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ABSTRACT 

In this study, an attempt was made to synthesis SAPO-34 using piperidine as 

structure directing agent/ template. The synthesis parameters such as crystallization 

temperature, crystallization time, phosphorus content and silicon content, as well as 

Na, Fe, Co and Ni impregnation were varied. The resulting materials were 

characterized by a combination of physicochemical techniques such as XRD, SEM 

spectroscopy, NH3-TPD and SS NMR spectroscopy. The peaks at 2θ = 9.9⁰, 13.0⁰, 

15.0⁰, 18.0⁰, 21⁰, 26⁰, 32⁰ on XRD patterns confirmed the presence of SAPO-34 

phase, extra peaks at 2θ = 7.9 ⁰, 20 ⁰, 23 ⁰and 26 of XRD patterns indicated the 

existence of SAPO-5. Most of the samples of the molecular sieves comprised SAPO-

5 and SAPO-34. The SAPO-5 materials were the main domain and SAPO-34 

materials were less. The two peaks that appeared in the temperature regions 

between the ranges 190-250 ⁰C and 340-380 ⁰C that were assigned for weak and 

medium BrØnsted acid site on NH3-TPD profiles. The SS NMR spectroscopy and 

XRD patterns confirmed a SAPO-34 phase with amorphous phase in a sample 

prepared with SiO2/Al2O3 = 2.4 molar ratio at 200 ⁰C for 5 days. The NH3-TPD profile 

and SS NMR spectroscopy for this molecular sieve confirmed the presence of weak 

and strong acid sites assigned to P-OH-Al and Si-OH-Al hydroxyl groups. All the 

molecular sieves were used in MTO reaction. The selectivity to ethylene and 

propylene on the molecular sieves prepared at 190 ⁰C for 5 days is better than the 

selectivity to ethylene and propylene on the molecular sieve synthesized at 170 ⁰C, 

200 ⁰C and 210 ⁰C for 5 days. Molecular sieve prepared at 200 ⁰C for 4 days was 

better in ethylene and propylene selectivity than the molecular sieve prepared at 200 

⁰C for 2-3 days, 5-6 days. Methane and DME were the main products on most of the 

molecular sieves. Methane, ethylene and propylene and some impurities were the 

products on molecular sieve prepared with SiO2/Al2O3 = 2.4 molar ratio in MTO 

reaction. The conversions of DME towards light olefins were extremely low. Na-

SAPO reduced methane, and improved ethylene and propylene selectivity. Non-

modified and Co-SAPO molecular sieves improved the selectivity towards light 

olefins. Piperidine can be used as a template to synthesis SAPO-34 molecular sieve 

within a short period of five days. SAPO-5 was synthesized instead of SAPO, and 
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DME was the main product instead of light olefins on the molecular sieves during 

MTO reactions. 
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1 

 

CHAPTER ONE-INTRODUCTION 

1. 1 BACKGROUND 

1.1.1 Rationale of the study 

The high demand of light olefins is a serious problem faced worldwide. Methanol-

mediated routes to liquid hydrocarbon fuels are again arousing interest [1]. Since 

methanol may be derived from renewable resources with promising potential in the 

production of light olefins from methanol as feedstock. Most of the researchers used 

ZSM-5 as a catalyst for MTO reaction, the problem was that the light olefins 

selectivity especially ethylene and propylene was low instead the selectivity of 

methane, bigger hydrocarbons such as C5-C8 and aromatics was high [2]. Other 

researchers synthesized SAPO-34 molecular sieve which is highly acidic and the 

molecular sieve performed similar to ZSM-5 [3]. This work focuses on the synthesis 

of SAPO-34 molecular sieve for use as active, highly selective and durable catalysts 

for the production of C2
=, C3

= and C4
= olefins via the MTO process. Most of the 

crystals of SAPO-34 molecular sieves were synthesized under hydrothermal 

conditions by using different kinds of amines like, tetraethylammonium hydroxide 

(TEAOH), morpholine, N,N,N`N`-tetraethylethane-1,2-diamine (TEEDA) as 

templating agents, including the mixture of TEAOH and Morpholine [4]. The use of 

piperidine as a structure directing agent for the synthesis of SAPO-34 samples which 

is suitable for use in the methanol-to-olefins (MTO) conversion is not extensively 

investigated. Until now, SAPO-34 molecular sieve synthesized using piperidine as a 

structure-directing agent (SDA) has been reported by only one paper. This molecular 

sieve was used as a catalyst for aldol condensation of acetaldehyde with 

formaldehyde reaction [5].  

1.1.2 Problem statement 

The dependence on crude oil for the production of fuels and chemicals is receiving 

vehement opposition from an environmental point of view. 

1.1.3 Aim  

The use of unconventional (SDA) piperidine to synthesize SAPO-34 molecular sieve 

and test the resulting material as a catalyst for the conversion of methanol to olefins. 
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1.1.4 Objectives 

The objectives of the study are to: 

(i) Explore piperidine as a SDA for the synthesis of SAPO-34. 

(ii) Investigate the influence of parameters such as crystallization 

temperature, crystallization time, and phosphorus and silicon contents. 

(iii) Incorporate metals into te synthesis gel and study their influence on the  

catalytic performance of SAPO-34. 

 

1.1.5 Research Approach 

The synthesis, characterization and the performance of SAPO molecular sieves 

samples for the conversion of methanol under MTO conditions was done. 

 

1.1.6 Dissertation outline 

 

Chapters 1 include the rationale of the study and literature review. In these concepts 

the research problems were outlined and the solutions to the problems were 

discussed. Literature review has highlighted the background of the study. 

Chapter 2 describes the methodology of the synthesis for SAPOs molecular sieves, 

characterization of SAPOs molecular sieves and how SAPOs catalysts were used on 

the MTO reactions. 

Chapter 3 focuses on the analysis of the data obtained from the X-ray diffraction, 

scanning electron microscopy and ammonium temperature programmed desorption 

of the SAPOs molecular sieves. 

Chapter 4 concentrates on the analysis of the data obtained from the GC 

chromatography during MTO reactions in the presence of SAPOs molecular sieve. 

Chapter 5 is the general conclusions of this work and recommendation of the future 

work. 

Finally are the references. 
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1.2 Literature Review 

 

1.2.1 General Introduction 

A rapid depletion of crude oil has resulted in the need for alternative feedstock for 

petrochemicals [6-8]. Conventional sources such as heavy crude oil are labour and 

resource intensive to produce, requiring extra energy for refinement to chemicals, 

resulting in higher production costs and up to three times more greenhouse gas 

emissions per barrel of oil [9]. Since gas reserves are far from major industrial 

population centres, the transportation of the gas between the supply and demand 

centres is a critical factor in the cost and use [10]. This provided another motivation 

for researchers to investigate alternative chemical sources such as methanol to 

make chemicals. Methanol-mediated routes to liquid hydrocarbon fuels are again 

attracting interest [1], since methanol may be derived from renewable resources. The 

production of light olefins from methanol as feedstock is a promising route for use in 

the chemical industry. The commercial light olefins such as ethylene (C2
=), propylene 

(C3
=), and butylene (C4

=), are important intermediates for the petrochemical industry 

[11]. Recently, the annual growth rate of the global olefin market has been slow at 3-

4 % [12]. The annual growth rate of ethylene demand is expected to remain around 

3-4 % in the coming decades, but that of propylene is expected to be around 4-7 % 

[13]. Figures 1.1-1.3 shows the demand distribution of light olefins in 2008.  
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Figure 1.1 Ethylene demand distribution 2008 [14] 
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Figure 1.2 Propylene demand distribution 2008 [14] 
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Figure 1.3 Butylene demand distribution 2008 [14] 

 

This work focuses on refining the synthesis of SAPO-34 materials for use as active, 

highly selective and durable catalysts for the production of C2
=, C3

= and C4
= olefins 

from methanol. The SAPO-34 molecular sieves are conventionally synthesized 

under hydrothermal conditions using different kinds of amines like 

tetraethylammonium hydroxide (TEAOH) [15], morpholine [16], and N, N-

diisopropylethylamine [17] as templating agents, including mixtures of TEAOH and 

morpholine [4]. The use of piperidine as a structure directing agent for the synthesis 

of SAPO-34 samples that has also been reported [18]. 

Although much effort has been devoted to the use of SAPO-34 in the MTO process, 

the formation of large amounts of methane is still a major problem [19].  

The selectivity to methane reduces the selectivity to C2
=, C3

= and C4
= olefins. A 

method of avoiding the formation of methane during the MTO process by introducing 
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an alkali metal such as sodium and transition metals such as iron (Fe), cobalt (Co) 

and nickel (Ni) into SAPO-34 framework is described. 

1.2.2. History of Zeolites 

A zeolite molecular sieve was discovered by mineralogists and other researchers in 

nineteenth century. The first zeolites A and X were synthesized in 1950 [20]. The 

structure of zeolite A was published in 1956 [21, 22]. In the same year, the research 

laboratory of Linder Air Products, a division of Union Carbide and Carbon 

Corporations identified the structure of a zeolite A with a cubic structure with a0 = 

12.32 Å. It had a 3-dimensional network consisting of cavities of 11.4 Å. The 

diameter was separated by a circular opening of 4.2 Å [5]. Eighteen years later, 

zeolites were defined as the hydrated aluminosilicates that are built up from an 

extended three dimensional network of AlO4 and SiO4 tetrahedra [23]. The IUPAC 

nomenclature of zeolites was proposed in 1979 [24]. Nowadays, examples of 

molecular sieves include zeolites as well as carbons, glasses and oxides. Molecular 

sieves with high crystallinity and uniform pore size are the zeolites [25]. Zeolites are 

represented by the empirical formula: 

MxDy[Alx+y Sin-(x+y) O2n] mH2O 

where M is a positively charged exchangeable ion of the valence n, x is the number 

of monovalent cations, y is the number of bivalent cations and m is the number of 

water molecules in the zeolite formula [26]. Among the different types of zeolites, 

ZSM-5 (Zeolite Socony Mobil-5) and SAPO-34 molecular sieves have shown the 

best results in the methanol to hydrocarbons (MTH) conversion. Since light olefins 

are the most important intermediates in the petrochemical industries, alternative 

technologies are needed to produce light olefins. Alternative technologies such as 

steam cracking processes, Fischer Tropsch processes, and MTO processes have 

been conducted over molecular sieves for this purpose [27-31].  

1.2.3 Methanol conversion to olefins 

Methanol is a liquid which can be obtained by gasification, partial oxidation or steam 

reforming of biomass coal and natural gas [7]. The production of light olefins from 

methanol was first realized around 1954 [33]. During the development of Mobil 
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catalyst, methanol was converted to gasoline (MTG). ZSM-5 catalyst was used as a 

catalyst for reaction. Methanol was firstly dehydrated to dimethylether (DME). Which 

was further dehydrated and converted to light olefins. A final reaction step led to the 

production of a mixture of high olefins, n-paraffin, aromatics and naphthalene. The 

reaction below shows the formation of olefins and other higher olefins (C5
=-C8

= 

together with higher paraffins and aromatics from methanol.  

 

2CH3OH     CH3OCH3                                  C2
= - C5

= 

                

 

                           n-parafins, aromatics, C6+ olefins [34,35]. 

