of reaction pressure from 0.5 to 1MPa, the conversion of CO increased to 4.5% and 

selectivity of lower olefins (C2
=
–C4

= 
) increased to 77%. Also, the selectivity of methane is 

very low. When further increasing the reaction pressure from 1.0 to 1.5MPa the conversion of 

CO increased to 6.7% but the selectivity of lower olefins is low 62%. The increase in 

pressure favors the formation of CH4 and paraffins, while C2
=
–C4

= 
formation decreased with 

the increase of reaction pressure. According to the thermodynamics, pressure increase in 

reaction it favors the equilibrium towards product side and then increase of CO conversion.
39

 

The above results suggested that Zn-Al2O3/SAPO-34 catalyst shows high catalytic 

performance at moderate reaction pressure of 1MPa, and this pressure is set for all of the 

experiments. 
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Fig. 10. Effect of pressure on syngas conversion over Zn-Al2O3/SAPO-34(1:2) 

catalysts. 
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4.0 Discussion 

4.1. Influence of Zn on different supported methanol catalysts 

The choice of supports for lower olefins synthesis is effected by several factors such 

as basicity, dispersion effect and strong-metal support interactions.
40 

And also important for 

the mechanical properties, and the interaction between active phase and supports.
41

 In order 

to investigate the role of acidic and basic properties of supports on the catalytic performance 

of syngas to lower olefins synthesis, over Zn on four different supported catalysts with 

SAPO-34 zeolite were performed, and the results are presented in Table 3. From the reaction 

results, it was found that Zn-Al2O3/SAPO-34 catalyst gave high selectivity of lower olefins 

(77%) while the selectivity of methane and paraffins is low. Whereas Zn-CeO2/SAPO-34 

catalyst gave 58% selectivity of lower olefins. This is mainly due to the Zn/CeO2 catalyst 

strongly interacted with the SAPO-34 and exhibits higher selectivity of lower olefins. The 

Zn-Cr2O3/SAPO-34 catalyst showed 30% selectivity of lower olefins. From the previous 

publications the Zn-Cr2O3/SAPO-34 catalyst exhibits high CO conversion (17%) and high 

selectivity of lower olefins at 2.5MPa, in this case the reaction proceeds through ketene 

intermediate. In our case the intermediate is methanol, may be differ from the CO conversion 

and selectivity of lower olefins, and also the interaction between Zn and Cr2O3 may be week. 

The Zn-ZrO2/SAPO-34 catalyst gave only 10% selectivity of lower olefins and mainly it gave 

high selectivity of methane and paraffins. Probably; it could be ascribed to the hydrogenation 

property formation of olefins further hydrogenation to give paraffins. These activity results 

can be attributed to the different metal-support interaction, and hence to different acid-basic 

properties of the support. From the above results, it may be concluded that high selectivity of 

lower olefins obtained on Zn/Al2O3 catalyst, it was selected as best catalyst for the 

subsequent studies. 
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4.2. Effect of Si/Al ratio on the catalytic performance of Zn-Al2O3/SAPO-34 catalysts 

The catalytic activities of syngas to lower olefins synthesis over Zn-Al2O3/SAPO-34 

hybrid catalyst and the results are shown in Fig. 11 (a). The plot of acidity vs olefins/paraffins 

ratio of the graph are shown in Fig. 11 (b). The CO conversion and lower olefins selectivity 

are strongly influenced by the Si/Al ratio in SAPO-34zeolite. The lower silica content of 

SAPO-34(0.043) catalyst exhibits 77% selectivity of C2
=
–C4

= 
and the conversion of CO is 

4.5%. Whereas with increasing the Si/Al from 0.2 to 0.4 of SAPO-34(0.082) the conversion 

of CO is 4.92% but the selectivity of C2
=
–C4

=  
is varied 62.86% and when further increasing 

the Si/Al ratio from 0.4 to 0.6 in SAPO-34(0.091) the conversion of CO is decreased to 