The conversion of methanol to light olefins using a molecular sieve catalyst such as 

ZSM-5 was investigated by many researchers [36-42]. 

SAPO-18 modified with metals like Mg and Zn and unmodified SAPO-18 catalysts 

were also regarded as better catalysts for the selectivity of light olefins in the MTO 

reaction [43]. It was discovered that when SAPO-34 catalyst converts methanol to 

olefins, the main product was methane [44-45]. The SAPO-34 catalyst was used in 

several chemical reactions such as hexane catalytic cracking [45], and conversion of 

chloromethane to light olefins [47]. The catalytic performance of methanol to light 

olefins on ZSM-5 and SAPO-34 catalysts is affected by their structures.  

1.2.4 Zeolite ZSM-5 

The crystalline microporous zeolite ZSM-5 is constructed from a network of corner-

shared SiO4 and AlO4 tetrahedra [48]. The framework is composed of TO4 (T = Si 

and Al) polyhydra, linked by their corners and may contain cation and water inside 

the channel/cages. ZSM-5 is a medium-pore zeolite formed by ten-membered ring 

with 0.45-0.60 nm diameter [49]. The pore opening determines the size of molecule 

that can enter the zeolite. That is the reason why big molecules such as aromatics, 

n/iso parafins and naphthalene are produced when ZSM-5 catalyst is used in 

methanol conversion to olefins and gasoline. Figure 1.4 shows the pore structure of 

-H2O  - H2O 

+ 

H

2

O 
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ZSM-5. The ZSM-5 framework has two intersecting channels system i.e. sinusoidal 

running parallel to the [001] plane and the other one running parallel to the [010] 

plane [50]. 

 

Figure 1.4 The pore structure of ZSM-5 [47]. 

 

1.2.5 SAPO-34 

In 1982, Wilson et al. [51], discovered a microporous crystalline aluminophosphate at 

Union Carbide, and other aluminophosphate molecular sieves that belong to the 

SAPO family such as metal aluminophosphate (MeAPO). The metal 

silicoaluminophosphate (MeAPSO) were identified by Zhang et al. [52]. Venna [53] 

prepared a SAPO-34 molecular sieve on an alumina disk, and observed good 

performance in the separation of CO2/N2 gas mixtures. The SAPO-34 molecular 

sieves are synthesized using microwaves, and this molecular sieve is also 

recognized as a good catalyst for MTO reactions [54]. 

1.2.5.1 The structural features of SAPO-34 

SAPO is a molecular sieve catalyst with formula: 

 

M [(SiO2)x (AlO2)y (PO2)z] w H2O; x + y + z = 1 
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where M is a positively charged exchangeable ion of the valence 2, x is the number 

of monovalent cations, y is the number of bivalent cations, w is the number of water 

molecules in the zeolite formula. Molecular sieves are special because of its best 

selectivity to light olefins, but hit has a short lifetime, and have microporous particles 

with dimension < 20 Å dimension, and mesoporous > 20 Å uniform pore dimensions 

sieving based on particle size. The pore structure of SAPO-34 is shown in figure 1.5 

[55]. 

 

 

Figure 1.5 The pore structure of SAPO-34 [55].  

 

Figure 1.5 shows the Zeolite-like structure of the silocaluminophosphate molecular 

sieves that can have different types of the pore structure. The SAPO-34 framework 

is determined from the AlPO4 frame work. Figure 1.6 (a), shows the arrangement of 

Al and P atoms in the AlPO4 framework. Therefore AlPO4 has electrically neutral 

framework because it is composed of the same number of AlO4 and PO tetrahedral. 
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                                                                      H 
 
O       O        O       O       O               O       O       O        O 
 
    Al       P       Al          P                        Si        Al        P 
 
O       O       O       O       O                   O  O    O   O   O   O 
 

(a)                                                             (b) 

Figure 1.6 (a) AlPO4 [56] (b) SAPO-34 [57] 

When Si atom is incorporated into AlPO4 framework, Si atom replaces Al or P atoms 

and generate SAPO framework in figure 1.6 (b). SAPO molecular sieves are 

classified into large pores like SAPO-5 with the pore dimension of (7 - 8 Å), medium 

pores like SAPO-11 with the pore dimensions of (5 - 6 Å), and small pores like 

SAPO-34 and SAPO-44 with pore dimensions of (3 - 4 Å) [58]. Figure 1.7 illustrates 

the pore dimensions of different zeolites. 

 

    

(a) Small 8-membered ring ~ 4 Å  (b) Medium 10-membered ring ~ 5-6 Å 

(SAPO-34 and SAPO-44)       (SAPO-11) 
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(c) Large 12-membered ring ~ 6-8 Å 

(SAPO-5) 

 

Figure 1. 7 Pore structures of different SAPOs [59].  

The SAPO size is determined by the oxygen packing mode. Thus SAPO-34 has a 

small pore structure with pore sizes of 0.35-0.45 nm and is formed by a 6-12-

membered ring [59]. SAPO-34 has the chabazite-like structure, constructed with the 

double six-membered rings and forming one cavity per unit cell [60-62]. It uses its 

small pores to permit the selective formation of light olefins even at 100 % methanol 

conversion.  

SAPO-5 with the large pores has the pore dimension of (7 - 8 Å). Its lattice is overall 

charge neutral; an aluminium phosphate does not possess strong acidity. The silicon 

and some other elements with the ability of tetrahedrally are bonded with oxygen and 

could be substituted into the framework structures (SAP0, MeAPO and E1APO) and 

create the acidic sites The MTO reaction results in light olefins together with 

aromatics, The selectivity of light olefins increases with decreasing partial pressure 

of methanol, while the selectivity of aromatics decreases with decreasing partial 

pressure [63]. SAPO-5 with AFI structure, comprises of cylindrical channels formed 

by 12-membered rings with a diameter of 0.74 nm [64], and ZSM-5 is a medium-pore 

zeolite formed by ten-membered ring with 0.45-0.60 nm diameter [49]. 
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1.2.5.2 Impregnation of SAPO-34  

Metal impregnation on the SAPO-34 molecular sieve framework plays an important 

role in the improvement of the catalytic performance particularly on the product 

distribution and selectivity towards C2
= and C3

= in the MTO process. The 

recommended metals that are good for molecular sieve incorporation are Ni, La, Y, 

[30, 65]. The SAPO-34 catalyst incorporated with Fe, Co, and Ni is designated as 

MeSAPO-34. The SAPO-34 incorporated with Ni produced higher ethylene 

selectivity in the MTO reaction [66-68].  

In 2000, Kang [69] used the same MeSAPO-34 molecular sieves for the MTO 

reactions and realised that the NiSAPO-34 catalyst with low acidity enhanced the % 

methanol conversion as well as ethylene selectivity due to the catalyst acidity. The 

order of increasing % methanol conversion and ethylene selectivity was SAPO-34 < 

CoSAPO-34 < FeSAPO-3 < NiSAPO-34.  

The comparison of MTO reactions on different zeolite molecular sieves such as β 

zeolite, ZRP and SAPO-34 was studied by Shanda et al. [70]. They suggested that 

the product distribution from the MTO reaction depends on the acidity of the catalyst. 

The activity of the catalyst increased with an increase in catalyst acidity and also the 

production of light olefins increased. DME was enhanced when a β-zeolite catalyst 

was used. The selectivity to light olefins also increased and the methane product 

decreased on SAPO-34 catalyst impregnated with metals such as K, Cs, Pt, Mo, Ag 

and Ce. The decrease in order of light olefin selectivity is as follows: CsSAPO-34 > 

KSAPO-34 > CeSAPO-34 I> CsSAPO-34 > AgSAPO-34 > CsSAPO-34 II > SAPO-

34 > MoSAPO-34 [71]. 

Impregnation of zeolites by metals affects the activity, selectivity and deactivation of 

the high silica MFI zeolite in the MTO process [68]. Metals such as Ag, Ca, Cd, Cu, 

Ga, In, and Si incorporated on MFI zeolites improved the light olefins selectivity from 

14 % to 18 % [72]. A SAPO-34 molecular sieve modified with Co, Mn, and Ni metals. 

A positive impact on the activity, selectivity and life-time in the MTO reaction was 

noted on SAPO-3 modified with Fe, Mn and Ni. MnAPSO-34 had higher activity and 

light olefins selectivity than CoAPSO-34 and NiAPSO-34. 
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1.2.5.3 The synthesis of SAPO-34 

The synthesis of SAPO-34 molecular sieve catalyst has attracted attention from 

many researchers because of its good selectivity towards light olefins. The zeolites 

such as CAL-1 and ALPO-Kanemite prepared with optimum reaction depend on the 

concentration of silicon desired in the structure. For low silicon concentrations, 

SiO2/Al2O3 = 0.4, no set of adequate conditions was found; the samples prepared 

were always contaminated with the starting lamellar materials. At SiO2/Al2O3 molar 

ratios of 0.8 and 1.2, crystalline samples were obtained after 24 h. For silicon 

concentration still larger, an optimum set of reaction conditions could not be 

determined. The best sample with SiO2/Al2O3 ) 1.6 in the gel was obtained with 

HMI/Al2O3 ) 1.5 only after 48 h of reaction time, and even then, the crystallinity of the 

sample thus prepared was poor. Those catalysts have XRD patterns that are similar 

to that of SAPO-34, but the SEM micrograph differs from SAPO-34 with rough cubic 

crystalline materials. Those catalysts were synthesized at a crystallization 

temperature of 190 ⁰C [73]. When a gel is heated to 473 K within 60 min and kept at 

this temperature for 16 h under rotation, the formation of SAPO-34 crystalline 

materials can compete with the SAPO-5 crystalline [74]. In 2009, Zhu et al. [75] 

synthesized a hierarchical and conventional SAPO-34. The hierarchical zeolites 

were hydrothermally treated at 185 ºC for 72 h under autogeneous using pressure. 

the conventional SAPO-34 zeolites were prepared by the same procedure other than 

using pseudoboehmite (73 wt% Al2O3) as aluminum source and silica sol (40 wt% 

SiO2) as silicon source. Molecular sieve SAPO-34 showed the stronger acid sites 

presenting by the adsorption of ammonia at higher temperature that range from 300 

⁰C to 700 ⁰C. 

The researchers have employed a composite method using ZSM-5/MCM-41/SBA to 

synthesize zeolite molecular sieve that results in the formation of hierarchical pore 

structures and with Lewis acid and Brønsted acid sites similar to SAPO-34 [76]. 

1.2.5.3.1 The effect of structure directing agent s in the synthesis of SAPO-34  

In 1997, Dumitriu et al. [5] synthesized a sample of pure SAPO-34 molecular sieve 

and using piperidine as a structure directing agent. The gel was heated at 200 ⁰C for 

4-8 days. It was realized that SAPO-34 and SAPO-20 compete in the same 
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synthesis gel. This molecular sieve was used as a catalyst for the aldol condensation 

of acetaldehyde with formaldehyde. The SAPO-34 molecular sieve can be prepared 

within a short period (1-5 days) when using common structure directing agent s such 

as morpholine and TEAOH at a temperature of 200 ⁰C. In this study, SAPO-34 

molecular sieve with gel composition of 1.0 Al2O3: 0.6 P2O5:1.1 PIP/TEAOH: 2.4 

SiO2: 100 H2O, at 200 ⁰C was synthesized within 5 days. Piperidine was used as a 

structure directing agent. The prepared acid catalyst was then tested for activity in 

the MTO process. 

Cu-containing SAPO-34 was prepared with and without a structure-directing agent 

(SDA) [77]. A morpholine SDA was used to synthesize CuSAPO-34, and XRD 

patterns of the catalysts revealed the existence of SAPO-34, when the SDA was 

introduced in the gel. In the absence of SDA, SAPO-20 was observed. The synthesis 

of SAPO-34 and MnSAPO-34 in the presence of a morpholine organic structure 

directing agent  produced a material with XRD patterns with the highest peak at the 

2θ = 9.9⁰ [78]. SAPO-34 microspheres prepared from the soft triethylamine (TEA) 

SDA also have a cubic crystalline structure [79]. Mixtures of structure directing agent 

s play an important role in the framework and the crystallinity of SAPO-34 molecular 

sieves. When a single structure directing agent such as morpholine or TEAOH was 

used as the SDA, cubic crystal materials were formed [61]. Cyclohexylamine 

structure directing agent forms rectangular and cubic SAPO-34 crystalline materials 

with particle sizes that range from 0.6-3 µm. In contrast, mixtures of structure 

directing agent s such as TEAOH and morpholine, TEAOH, dipropylamine and 

cyclohexylamine, result in the formation of spherical types of structure [80]. 

1.2.6 Characterization techniques for SAPO 34 based materials 

1.2.6.1 X-ray diffraction (XRD) 

XRD is one of the analytical techniques that reveals detailed information about the 

chemical composition and crystallographic structure of natural and manufactured 

materials. It is also known as the most important non-destructive tool to analyse all 

kinds of materials [81]. XRD is used to determine the arrangement of atoms in a 

crystalline solid. A diffraction patterns is obtained by measuring the intensity of the 

diffracted rays as a function of the angle of incidence. The crystallinity of a crystal 
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can be determined by the sharpness of the peak observed in the XRD profile. The 

broadening of a peak is related to the crystal size and can be determined by using 

the Scherrer equation [82, 83]. 

D = 




cos

9.0 
1.0  

where D is the particle size, β is the broadening of the diffraction line measured at 

half the maximum peak intensity, θ is the diffraction angle. λ is the wavelength of a 

Cu cathode vary Kα rays. 

1.2.6.2 Scanning electrons microscopes (SEM) 

SEM is an analytical technique that measures a largely magnified image of a crystal 

by using electrons instead of light [84]. Blenken et al. [85] investigated the 

morphology of SAPO-34 using a scanning electron microscope (SEM) micrograph 

and it showed cubic crystals ranging from 0.2 to 2 µm in size with some smaller 

particles surrounding the crystals. Tan et al. [86] studied the crystal morphology of 

SAPO-34. The SEM image also revealed the cubic SAPO-34 crystals with a size=3 

µm. Van Herden et al. [87] discovered that the SEM images for SAPO-34 shows 

agglomerated particles with undefined morphology. Chae et al. [88] studied the 

physicochemical characteristics of a ZSM-5/SAPO-34 composite catalyst using 

triethylamine as a structure directing agent. ZSM-5/SAPO-34 composites have no 

interaction between the ZSM-5 and SAPO-34 particles, because most of the 

particles showed the large cubic shape crystals which are assigned to ZSM-5 and 

submicron crystals that are assigned to SAPO-34.  

Wan et al. [89] investigated the crystal morphology for AlPO4-5 using SEM images of 

the samples prepared with a gel containing 10 H2O, 20 H2O, 30 H2O and 40 H2O 

mole concentration of water. The SEM photographs revealed that when the 

concentration of water is 10 and 20 M hexagonal platelets were observed while 30 

and 40 M concentration of water gave spherical crystalline materials of AlPO4-5. The 

highest concentration of water limits the formation of AlPO4-5 [90]. Jhung et al. [91] 

studied the morphology of SAPO-5 and SAPO-34 using SEM image and identified 

SAPO-5 materials as hexagonal crystals. Lee et al. [92] studied the synthesis of 

SAPO-34 using diethylamine (DEA) and tetraethylammonium hydroxide (TEAOH) as 
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the structure directing agent s. SEM images showed the cubic-like rhombohedra that 

indicate the presence of SAPO-34 when TEAOH was used as a structure directing 

agent while in the case of DEA, pure SAPO-11 was observed with sliced crystals 

aggregating into large particles ranging from 16-20 µm.  

 

1.2.6.3 Ammonia temperature programmed desorption (NH3-TPD) 

Temperature programmed desorption is one of the most widely used and flexible 

techniques for characterization of acid sites on an oxide surfaces. It determines the 

quantity and the strength of the acids sites on alumina, amorphous and crystalline 

silica-alumina. The activity of a zeolite is tested by the acidity of the catalyst. The 

acidity of SAPO depends strongly on Si content position and ordering in a lattice 

[93]. Ammonia desorption peaks in a NH3-TPD show how ammonia adsorbs in 

different ways on catalyst acidity solid. The ammonia can adsorb on the bridge 

hydroxyl groups of Brønsted acid sites with different acid strength [84, 94]. Popova et 

al. [90] investigated its temperature programmed desorption of ammonia on SAPO-

34 and discovered that there are two main peaks which are observed in the lower 

temperature region (190 ⁰C to 250 ⁰C) and at a higher temperature region (320 ⁰C to 

590 ⁰C) [45] which could be assigned to weak and strong Brønsted acid sites. The 

data are similar to [91-94] that described by sites. Zadbakhsh et al. [95], studied the 

temperature programmed desorption of ammonia on SAPO–34 and observed three 

peaks. The first peak at 214 ⁰C was assigned to weak Brønsted acid sites arising 

from hydroxyl groups attached to the centres of P-OH. The second peak arises at 

380 ⁰C was assigned to a weak Brønsted acid sites arising from hydroxyl groups 

attached to the centres of Al-OH. The third peak arises from the bridge hydroxyl of –

Si–(OHO)–Al group [86] and is considered as strong Brønsted acid sites similar to 

the [96]. 

1.2.6.4 SS NMR Spectroscopy. 

SS NMR Spectroscopy is a type of spectroscopy that characterizes the presence of 

anisotropic interactions [97]. NMR spectroscopy gives information about the local 

structural environment of atoms and their nearest neighbour atoms. Crystalline 

silicates such as the isotopes silicon-29 and aluminium-27 can be used in NMR 
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experiment to distinguish the framework of alumina silicates in an interface, and 

determine the number of crystallographic silicon sites present in a crystalline 

material. NMR spectroscopy can also estimate the bond strength, Si-O-(Si, Al) bond 

angles and detect Al (4), Al (6), Al (4)/Si and Al (6)/Al (4) ratios [98]. 

1.2.7 The properties of SAPO-34  

The most important properties of a catalyst are how well it does the job of converting 

the reactant into the product. This is measured by three parameters:  

(i) Acidity 

(ii) Activity  

(iii) Selectivity 

Poisoning and enhancement of a catalyst are needed so that this catalyst should be 

the generable, reproducible, mechanically and thermally stable. This catalyst is 

required for possesses suitable morphological characteristics and the economical 

use. 

 

1.2.7.1 The acidity of SAPO 

Internal acidity resulting from the replacement of framework elements, high thermal 

stability, large surface area, accessibility for modification (introduction of metal atom) 

and ion-exchange (exchange of charge compensating ions),are the important factors 

that affect the light olefins selectivity of zeolite [99]. SAPO-34 has weaker acidity 

compared to the ZSM-5, and thus low potential for the promotion of reactions which 

need strong acid sites for hydrogen transfer, oligomerization and coking. Because of 

SAPO-34’s pore opening and its acidity it is regarded as the most suitable catalyst 

for the conversion of methanol to ethylene and propylene [80]. The acid density is 

low in SAPO because of the clustering of silicon atoms those results from the 

substitution of phosphorus by silicon on the AlPO4 framework. A reaction for the 

substitution of phosphorus by silicon is shown in the figure 1.7 [100]. 
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Figure 1.8 Substitution of one Si with Al in pure silicate and substitution of P with Si in 

aluminophosphate [85] 

The substitution of one Si atom with an Al atom in pure silicate and substitution of P 

with Si in aluminophosphate creates BrØnsted acid site. Protons are attracted to the 

oxygen leaving a negative charge on Al or P. SAPO-5 has high silicon content in 

order to increase the number of the acid sites [101]. When ion-exchanging with 1 

molar of NH4Cl/HCl/H2SO4, a proton is introduced into silicoaluminophosphate 

forming a proton silicoaluminophosphate (H-SAPO). 

Zeolite catalysts which are ion-exchanged with HCl at 80 ºC, or NH4Cl and H2SO4 at 

room temperature show different selectivity [102]. The best zeolite proton exchanger 

for light olefins synthesis in the MTO is H2SO4 because it deposits sulphur 

compounds on the zeolite and reduces the pore opening. HCl proton exchange 

causes the enlargement of the pore opening due to excessive dealumination and 

hot HCl improves % crystallinity of the zeolite. Catalysts decationized to about 45 % 

or more yield principally ethylene. Lower degrees of decationization result in high 

propylene selectivity. SAPO-34 molecular sieve catalysts treated hydrothermally at 

700 ºC has 80 % crystallinity. Catalyst life-time increases, selectivity to light olefins 

(C2=-C3
=) increases and paraffin productivity decreases [103]. 

1.2.7.2 Activity of SAPO-34 

The activity of the catalyst is the rate of consumption of the reactants, and also the 

products can be specified [32]. A high activity and stable catalyst used in a reaction 

with small amount of reactants at a particular temperature, results in a high amount 

of product selectivity [34]. SAPO-34 has been found to be active on the first five 
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hours and thereafter it reaches its maximum, due to the increases in the acidity on 

the catalyst and the blockage of the pores because of coke formation [35]. 

1.2.7.3 Selectivity of SAPO-34  

A high selectivity produces high yields of a desired product while suppressing 

undesirable competitive and consecutive reactions [104]. This can be affected by the 

texture of the catalyst in particular pore volume and pore size distribution. It is 

enhanced by reducing an internal diffusion limitation, which in the case of 

consecutive reaction rapidly reduces selectivity. The selectivity of SAPO-34 

molecular sieve to light olefins depends on acidity of the molecular sieve. The 

formation of light olefins especially C2
= and C3

= are highly favored on the molecular 

sieve containing lower acidic sites [105]. The selectivity of light olefins on other 

zeolites such as ZSM-5 and other SAPO-34 prepared with different SDA was low. 

High methane production was also the main problem. Other products like paraffins 

and aromatics were the main products.  