4.87% but the C2
=
–C4

= 
selectivity is decreased significantly to 53.73%, respectively. The 

selectivity of CH4 is 17.24% and paraffins selectivity is 29.03%. Thus, higher Si content of 

SAPO-34 (0.091) sample, it gave higher proportion of paraffins and CH4 formation. It is well 

known that Si incorporation into the AlPO framework in SAPO-34 is a key factor for acid 

site generation.
42

 In series of SAPO-34 samples with different Si/Al ratio, the number of acid 

sites increased with increase of Si content for SAPO-34(0.091), as shown in Table 3. The 

variation of silica content indicates that lower silica content of SAPO-34(0.043) catalyst 

shows the best catalytic activity. This confirms that the number of acid sites is responsible for 

the lower olefins formation, and a lower Si content of SAPO-34(0.043) with lower surface 

acidity is favorable for the high selectivity of lower olefins. 
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Fig. 11 (a). Effect of Si/Al ratio of SAPO-34 in Zn-Al2O3/SAPO-34(1:2) catalysts 

The decrease in catalytic activity with increasing the Si content could be a result of 

several factors. The acid site concentration in SAPO-34(0.043) is lower than those in SAPO-

34(0.082) and SAPO-34(0.091); hence, coke formation is slower in SAPO-34(0.043) sample 

so it shows higher olefins selectivity when compared to other two SAPO-34 samples. The 

higher number of acid sites, higher the rate of coke formation, with consequent deactivation 

due to coke formation in the pores of SAPO-34 zeolite.
43
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Fig. 11 (b) olefins/paraffins Vs SAPO-34 acidity 

The SAPO-34 acidity comparison with the olefins/paraffins ratio is shown in Fig. 11 (b). 

With the increase of Si/Al ratio in SAPO-34 catalyst the olefins/paraffins ratio decreased. 

Among the different Si/Al ratio of the catalysts the lower Si/Al ratio of 0.2 SAPO-34 (0.043) 

catalyst shows higher olefins/paraffins ratio. Our results also compared with the previous 

literature, Qiming Sun et al reported that from methanol to lower olefins synthesis using nano 

sized SAPO-34 catalysts, here with increase of Si/Al ratio the lower olefins selectivity 

decreased. The SAPO-34 with lowest silicon content of the sample exhibited the longest 

catalyst lifetime and the lowest coking rate in the methanol to olefins (MTO) reaction.
20 

4.3. Effect of weight ratio between Zn/Al2O3 and SAPO-34 catalysts 

The interaction between methanol synthesis catalyst (Zn/Al2O3) and SAPO-34(0.043) 

zeolite such as hybrid catalyst (Zn-Al2O3/SAPO-34) played a key role in CO conversion and 

lower olefins selectivity and the results are shown in Fig. 12. The results indicate that a 
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significant changes in the product of lower olefins selectivity. Three different weight ratios of 

catalysts were tested for syngas to lower olefins synthesis. The weight ratio of Zn-

Al2O3/SAPO-34(1:1) catalyst shows higher conversion of CO (6.3%) and the C2
=
–C4

= 

selectivity of 74% was obtained, but the selectivity of CH4 is high 12.5%. The Zn content is 

favorable for high CO conversion and SAPO-34 for high olefins formation but slightly higher 

amount of CH4 is formed. With increasing the catalyst weight ratio from 1:1 to 1:2 in Zn-

Al2O3/SAPO-34(1:2) catalyst gave 4.5% CO conversion with high selectivity of lower olefins 

(77%). It indicated that a suitable weight ratio of Zn/Al2O3 to SAPO-34 could accomplish the 

highest selectivity of lower olefins due to the synergistic effect existing between the two 

catalysts during the reaction process.
44

 When further increasing the catalyst weight ratio from 

1:2 to 1:3 (Zn-Al2O3/SAPO-34) the conversion of CO is 4.95% and the selectivity of C2
=
–C4