In this study, SAPO molecular sieves prepared with an unconventional piperidine 

SDA comprised low acid sites. Those molecular sieves supposed to be highly 

selective towards the light olefins and reduce the production of paraffins and 

aromatics in MTO reaction. Unfortunately the molecular sieves have low olefins 

selectivity and still paraffins and high hydrocarbons are observed. What is interesting 

is that when Na2O is loaded in the molecular sieve, the activity of the molecular sieve 

is promoted the production of methane in MTO reaction is reduced. 
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CHAPTER TWO - METHODS AND MATERIALS 

2 SYNTHESIS OF SAPO. 

2.1 Experimental 

2.1.1 Chemicals and materials 

Table 2.1 Chemicals and materials 

Name Composition Suppler (Company) 

Ortho-phosphoric acid 85% Saarchem 

Aluminium hydroxide 

(Al(OH)3) 

47 % Merck 

Piperidine  99 % Sigma Aldrich 

Tetraethylammonium 

hydroxide  (TEAOH) 

35.00 % Sigma Aldrich 

Fumed silica (SiO2) 98.00 % Degussa 

Distilled Water (H2O) 100.0 % UL 

Ammonium chloride (NH4Cl) 

 

98.00 % Rochelle Chemicals 

Silver nitrate (AgNO3) 

 

99.80 % Merck 

Sodiun hydroxide (NaOH) 85.00 % Rochelle Chemicals 

Iron chloride (Fecl3.6H2O) 99.00 % Rochelle Chemicals 

Cobalteous chloride 99 .00 % UnivAR 

Nickle chloride 98.00 % Rochelle Chemicals 

pH meter universal indicator 0-14 Rochelle Chemicals 

Filter paper  Rochelle Chemicals 
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Table 2.2 Equipments  

Equipment Quantity Name of the Company 

Beaker 400 ml Lasec 

Separating funnel 100 ml Lasec 

Hot plate 0-200 ºC Heidolph MrBoolk 

Thermometer -10-110 ºC Sigma Aldrich 

Magnetic stirrer 9   60 polyg Imelmann (PTY) LTD 

Overhead stirrer 10 m/m D/E IKA RW 16 

Stainless steel Autoclave 4848Reactor Controller  Parr 

Test tube 10 ml Lasec 

Pasture pippette 5 ml Lasec 

Filter paper 11.00 cm  Sigma Aldrich 

Oven Ecotherme Labotec 

Furnace Carbite Banford Sheffield MicroSEP 

(PTY) LTD 

 

Table 2.3 Synthesized samples for SAPOs prepared at different crystallization 

temperature. 

Samples Crystallization  

Temperature 

(⁰C) 

Crystallization  

Time (Days) 

P2O5/ 

Al2O3 

Ratio 

Piperidine/

Al2O3  

Ratio 

SiO2/ 

A2O3 

Ratio 

H2O/ 

Al2O3 

SP-1 

 

170 5 0.6 1.1 0.8 100 

SP-2 

 

190 5 0.6 1.1 0.8 100 

SP-3 

 

200 5 0.6 1.1 0.8 100 

SP-4 

 

210 5 0.6 1.1 0.8 100 
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Table 2.4. Synthesized samples for SAPOs prepared at different crystallization 

time. 

Samples Crystallization  

Temperature 

(⁰C) 

Crystallization  

Time (Days) 

P2O5/ 

Al2O3 

Ratio 

Piperidine/ 

Al2O3  

Ratio 

SiO2/ 

A2O3 

Ratio 

H2O/ 

Al2O3 

SP-5 

 

200 1 0.6 1.1 0.8 100 

SP-6 

 

200 2 0.6 1.1 0.8 100 

SP-7 

 

200 3 0.6 1.1 0.8 100 

SP-8 

 

200 4 0.6 1.1 0.8 100 

SP-3 

 

200 5 0.6 1.1 0.8 100 

SP-9 

 

200 6 0.6 1.1 0.8 100 

 

Table 2.5. Synthesized samples for SAPOs prepared with different phosphorus 

content. 

Samples Crystallization  

Temperature 

(⁰C) 

Crystallization  

Time (Days) 

P2O5/ 

Al2O3 

Ratio 

Piperidine/ 

Al2O3  

Ratio 

SiO2/ 

A2O3 

Ratio 

H2O/ 

Al2O3 

SP-10 

 

200 5 0.3 1.1 0.8 100 

SP-11 

 

200 5 0.5 1.1 0.8 100 

SP-3 

 

200 5 0.6 1.1 0.8 100 

SP-12 

 

200 5 0.7 1.1 0.8 100 
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Table2.6 Synthesized samples for SAPOs with high and low sodium content. 

Samples Crystallization  

Temperature 

(⁰C) 

Crystallization  

Time (Days) 

P2O5/Al2O3 

Ratio 

Piperidine/ 

Al2O3  

Ratio 

SiO2/A2O3 

Ratio 

H2O/ 

Al2O3 

Na2O 

SP-13 

 

200 5 0.3 1.1 0.8 100 0.015 

SP-14 

 

200 5 0.3 1.1 0.8 100 0.200 

 

Table 2.7. Synthesized samples for SAPOs with high and low silicon contents.  

Samples Crystallization  

Temperature 

(⁰C) 

Crystallization  

Time (Days) 

P2O5/Al2O3 

Ratio 

Piperidine/ 

Al2O3  

Ratio 

SiO2/A2

O3 

Ratio 

H2O/Al

2O3 

SP-15 

 

200 5 0.6 1.1 0.6 100 

SP-16 

 

200 5 0.6 1.1 0.7 100 

SP-3 

 

200 5 0.6 1.1 0.8 100 

SP-17 

 

200 5 0.6 1.1 2.4 100 

 

2.1.2 General method 

Two methods of preparation for SAPO-34 catalysts were used: method one and 

method two.The methods of synthesing SAPO has been adopted from [5]. 

2.1.2.1 Method 1 (Synthesis of SAPO materials) 

SAPO molecular sieves were synthesized using a hydrothermal method. The 

chemical composition of the gel was as follows: 

1.0 Al2O3: 0.6 P2O5: 1.1 Piperidine: 0.8 SiO2: 100 H2O 
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Two mixtures A and B were prepared. Mixture A was prepared in a beaker by adding 

a 1:1 molar ratio of ortho-phosphoric acid and water drop by drop to a slurry mixture 

of Al(OH)3 in distilled water. The mixture was stirred vigorously for 18 hours at room 

temperature. Mixture B was prepared in a bottle by adding piperidine to a slurry 

mixture of fumed silica in water and stirred vigorously for 18 hours at a temperature 

of range 90 to 100 ⁰C. A gel in figure 2.1 was prepared by adding mixture B 

occasionally to mixture A for five minutes and stirred vigorously for 24 hours at room 

temperature. 

 

 

Figure 2.1 Gel preparation 
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Figure 2.2 An autoclave for synthesis of SAPO-34 

The resulting gel was crystallized in a stainless steel autoclave in figure 2.2 under 

autogenous pressure; the crystallization temperature and time were varied. Other 

mother liquors were prepared by varying phosphate, silicon and sodium contents. 

The autoclave was then quenched in cold water and the final pH of the mother liquor 

was 7. The mather liquors were filtered and washed with distilled water.  

The samples were dried in an oven at 80 ⁰C for 24 hours and calcined at 500 ⁰C for 

5 hours under static air to remove the structure directing agent . Ion-exchanged was 

achieved with 1.00 M NH4Cl solution to introduce protons into SAPO’s framework. 

The molecular sieve suspension was stirred with an overhead stirrer four times at 

room temperature with an interval of 1 hour. The samples were filtered and washed 

with distilled water to remove Cl- ions (tested with AgNO3). Clean SAPO-34 was air-

dried at 80⁰C for 24 hours and air calcined at 550 ⁰C for 3 hours. 
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2.2.1.2 Method 2 (Synthesis of metal containing SAPO materials) 

Table 2.8. Synthesized samples for SAPO containing metals  

Samples SP-18 SP-19 SP-20 SP-21 

Crystallization  

Temperature (⁰C) 

200 200 200 200 

Crystallization  

Time (Days) 

5 5 5 5 

P2O5/Al2O3 

Ratio 

0.6 0.6 0.6 0.6 

Piperidine/ 

Al2O3  

Ratio 

1.1 1.1 1.1 1.1 

SiO2/A2O3 

Ratio 

0.8 0.8 0.8 0.8 

H2O/Al2O3 100 100 100 100 

FeO mol 0 0.03 0 0 

CoO mol 0 0 0.03 0 

NiO mol 0 0 0 0.03 

 

SAPO were synthesized hydrothermally from two mixtures. The chemical 

composition of SAPOs gel was as follows:  

Al2O3: 0.6 P2O5: 1.1 Pip: 0.08 MeO: 0.8 SiO2: 100 H2O, Me = Fe, Ni or Co 

The first mixture A was prepared by adding 100 ml H2O to 37.84 g Al(OH)3 and 

stirred at 32 ⁰C for 120 minutes. Metal chloride was added to the mixture and stirred 

for 60 minutes at the same temperature. A 1:1mole ratio of ortho-phosphoric acid 

85% and water was poured into the mixture of and stirred vigorously for 18 hours at 

room temperature to obtain uniform slurry. 
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The second mixture B was prepared by adding 12.50 g piperidine to slurry of 5.59 g 

fumed silica and stirred vigorously for 18 hours at 100 ⁰C. Mixture B was added to 

mixture A continuously stirred vigorously for 6 hours at a temperature of 32 ⁰C. The 

resulting gel with pH = 8 was aged for 24 hours at room temperature. This was 

crystallized in a stainless steel autoclave under autogenously pressure at the 

temperature of 200 ⁰C for 5 days. 

The autoclave was cooled in cold water and the pH of the contents was 8. The 

resulting products were filtered and washed with water to remove same impurities. 

The samples were dried in an oven at 80 ⁰C for 24 hours and calcined at 500 ⁰C for 

5 hours under air to remove the structure directing agent . Ion-exchange was 

achieved by using 1 mole NH4Cl solution. That was stirred with an overhead stirrer 

for 4 hours. 

The samples were filtered and washed with distilled water to remove Cl- ions and 

tested with AgNO3 to check if the samples were still containing the Cl- ions. Clean 

SAPO-34 was air dried at 80 ⁰C for 24 hours and air calcined at 550 ⁰C for three 

hours. Ion-exchanged samples were characterized with using SS NMR, SEM, and 

NH3-TPD. 

2.2 Characterization 

Table 2.9 List instruments 

Name Suppler (Company) 

X-ray powder diffraction Bruker SA 

Scanning electron 

microscope 

Jeol, Tokyo, Japan 

NH3-TPD Labotech SA 

SS NMR (29Si, 27Al and 31P) Varian 
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2.2. 1 X-ray diffraction  

X-Ray powder diffraction patterns of the samples were obtained on a Bruker AXS D8 

equipped with a primary beam Göbel mirror, a radial Soller slit, a vanatec-1detector 

and using Cu- Kα radiation (40 kV, 40 Ma).[106] 

2.2.2 Solid State Nuclear Magnetic Resonance spectroscopy 

The solid state NMR spectra were acquired on a Varian VNMRS 500 MHz two-

channel spectrometer using 3.2 mm zirconia rotors and a 3.2 mm ChemagneticsTM 

T3 HXY MAS probe. The 29Si spectra were acquired on a 6 mm ChemagneticsTM T3 

HX probe. The single pulse MAS experiments were recorded at ambient temperature 

with proton decoupling the acquisition parameters per nucleus. Adamantane was 

used as an external chemical shift standard where the downfield peak was 

referenced to 38.3 ppm [107]. 

2.2.3. Ammonia temperature programmed desorption  

Ammonia temperature programmed desorption (NH3–TPD) was performed in an in–

house constructed apparatus developed and home build with a thermal conductivity 

detector. Other NH3–TPD data were obtained from a Labotech Mass Spectrometer, 

Pfeiffer Vacuum, OmnistarTM connected to the TPD apparatus. Experiments were 

performed as follows: A 0.2 g of the sample was degassed with helium (He) gas at a 

flow rate of 60 ml/min and the sample was then heated to 500 ⁰C, and then cooled to 

100 ⁰C for 10 minutes. He gas was left flowing, and a mixture of NH3 in He gas (4 % 

NH3 balance He) was adsorbed on the catalyst for 1 hour at 100 ⁰C. The mixture of 

NH3 and He gas was replaced by He gas to remove the weakly adsorbed HN3 on the 

surface of the catalyst for 15 minutes. Desorption was carried out in helium at a flow 

rate of 60 ml/min by heating the sample from 100 ⁰C to 700 ⁰C at a heating rate of 

10 ⁰C/min. 

2.2.4 Scanning electron microscopy 

The sample holders, a double sided tape was mounted on a transparency glass and 

cut into 12 mm x 5 mm pieces. During the sample preparation the cover of the tape 

is removed, the piece is held with a fine point tweezers and dipped into sample. The 
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excess material is gently removed from the tape by tapping the tweezers on the side 

of the sample bottle. 

The other double sided tape is mounted on the stub and its covering is taken off. The 

double sided tape caving the material is now mounted on the one that is mounted on 

the stab. One stub material of 12 mm x 5 mm pieces of tape carrying the different 

samples. The stub containing the samples is now put in the Emitted K550X sputter 

coater (Ashford, England) and coated for 2 minutes with gold. 

Samples were viewed in a JSM-840 Scanning Electron Microscope (JEOL, Tokyo, 

Japan) and operated at an accelerating voltage of 5 kV and a beam which would 

achieve the optimum resolution for a specific magnification. Low beam intensity was 

used as a precaution to avoid sample damage. The images were captured using 

Orion 6.60.4 (Orion, Brussels, Belgium) frame grabber. 

At least three different spots of each sample were viewed to analyze each sample. 

Most samples were analyzed at the following magnifications: 10 000 X, 750 000 X, 

5 000 X, 4 000 X, 3 000 X, 2 000 X, 1 000 X, 500 X and 100 X. Each sample was 

therefore analyzed for at least three hours [49].  

2.3 Catalytic test 

The catalytic activity tests for methanol conversion to light olefins were carried out in 

a glass quartz reactor with quartz wool inside in the temperature of 400 ⁰C. For 

analysis 0.23 g SAPO-34 catalyst was loaded in the reactor. The reactor was 

surrounded by a heating jacket and the temperature was controlled by means of a 

thermocouple placed in the middle of the reactor. Methanol (99, 99 %) was bubbled 

from a glass bubbler by N2 gas with the pressure of 50 kPa and a flow rate of 25 

ml/min. Figure 2.3 is the reactor system used. 
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Figure 2.3 A flow diagram for MTO reactor system 

The exit gases from the reactor was monitored by a HP 5840A Gas Chromatogram 

(Hewlett Packard) with a Flame Ionization Detector and 2 m long packed columns 

The detector temperature was set at 220 ⁰C, and the injector temperature used was 

100 ⁰C. The oven temperature was allowed to increase from 20 ⁰C to 279 ⁰C. N2 

was used as a carrier gas in GC with a pressure of 20 psi. GC was analysed using 

clarity software. 
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CHAPTER THREE - Catalyst characterization 

3.1 X-ray Diffraction Patterns 

3.1.1 Introduction 

Figure 3.1 shows the XRD patterns for SAPO-5 and SAPO-34 molecular sieves with 

their significant peaks from the literature. 

  

(a)                                                                        (b) 

Figure 3.1. XRD spectra for SAPO-34 (a) and SAPO-5 (b) [57] and [101]  

The XRD patterns for pure SAPO-34 and SAPO-5 molecular sieves are shown in 

figure 3.1 (a) and (b). The XRD patterns of SAPO-34 molecular sieve has the peak 

at 2θ = 21⁰ [92]. The existence of SAPO-34 crystalline materials is shown from the 

peaks that appears at 2θ = 9.9⁰, 13.0⁰, 15.0⁰, 18.0⁰, 21⁰, 26⁰, 32⁰ [58, 91, 113, 114]. 

The particle size is readily shown by peaks on the XRD patterns was calculated 

using the Scherrer equation: [77] 

D = (0.9 λ)/β cos θ   0.1 
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Example of the size measured of a sample prepared at 170 ⁰C crystallization 

temperature for 5 days is given below. 

The highest peak at 2θ = 23⁰ was used for the analysis. Therefore θ = 11.5⁰, and cos 

(11.5 ⁰) = 0.4603 

Thus, β = 11.5/180⁰  π = 0.201 

Finally  

D = (0.9 λ  0.1) /βcos θ 

   = 0.9   1.542 nm   0.1/0.201  0.4603 

   = 1.49 nm 

3.1.2 Results and discussion 

3.1.2.1. Influence of crystallization temperature on the formation of molecular 

sieve SAPO. 

The X-ray diffraction patterns of SAPO molecular sieves synthesized at the 

temperature ranges from 170 ºC to 210 ºC in 5 days are shown in figure 3.2 and 

table 2.3 shows the synthesis regime and conditions, respectively. The XRD patterns 

for SAPO is corresponding to the CHA-structure of SAPO-34 reported in the 

literature [16-20].  
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Figure 3.2 XRD patterns of SAPO for the samples (PS-01-PS-04) with the synthesis 

temperature ranges (170–210) ºC in 5 days and calcined at 550 ⁰C for 3 hours. 

The XRD patterns in figure 3.2 also revealed the presence of SAPO-5. The four 

peaks in the XRD patterns at 2θ = 7.9 ⁰, 20 ⁰, 23 ⁰and 26 ⁰, reveal the existence of 

SAPO-5, while the peaks at the two theta scale of 14.9 ⁰, 21 ⁰, 26 ⁰ and 31⁰ account 

for crystalline materials for SAPO-34. The XRD patterns for the samples prepared at 

lower temperature 170-190 ⁰C (PS-01 and PS-02) shows the presence of SAPO-5 

while the one prepared at high temperature 200 ⁰C (PS-03) shows the presence of 

both SAPO-5 and SAPO-34. When the crystallization temperature is low, more 

SAPO-5 crystalline material is synthesized. A sample synthesized at 200 ⁰C within 5 

days shows the promising structure for SAPO-34. The particle sizes are different to 

one another i.e. 1.49 and 4.30 nm. The SAPO synthesized at 210 ⁰C (PS-04) does 

not show any peak. Thus temperature influences the synthesis of SAPO molecular 
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sieves. All samples consist of the combination of the XRD patterns shown in figure 

3.1 (a) and (b). 

3.1.2.2. Influence of crystallization time on the synthesis of molecular sieve. 

Figure 3.3 shows the XRD patterns for SAPO molecular sieves of samples in table 

2.4 prepared as a function of crystallization time. 
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Figure 3.3. X-ray powder diffraction patterns for SAPO molecular sieves samples (PS-03, 

PS-05 – PS-09) synthesized at 200 ⁰C within different days (1 - 6) days, calcined at 550 ⁰C.  

The XRD patterns of the 1 day synthesized material in figure 3.3, revealed the other 

type of SAPO, SAPO-5 and SAPO-34 materials and table 2.4 shows the synthesis 

regime and conditions of the molecular sieves. SAPO could be synthesized after 2 

days. The XRD patterns for samples (PS-03, PS-06 – PS-08) prepared within 2-5 

days shows the presence of both SAPO-5 and SAPO-34. They all have the peaks at 

2θ = 7.9 ⁰, 20 ⁰, 23 ⁰ and 26 ⁰ assigned to SAPO-5 with multi peaks at 2θ = 20 ⁰-23 ⁰ 

that shows the presence of impurities. The SAPO-34 material are shown from the 
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XRD patterns with the small peaks at 2θ = 9.9, 14.9 ⁰, 21 ⁰, 26 ⁰ and 32 ⁰. The XRD 

patterns for the sample prepared within 6 days (PS-09) shows the presence of pure 

SAPO-5. This is revealed by the most intense peaks at 2θ = 7.9 ⁰ and 23 ⁰. For 

SAPO-34 materials, XRD patterns supposed to have the most intense peaks at the 

2θ = 9.9 ⁰ and 21 ⁰. The average particle size of SAPO-34 samples is 1.49 nm.  

3.1.2.3 Influence of the P content in the synthesis gel on the synthesis of 

molecular sieve SAPO. 

SAPO material were synthesized at the different P2O5/Al2O3 mole ratios from 0.3 – 

0.7. The XRD patterns of the samples are shown in figure 3.4. Table 2.5 shows the 

synthesis regime and conditions for the molecular sieves. 
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Figure 3.4 XRD patterns of SAPO molecular sieves samples (PS-03, PS10 –PS-12) of 

synthesized at the molar ratio range from 0.3 to 0.6 P2O5/Al2O3 for 5 days at 200 ºC, calcined 

at 550 ⁰C for 3 hours). 

The P2O5/Al2O3 molar ratio was found to influence the synthesis of SAPO 

significantly. The XRD patterns indicated the formation of both SAPO-34 and SAPO-
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5 in the same gel at low phosphorus molar ratio, i.e. P2O5/Al2O3 = 0.3 (PS-10). The 

increase with P2O5/Al2O3 molar ratio for 0.3 and 0.6 (PS-03 and PS-10) but they 

decreased at a ratio of 0.7 (PS-12).  

3.1.2.4 The effects of Na+ as a promoter of SAPO molecular sieve. 

Figure 3.5 shows the X-ray powder diffraction patterns for SAPOs molecular sieves 

prepared using the phosphorus molar ratio of P2O5/Al2O3 = 0.3 (PS-10) with varying 

sodium content 0.013 Na2 (PS-13) and 0.2 Na2O (PS-14)  
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Figure 3.5 XRD patterns for SAPO molecular sieves samples (PS-10, PS-13-PS-14) with 

sodium added as a promoter. 

Molecular sieves with higher sodium contents of sample PS-14 in figure 3.5 gave a 

more crystalline material with the particle size 3.8 nm. All the peaks that are 

attributed to SAPO-34 are present except a peak that appears on the 2θ = 21 o. The 

XRD patterns have the unusual peaks at 2θ = 13 o and multi peaks from 2θ = 22 o to 
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2θ = 27 o. These suggest that the material that was synthesized could not be either 

SAPO-5 or SAPO-34. Due to the present of Na2O in the gel Na atoms substitute P 

atoms on the AlPO4 framework and form Ferrierite zeolite [108]. While the XRD 

patterns for the catalyst synthesized using the lower sodium content of sample PS-

13 have the particle size of 4.32 nm and also have the deformed peaks at the 2θ = 

9.9 o, 13 o, and 18 o. SAPO-5 can also be detected on the 2θ = 7.9 o. Molecular sieves 

prepared with low and without sodium content have SAPO-34 crystalline materials. 