= 

is only 55% and unusually higher amount of methane and paraffins was observed, suggesting 

that methanol may decompose on the surface of SAPO-34 catalyst forming CO and H2 which 

in turn undergo hydrogenation to form methane.
45 

Alexey V. Kirilin et al found that from 

syngas to lower olefins synthesis during this process formation of methanol it further 

hydrogenation to form methane over metallic sites. With the increase of SAPO-34 fractions 

from 50 to 75 vol% in Cu-Zn/SAPO-34 catalyst the C3/C2 ratio relatively unchanged (1.23 

and 1.19). In contrast, the SAPO-34 fraction increases from 50% to 75 vol% the C3/C2 ratio 

increases from 1.5 to 2.1 in the Cr−Zn system.
46

 The discrepancy of the results varied from 

the Alexey catalyst, these results are under investigation then we can find the exact reason. 

From the above results indicate that a steady increase in lower olefins selectivity up to a 

catalyst weight ratio of 1:1 to 1:2 ratio and then decreased the lower olefins selectivity to 

55%. The weight ratio of Zn-Al2O3/SAPO-34 (1:2) catalyst shows high selectivity of lower 

olefins (77%) and also the selectivity of CH4 is suppressed to 10.4% when compared to the 
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other two weight ratio of catalysts, so we selected the weight ratio of 1:2 is the best ratio for 

all experiments. 
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Fig. 12. The weight ratio of Zn/Al2O3 to SAPO-34 catalysts 

4.4 Catalyst stability test 

The effect of time on stream on lower olefins selectivity for the Zn-Al2O3/SAPO-34 

hybrid catalysts and the results are shown in Fig. 13. With time on stream the lower olefins 

(C2
=
–C4

=
) formation reached to maximum selectivity of 80% at around 6 h of reaction time 

and further increase of reaction time the lower olefins selectivity in the product decreased to 

67% at 100 h of reaction time. Over the same time, CH4 and paraffins ratio in the product 

steadily increased. The decrease in selectivity with time on stream it is mainly due to the 

SAPO-34 zeolite is quickly coke formation in the cages, so the active sites is decreased at the 

same time formation of olefins further hydrogenation to form paraffins. From the previous 

literatures Haw and co-workers 
47

 found that during the conversion of methanol to olefins 

synthesis with time on stream phynanthrene derivatives of pyrene formed as a coke on the 
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cages of SAPO-34 zeolite. The higher stability of the Zn-Al2O3/SAPO-34 catalysts is mainly 

attributed to the synergistic effect between both the catalysts and stronger metal-support 

interaction in Zn/Al2O3 catalyst. The Zn-Al2O3/SAPO-34 is a promising hybrid catalyst for 

commercial applications in direct synthesis of lower olefins from syngas. 
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Fig. 13. Stability test over Zn-Al2O3/SAPO-34(1:2) catalysts. 

5.0  Conclusions 

The effect of various supported catalysts had a significant influence on the physico-

chemical properties and catalytic performance of lower olefins synthesis. Among the various 

supported catalysts were studied, Zn/Al2O3 catalysts have been found to exhibit superior 

catalytic performance for methanol synthesis. We assumed that from the XRD results the 

particle size of the ZnAl2O4 is 6.2 nm so the Zn species is highly dispersed on alumina 

support. From the XRD and H2-TPR results suggested that strong metal support interaction 

between Zn and Al2O3 can result in the formation of zinc aluminate species. The synergistic 
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effect between Zn/Al2O3 and SAPO-34 components, which are largely improved the catalytic 

activity. The lower silica content of SAPO-34(0.043) is favorable for the high selectivity of 

lower olefins. The catalysts showed noticeable deactivation with time on stream, this is 

mainly due to the coke formation on the cages of SAPO-34. Our main objective is the 

selectivity of lower olefins with constant stability on time on stream and conversion of CO 

also will increase. To further improve the catalytic performance of these catalytic systems for 

methanol synthesis, an effective metal promoter is needed to enhance the Zn particle 

dispersion and reducibility, thus giving rise to higher CO conversion. At the same time the 

addition of structural promoters into SAPO-34 to suppress the coke formation of active 

phases during time on stream and to improves longer life of the catalysts. 
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