The addition of sodium atoms in SAPO framework damages the structure of SAPO 

and result in other material. 

3.1.2.5 Influence of the Si content in the synthesis gel on the formation of 

molecular sieve SAPO. 

Figure 3.6 (a) shows the X-ray diffraction patterns of synthesized SAPO samples, in 

which the molar ratio of SiO2/Al2O3 varied from 0.6 to 2.4, figure 3.6 (b) -(d) the 

SSNMR (29Si, 27Al and 31P) for high and low silicon contents. Table 2.7 shows the 

synthesis regime and conditions of the molecular sieve. 
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    (c)      (d) 

Figure 3.6 (a)-(d) The XRD patterns, 29Si, 37Al and 31P spectra for H- SAPO molecular 

sieves samples (PS-03, PS-15 – PS-17) synthesized at the SiO2/Al2O3 molar ratio range 0.6 

to 2.4 for 5 days at 200 ºC, calcined at 550 ⁰C for 3 hours. 

Figure 3.6 (a) shows the XRD patterns for SAPOs molecular sieves synthesized at 

the SiO2/Al2O3 molar ratio range 0.6 to 2.4 (PS-03, PS-15 – PS-17) for 5 days at 200 

ºC. The XRD patterns for the molecular sieves synthesized at the SiO2/Al2O3 molar 

ratio 0.6 and 0.7 (PS-15 and PS-16) have few peaks. This shows that the samples 

were still at the intermediate stage. Therefore there was no formation of either 

SAPO-34 or SAPO-5. Molecular sieve containing a SiO2/Al2O3 molar ratio of 0.8  

(PS-03) results in the formation of both SAPO-5 and SAPO-34. The one containing a 

SiO2/Al2O3 molar ratio of 2.4 (PS-17) gave rise to SAPO-34 phase and amorphous 

phase. This is supported by a broad single peak of 29Si SSNMR spectrum for the 

sample with SiO2/Al2O3 of 2.4 in figure 3.6 (b). 27Al NMR spectrum for the molecular 

sieve [in figure 3.6 (c)] with low silicon content revealed one sharp with high peak 
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intensity of the Al resonance at the chemical shift of 40.31 ppm that corresponds to a 

tetrahedral Al site. This implies that more of Al atoms were not replaces by Si atoms 

in hydrolysis of AlPO4. The molecular sieve prepared with high silicon contents 

shows three well formed peaks that indicates good replacement of Al atoms by Si 

atoms. The XRD patterns for molecular sieve prepared with SiO2/Al2O3 molar ratio of 

2.4 have the peaks that are similar to the one that was discussed on 3.3.2. The XRD 

patterns correspond to the CHA-structure of SAPO-34 in the literature [42, 81, 109-

111]. The SAPO particles increase with an increase in the molar ratio of SiO2/Al2O3 

from 0.8 to 2.4. These are because of the low and high silicon content in the catalyst. 

However a broad feature at 2Ɵ = 13⁰-26⁰ correspond to amorphous materials.  

3.1.2.6 The effects of modified SAPOs 

Figure 3.7 shows the X-ray diffraction patterns for SAPO molecular sieve prepared 

by adding metals like Fe, Co and Ni to the catalyst gel. One sample was prepared 

without adding any metal. 
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Figure 3.7 The XRD patterns for unmodified and modified SAPO catalyst 

The method for the synthesis of SAPO molecular sieve using stirring method for 24 

hours was not successful. Therefore the method for the synthesis of SAPO was 
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changed. The first mixture A was prepared by adding 100 ml H2O to 37.84 g Al (OH)3 

and stirred at 32 ⁰C for 120 minutes. Metal chloride was added to the mixture and 

stirred for 60 minutes at the same temperature. A 1:1mole ratio of ortho-phosphoric 

acid 85% and water was poured into the mixture of and stirred vigorously for 18 

hours at room temperature to obtain uniform slurry. 

The prepared gel was aged (not stirred) for 24 hours instate of stirring for 24 hours 

before it was crystallized in an autoclave. XRD patterns of the unmodified and 

modified catalyst in figure 3.7 revealed the most intense peak at 2θ = 9.4⁰ with the 

particle size of 3.8 nm, and other peaks at 2θ = 11⁰, 13⁰,15⁰, 26⁰, 30⁰ and 33⁰. All 

those peaks are assigned to SAPO-34 molecular sieve. The peaks at the 2θ = 13⁰, 

23⁰, 24⁰, 30⁰, are assigned to SAPO-5 molecular sieve. The sample Co-SAPO 

contained both SAPO-34 and SAPO-5, because it contains all peaks for SAPO-34 

and some peak for SAPO-5 at 2θ = 9.9 ⁰, 11⁰, 15⁰, 18⁰, 19⁰, 21 ⁰ and 23 ⁰. Fe-

SAPOs showed a peak at 9.4º, very small peaks at 2θ = 11⁰, 13⁰, 15⁰, and medium 

peaks at 2θ = 26⁰ and small peaks at 2θ = 30⁰, 34⁰, 35⁰. Peaks at 2θ = 18⁰, and 

20⁰/21⁰, are absent. Fe-SAPO peaks in the range 22.4 ⁰ to 27 ⁰ are distorted while 

the rest of materials show well-defined peaks at that range. This is because Fe is 

less reactive when reacting with silicoaluminophosphate. Some of Fe particles are 

left unreacted and form an amorphous material. Therefore the catalyst should be 

synthesized for more than 5 days. Ni-SAPO XRD patterns did not show any 

difference compared to unmodified SAPOs because Ni is more reactive when 

reacting with silicoaluminophsphate and it react completely in the reaction.  

3.1.2.7. The influence of structure directing agents  

The XRD patterns of SAPO molecular sieves samples prepared using piperidine and 

tetraethylammonium hydroxide as structure directing agents are presented in figure 

3.8. 
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Figure 3.8 XRD patterns for SAPO molecular sieves prepared using piperidine (PS-03) and 

TEAOH (PS-22) structure directing agent s. 

XRD patterns of both molecular sieves in figure 3.8 were different. SAPO molecular 

sieve prepared using TEAOH structure directing agent (PS-22) have peaks at 2θ = 9. 

9 ⁰, 13 ⁰, 15 ⁰ and 26 ⁰ with the particle size of 1.49 nm. All peaks are assigned to 

SAPO-34. A peak at 2θ = 18 ⁰ is assigned to AlO4 framework, so there was no 

replacement of Al atom by Si atom incorporated in the reaction. A peak at 2θ = 18 ⁰ 

should disappear and result with a peak at 2θ = 20 ⁰ or 2θ = 21 ⁰ so the peak at 2θ = 

20 ⁰ or 2θ = 21 ⁰ is absent. The multi peaks in the range 2θ = 23 ⁰ to 2θ = 26 ⁰ do not 

suggest the presence of SAPO-5 or SAPO-34. The XRD patterns of this sample 

looks similar to Ferririete zeolite [109] When piperidine (PS-03) was used as a 

structure directing agent , only four peaks appear at 2θ = 13 ⁰, 15 ⁰, 21 ⁰, and 26 ⁰ 

with the particle size of 3.8 nm and were assigned to SAPO-34 materials. The 

absent of a peak at 2θ = 18 ⁰ indicate that there was a replacement of Al atom by Si 

atom in the reaction. Peaks at 2θ = 7.4 ⁰, 13 ⁰, 22 ⁰, 23 ⁰ and 30 ⁰, are assigned for 

SAPO-5 materials. 
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3.2 SEM spectroscopy 

3.2.1 Introduction 

The SAPO molecular sieves were synthesized using piperidine as a structure 

directing agent at 200 ⁰C within different days. The selected samples of SAPO 

prepared within 3 and 5 days, with P2O5/Al2O3 = 0.3 and 0.6 molar ratios, SiO2/Al2O3 

= 2.4 molar ratio, the samples containing metals like Fe, Co and Ni and a sample 

without a metal were characterized using SEM spectroscopy. One sample was 

synthesized using TEAOH as a structure directing agent. This sample was also 

characterized using SEM spectroscopy technique. 

3.2.2 Results and discussion 

Figure 3.9 (a)-(c) shows the typical SEM images of SAPO synthesized at 200 ⁰C 

within 3 days (PS-07) at different magnifications like 1000, 2000 and 5000. 

 

  

(a) (b) 
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Figure 3.9 (a)-(c) SEM images for SAPO sample PS-07 synthesized within 3 days at 

different magnifications. (a) magnification of 1000, (b) magnification of 2000 and (c) 

magnification  of 5000. 

The SEM images show the particles with rough shape at the magnification of 1000 

and 2000 [figure 3.9 (a) and (b)]. At magnification of 5000 [figure 3.9 (c)], pentagonal 

crystals are observed that indicate the presence of SAPO-5.This results are similar 

to the one shown from the literature [58] 

Figure 3.10 (a)-(d) shows the typical SEM images of SAPO synthesized at 200 ⁰C for 

5 days at different magnifications. 

  

(a) (b) 

(c) 
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Figure 3.10 (a)-(d) SEM images for SAPO synthesized within 5 days at different 

magnifications. (a) magnification 500, (b) magnification 1000, (c) magnification 1500. And (d) 

magnification 10000 

At lower magnifications 500 figure 3.10 (a), SEM images reveal irregular particles. At 

higher magnification of 1000, 1500 and 10000 [figures 3.10 (b-d)] the pentagon 

crystals were observed that indicating AlPO4 at intermediate stage of growth and 

some of the Al and P atoms were not replaced by Si atom. The pentagon crystals 

can also indicate the presence of SAPO-5. The SAPO-5 changes to SAPO-34 when 

the crystallization time increases.  

Figure 3.11 (a)-(c) shows the SEM images of SAPO synthesized at 200 ⁰C for 5 

days with a P2 O5/Al2O5 = 0.3 mole ratio at different magnifications like 2000, 4000, 

5000 and 7500 

 

(c) (d) 
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Figure .3.11 (a)-(d) SEM image for SAPO synthesized at 200 ⁰C for 5 days with the mole 

ratio of P2O5/Al2O3 = 0.3 at different magnifications. (a) magnification 2000, (b) magnification 

4000, (c) magnification 5000 and (d) magnification 7500. 

The morphology of the molecular sieve synthesized with P2O5/Al2O5 = 0.3 molar ratio 

at 200 ⁰C for 5 days is shown in Figure 3.11 (a-d). SEM image for SAPO-34 with the 

molar ratio of P2O5 /Al2O3 = 0.3 shows rectangular crystals with amorphous particles 

at the magnification 2000, 4000, 5000 and 7500.This indicate the presence of 

SAPO-34 which is not well formed. 

Figure 3.12 (a)-(d) show the micrographs of SAPO synthesized at 200 ⁰C for 5 days 

with a SiO2/Al2O3 molar ratio of 2.4. at different magnifications like 30, 100, 5000 and 

7500. 

 

(a) (b) 

(c) (c) 
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Figure 3.12 (a)-(d) SEM image for SAPO synthesized at 200 ⁰C for 5 days with the mole 

ratio of SiO2/Al2O3 = 2.4. (a) magnification 30, (b) magnification 100, (c) magnification 5000 

and (d) magnification 7500. 

The morphology of the SAPO molecular sieve prepared at 200 ⁰C for 5 days with 

SiO2/Al2O3 = 2.4 molar ratio using SEM technique is shown in [figure 3.12 (a)-(d)]. 

The irregular cubic crystal with amorphous particles is shown at the magnifications of 

30 and 100 in [Figure 3.12 (a)-(b)]. The molecular sieve with SiO2/Al2O3 = 0.80 molar 

ratio discussed in figure 3.10 (b)-(c) has the shape different to the shape of 

molecular sieve prepared with SiO2/Al2O3 = 2.4. The shape of particle for this 

molecular sieve gave a pentagonal crystal with amorphous particle. These indicate 

the presence of SAPO-5 which can develop into SAPO-34 if a molecular sieve could 

be synthesized for more than 5 days. Figure 3.12 (c)-(d) shows SEM image of 

molecular sieve at magnification 5000 and 7500. Only amorphous materials were 

observed. 

(a) (b) 

(c) 
(d) 
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One sample was synthesized using TEAOH structure directing agent at 200 ⁰C for 5 

days. Figure 3.13 (a)-(d) illustrate the SEM micrographs for this sample at different 

magnification like 2000, 3000, 4000 and 10000. 

 

   

  

Figure 3.13 (a)-(d) SEM image for SAPO synthesized using TEAOH as a structure directing 

agent . at 200 ⁰C for 5 days. (a) magnification 2000, (b) magnification 3000, (c) magnification 

4000 and (d) magnification 10000. 

SEM micrographs revealed an irregular rectangular crystals in [(figure 3.13 (a-d)] at 

all magnifications also with amorphous materials. SAPO molecular sieves 

synthesized using piperidine and TEAOH structure directing agent s contain different 

morphology with pentagon and rectangular crystals. But when piperidine was used 

as structure directing agent in figure 3.10 (b)-(c), small pentagonal crystal of SAPO 

(a) (b) 

(c) (d) 
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molecular sieve was observed while for the SAPO catalyst prepared using TEAOH 

structure directing agent , crystals with bigger rectangular shape was observed.. 

Figure 3.14 shows the micrographs for Fe-SAPO-34 molecular sieve synthesized at 

200 ⁰C for 5 days at different magnification like 2000, 7500, 10000 and 15000 

  

  

Figure 3.14 (a)-(d) SEM image for Fe-SAPO synthesized using piperdine as a structure 

directing agent at 200 ⁰C for 5 days at different magnification. (a) magnification 2000, (b) 

magnification 7500, (c) magnification 10000 and (d) magnification 15000. 

SEM for Fe-SAPO catalyst in figure 3.14 revealed a mixture of two different 

materials. The first materials in [figure 3.14 (a)-(b)] with magnification of 2000 and 

3000 show the groups of sliced crystals that indicate the presence of SAPO-11. The 

second material in [figure 3.14 (c)-(d)] with magnification of 10000 and15000 has 

small particles that form a spherical shape that indicate the presence of AlPO4-5.  

(a) (b) 

(c) (d) 
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This finding is similar to the finding in literature [23] All crystals do not show the 

existence of SAPO-34. Fewer amounts of Si atoms were incorporated into AlPO 

framework and form SAPO-11. Fe atoms did not take part in the reaction. 

Figure 3.15 shows the morphology of Co-SAPO molecular sieve at different 

magnification like 250, 4000, 5000 and 75000. 

  

  

 

Figure .3.15 (a)-(d) SEM image for Co-SAPO synthesized using piperidine as a structure 

directing agent  at 200 ⁰C for 5 days at different magnification. (a) magnification 250, (b) 

magnification 4000. (c) magnification 5000 and (d) magnification 7500. 

SEM images for Co-SAPO molecular sieve show smallest particles in [figure 3.15 

(a)] at magnification of 250. SEM images in [figure 3.15 (b)-(d)] at magnification 

4000, 5000 and 7500 show similar particles with hexagonal crystals that has 

amorphous materials. When Co atoms are incorporated into SAPO framework, it 

(a) (b) 

(c) (d) 
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changes the structure of the molecular sieve and result in the formation of hexagonal 

crystals. These will need more than 5 days for Co-SAPO to develop into cubic 

crystals. 

Figure 3.16 shows the micrographs for Ni-SAPO molecular sieve synthesized using 

piperidine structure directing agent at 200 ⁰C for 5 days at different magnification like 

2000, 3000, 3000 and 4000 

  

  

Figure 3.16 a)-(d) SEM image for Ni-SAPO synthesized using piperidine as a structure 

directing agent at 200 ⁰C for 5 days at different magnification. (a) Magnification 2000, (b) 

magnification 3000. (c) magnification 3000 and (d) magnification 4000. 

SEM images of Ni-SAPO at different magnifications of 2000-4000 show two different 

materials in [figure 3.16 (a)-(d)]. Figure 3.16 (a)-(b) at magnifications 2000-3000 

(a) (b) 

(c) (c) 
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show the similar damaged cubic crystals with amorphous materials. These indicate 

the presence of Ni-SAPO when Ni atom is incorporated in to SAPO-34 framework, Ni 

react completely with silicoaluminophosphate and form cubic crystals Molecular 

sieve containing Ni atoms may be synthesized at low crystallization temperature in 

order to obtain the clear cubic crystals. Figure 3.16 (c)-(d) at magnifications 3000-

4000 show the similar rough spherical materials that is different to the material in 

figure 3.16 (a)-(b) 

3.3 NH3-TPD 

3.3.1 Introduction 

The selected samples for SAPO molecular sieve were synthesized. The 

characterization of those molecular sieves using NH3-TPD techniques were 

compared to the molecular sieve synthesized using piperidine as a structure 

directing agent, at 200 C for 5 days. The gel composition for this molecular sieve 

was 1.0 Al2O3: 0.6 P2O5:1.1 TEAOH: 0.8 SiO2: 100 H2O. 

3.3.2 Results and discussion 

3.3.2.1 Phosphorus content 

NH3-TPD profiles for the SAPO molecular sieve synthesized using piperidine as 

structure directing agent at 200 ⁰C for 5 days with P2O5/Al2O3 = 0.3 mole ratio (low 

phosphorus content). This molecular sieve was compared with the SAPO-34 

molecular sieve with similar method of synthesis but has P2O5/Al2O3 = 0.6 mole ratio 

high phosphorus content). Figure 3.17 (a) and (b) shows the NH3-TPD profiles for 

the SAPO molecular sieves prepared in this study and the molecular sieve 

synthesizes elsewhere. 
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(a)        (b) 

Figure 3.17 (a) – (b). (a). The NH3-TPD profile for lower (PS-10) and higher (PS-03) 

phosphorus content SAPO catalysts. (b) NH3--TPD spectra of various SAPO-34 [110] 

Figure 3.17 (a) shows NH3-TPD profile for SAPO molecular sieve prepared with 

lower and higher phosphorus contents (P2O5/Al2O3 = 0.3 and 0.6 molar ratios). NH3-

TPD profiles for the molecular sieves prepared in this study and a molecular sieve 

prepared by other researchers in figure 3.17 (a) and (b) looks similar and they both 

desorbed on the same regions. The first peak for desorption of ammonia appeared 

on the lower temperature region at 200 ⁰C for all catalysts prepared with lower and 

higher phosphorus content. The peak is assigned to a weak Brønsted acid site for 

the (0.3 and 0.6) mole ratio samples. The second peak for desorption of ammonia 

appeared in the medium temperature regions between (250–350) ⁰C for all catalysts. 

The peak is also assigned to weak Brønsted acid site. The peaks for the desorption 

of ammonia appears on the same region on the molecular sieves prepared in this 

study and on the molecular sieves prepared elsewhere [110]. 
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3.3.2.2 Silicon content 

Figure 3.18 shows NH3-TPD profile for both low and silicon content samples.  
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Figure 3.18 The NH3-TPD spectra for lower and higher silicon content SAPO. 

The desorption peaks of the molecular sieves prepared with low and high silicon 

contents appeared in the same temperature region (temperature regions of (190 – 

250) ⁰C and the other one ranges from (340 - 380)⁰C) but with different intensities. 

SAPOs molecular sieve prepared with lower silicon content has larger amount of Al 

acidity than the one for SAPO molecular sieve with high silicon contents. All the 

peaks are assigned to weak Brønsted acid site. 

3.3.2.3 Structure directing agent s 

Figure 3.19 illustrate the ammonia temperature programmed desorption of SAPO 

synthesized with piperidine and TEAOH structure directing agents. 
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Figure 3.19 The NH3-TPD profiles for SAPO made with Piperidine and TEAOH 

In both catalysts, NH3-TPD profile revealed desorption peak at lower temperatures 

and one at higher temperatures. These peaks are assigned to weak and medium 

Brønsted acid sites corresponding to those in the literature [2, 9, 87, 116, 120]. The 

first peak at temperature regions of (190 -250) ⁰C arises from weak Brønsted acid 

sites and is attributed to hydroxyl groups attached to the centres of P-OH-Al and the 

second peak that ranges from (340 -380) ⁰C arises from the bridge hydroxyl of –Si–

(OHO)–Al group [121]. 

3.4. Solid state NMR spectroscopy (29Si, 27Al and 31P) 

3.4.1 Introduction 

Two samples synthesized using piperidine as a structure directing agent, at 200 ⁰C 

for 5 days with the mole ratio SiO2/Al2O3 = 0.80 and 2.4 were characterized using SS 

NMR spectroscopy (.29Si, 27Al and 31P). The data was collected and analyzed. 
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3.4.2 Results and discussions 

3.4.2.2 Solid states 29Si NMR spectroscopy 

Figure 3.20 Shows the 29Si SSNMR spectra of SAPO molecular sieve with 

SiO2/Al2O3 = 0.80 and 2.4. 
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Figure 3.20 29Si SS NMR spectra of SAPO low and high silicon content  

Two broad bands were seen with high intensities centred at the chemical shift of -

95.19 and -110.44 ppm which are clearly distinguished. Those bands are assigned 

to the Si coordination states of Si (3Al) and Si (4Si) [1]. The chemical shift of -90 

ppm, which accounts for Si substitution of only one P(SM2) to form a Si(4Al) 

coordination state [7], was not clearly distinguished because of the broadening of the 

peak (-120 to -80 ppm). This revealed the amorphous silicon and the other 

resonances that cannot be clearly seen. The Si atom was incorporated into the 

AlPO4 framework by one substitution mechanism (SM3) where Si substituted for both 

Al and P atoms and gave rise to a negative charge framework of relatively strong 

acid sites [1, 24]. In the case of high silicon content, one broad peak at a chemical 

shift of -110 was observed. This peak is assigned to Si (4Si). Three integrated 

signals could be deconvolulet from the broad peak. Those bands are assigned to 

more Si coordination state of Si (3Al1Si), Si (2Al2Si) Si (1Al3Si) [92].  
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3.4.2.2 Solid states 27Al NMR spectroscopy 

Figure 3.21, Shows the solid state 27Al NMR spectra for the low and high silicon 

content samples in the gel. 
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Figure 3.21.27Al SS NMR spectra of SAPO catalyst low and high silicon content. 

27Al NMR spectrum for the molecular sieve with low silicon content revealed one 

sharp with high peak intensity of the Al resonance at the chemical shift of 40.31 ppm 

that corresponds to a tetrahedral Al site. The two broad peaks with low intensities at 

the chemical shifts of 18.78 ppm and -13.81 ppm observed. These peaks are 

assigned to pentahedral and hexahedral coordination sites. The peaks are arising 

from the interaction of Al with extra-framework OH groups in the sieve cavities. A 

one small broad peak with low intensities at the chemical shift - 91.85 ppm arises 

from the amorphous Al species. 27Al NMR spectrum for the high silicon contained in 

the gel showed three peaks at the chemical shifts of 41.05, 10.21 and -10.21 ppm 

that corresponds to tetrahedral, pentahedral and hexahedral Al sites. This finding is 

in agreement with the work reported by Wei et al. [44] and Vomscheid et al. [122]. 

Park et al. [123], suggested that the Al resonance at the chemical shift of 10 ppm is 

due to octahedral species. 
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3.4.2.3 Solid states NMR 31P spectroscopy 

Figure 3.22 presents the solid state 31P NMR spectra for both low and high silicon 

containing samples in the gel. 
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Figure 3.22.31P SS NMR spectrum of SAPO low and high silicon content  

For the low silicon content, a broad high intensity peak appeared at the chemical 

shift of -30.03 ppm the P(4Al) environment and is attributed to tetrahedral 

phosphorous in the framework. It was discovered that the phosphorus amount in the 

low silicon content is very low which suggest that less P atoms were replaced by 

silicon atoms. The observations are related to the work in the literature [60, 99]. The 

other two small peaks that are shown with chemical shifts of -76.10 ppm and 15.37 

ppm, arise from P (3Al, 1OH) [11].  

3.3 Summary and Conclusions 

The SAPO molecular sieve was synthesized using piperidine as structure directing 

agent at 200 ⁰C for 5 days. Among all molecular sieves synthesized at different 

temperatures ranges 170-210 ⁰C (PS-1 – PS-04), and time ranges 1-6 days (PS-03, 

PS-05 – PS-09. The XRD patterns for the molecular sieve that was synthesized at 

200 ⁰C (PS-03) gave an evidence that the required crystallization temperature for 

SAPO-34 molecular sieve is 200 ⁰C. These molecular sieves were synthesized 
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within a short period of 5 days and have the small particle size of 1.49 nm. Molecular 

sieves were also synthesized at different P2O5/Al2O3 molar ratios range 0.3-0.7 (PS-

10 – PS-12 and PS-03) XRD patterns suggested the structures of combined SAPO-5 

and SAPO-34 at the P2O5/Al2O3 mole ratio of 0.3 and 0.6 (PS-10 and PS-03) 

The XRD patterns confirmed the existence of both SAPO-5 and SAPO-34 phases in 

the same molecular sieves. Since the aim of this study is to synthesize SAPO-34 

molecular sieve using piperidine as a SDA, pure SAPO-34 molecular sieve was not 

achieved due to the nature of a SDA. Therefore SAPO-34 should be synthesized for 

long period to increase the crystalline particle of this material  

Two catalysts with high and low phosphorus contents (P2O5/Al2O3 mole ratio of 0.3 

and 0.6 were made. Their particle sizes were similar. NH3-TPD profiles for low and 

high phosphate content showed two peaks that appeared in the 190 ⁰C to 250 ⁰C 

and 340 ⁰C-380 ⁰C for the catalyst prepared with high amount of phosphate these 

peaks are assigned to weak Brønsted acid site 

Solid state NMR spectra (29Si, 27Al and 31P) and XRD revealed additional high 

coordination Al framework atoms when a high silicon content was used in the gel. 

Thus suggested that there was breakage of Al-O-P bonds by the structure directing 

agent and a new Si–O-Al bond was formed. The proposal is also revealed by the 

shift of XRD patterns from the 2θ = 7.44⁰ in the low silicon to 2θ = 9.99⁰ in the high 

silicon contained sample. This shows that there is no Si replacement by phosphorus. 

XRD profile showed the different patterns for all catalysts. It the patterns showed 

existence of SAPO-5 and SAPO-34 at the same time.  

Solid state NMR spectroscopy (29Si, 27Al and 31P) and XRD patterns both showed 

the additional high coordination of Al framework atoms for high silicon content in the 

gel. These suggest that there is breakage of Al-O-P bonds by the structure directing 

agent and a new of Si-O- Al bond is formed. The evidence is also revealed by the 

shift of XRD patterns from the 2 theta = 7.44⁰ in the low silicon to 2 theta = 9.99⁰ in 

the high silicon sample. This shows that there is no Si replacement by phosphorus. 

XRD patterns suggested SAPO-34 molecular sieve phase with the molar gel 

composition of Al2O3: 0.6 P2O5: 1.1 Pip: 2.4 SiO2: 100 H2O. and the existence of 

amorphous phase at the 2 theta scale ranges 13-32 ⁰. 



59 

 

This work has demonstrated that the synthesis of SAPO-34 using piperidine as a 

structure directing agent results in the formation of Si-O-P and Si-O-Al, due to the 

substitution of Si atom by one P atom when low silicon content material was added 

to the gel. In the case of a high silicon sample, the formation of Si-O-P is avoided. 

NH3-TPD also showed evidence for two Brønsted acid sites in the catalyst 

framework. Weak acid sites that appeared on the lower temperature are assigned to 

P-OH hydroxyl groups, while the stronger acid site that appears at higher 

temperature is attributed to the bridging hydroxyl group – SiOHAl. More ethylene 

was produced from the weak acid sites and higher propylene is obtained from the 

stronger acid sites. The purpose of this study was to synthesize SAPO-34 molecular 

sieve using piperidine as SDA. The pure SAPO-34 phase was not successful, 

instead three phases of SAPO-5, SAPO-34 and amorphous were formed in the 

samples. This is due to the nature of the SDA used. 
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CHAPTER FOUR – Catalytic Test 

4.1 Introduction 

Methanol can be obtained by gasification, partial oxidation or steam reforming from 

raw materials such as biomass, coal and natural gas. SAPO-34 molecular sieves 

with micropores have evoked keen interest on the researchers. They are one of the 

best catalysts for the conversion of methanol to light olefins [92]. Methanol can be 

converted to dimethyl ether and water which can be processed at equilibrium 

catalytically to produce olefins. The chemical reaction steps of the methanol 

conversion to hydrocarbons can be summarized as follows:  

 

2CH3OH     CH3OCH3                                  C2
= - C5

= 

                

 

                                                n parafins, aromatics, C6+ Olefins [2]  

The production of light olefins from methanol on a SAPO-34 catalyst was 

investigated in this study. The factors that influence the methanol conversion to light 

olefins are catalyst crystallization time, the use of different structure directing agent s 

and the silicon content.  

The formula used to calculate the concentration of each analyte from the GC data is 

as follows 

CAnal i = 
Anali

Anali

FR

A
 

 Where fRAnal i: carbon response factor of the analyte i, propane equivalent 

AAnal i: measured (displayed) value of the component i in mg C/m3, FID calibrated 

with propane, with 1 ppm C3H8 = 1,61 mg C/m3 under standard conditions (273 K, 

1013 KPa), the area and the retention time data are contained in appendix C 

CAnaly i : carbon concentration in mgC/m3 of the measured analyte i. Table 4.1 was 

used to calculate concentration of the analyte. The concentrations of the analytes 

+H2

O 

 - H2O -H2O 
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were calculated using response factors form the literature [124]. Since FID was used 

in this work. 

Table 4 1 Response factors (propane equivalent) determined by TÜV-Nord using two J.U.M. 

FID´s, Model VE 7, the FID 2 was tested 9 months after the FID 1. 

Analytes  Molecular 

formula 

 Response factor for 

FID 2 

 Response factor 

FID 1 

1,1,1-Trichlorethane C2H3Cl3 1.06 1.02 

Trichlorethene C2HCl3 1.03 1.01 

Toluene C7H8 1.02 1.03 

Tetrachlorethylene C2Cl4 1.22 1.20 

iso-Propanol C3H8O 0.82 0.81 

Propane C3H8 1.00 1.00 

iso-Octane 0,99 0.98  0.97 

Methanol CH4O 0.69 0.68 

Methane CH4 1.26 1.25 

n-Hexane C6H14 0.85 0.86 

n-Heptane C7H16 0.91 0.95 

4-Ethyl Toluene 0.88 0.89 

Ethanol C2H6O 0.65 0.67 

Isobutyl Acetate 0.88 0.89 

Acetate C4H8O2 0.70 0.72 

Acid C2H4O2 0.58 0.55 

Ether C4H10O 0.75 0.77 

Chloride CH2Cl2 1.09 1.06 

Chloroform HCCl3 0.82 0.78 

Chlorbenzene C6H5_Cl 1.01 1.04 

n-Butane C4H10 0.98 0.98 

Benzene C6H6 1.05 1.05 

Acetylene C2H2 0.92 0.94 

Acetone C3H6 0.72 0.73 

Pentane C3H12 0.98 0.97 
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Table 4.2 Retention time and response factor for hydrocarbons. 

 

The Mol (M) is the concentration of that analyte in mol per minute multiplied by flow 

rate of the analyte in ml per minute. The calculations for % methanol and the 

selectivity of the analytes are shown in appendix D. 

4.2 Results and Discussion 

4.2.1 The effects of crystallization temperature on the MTO reactions  

A series of experiments were conducted at 400 ºC for one hour. Methanol was 

bubbled over and carried by nitrogen gas into a reactor. The reactions were 

performed on SAPO acid catalyst crystallized at temperatures from 170 ºC to 210 ºC. 

The table 4.3 indicates a summary of methanol conversion, particle size and product 

distribution of hydrocarbons from the catalysts synthesized in the temperature range 

from 170 -210 oC. 
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Table 4.3 Summary of % methanol conversion, particle size and products distribution of 

hydrocarbons of catalysts synthesized at temperature ranges from 170 oC-210 oC. 

 

 

4.2.1.1 The effects of crystallization temperature on % methanol conversion 

Figure 4.1 shows the effect of crystallization temperature for the molecular sieves 

(PS-01 – PS-04) on the % methanol conversion. 
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Figure 4.1 The effect of crystallization temperature of SAPO molecular sieve (PS-01-PS-04) on 

% methanol conversion at 400 ⁰C for 1 hour. 

The results from figure 4.1 indicated high % methanol conversions between (90 % and 

94 %). The % methanol conversion of a sample PS-01 made at 170 ⁰C is high, and then 

became constant from 190 - 200 ⁰C for samples PS-02 – PS-03. The % methanol 

conversion was low at 210 ⁰C for sample PS-04. The % methanol conversion 

decreased with increasing crystallization temperature. Thus, suitable crystallization 

temperature for methanol conversion is from 170 – 200 ⁰C. 

4.2.1.2 The effects of crystallization temperature on light olefins. 

Figure 4.2 shows the effect of crystallization temperature for the molecular sieves 

(PS-01 – PS-04) on the ethylene, propylene and butylene selectivity. 
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Figure 4.2 The effect of crystallization temperature of SAPO molecular sieve on light olefins 

selectivity at 400 ⁰C for 1 hour. 

Ethylene and propylene selectivity increased from 0.03 – 0.35 mol % with an 

increase in crystallization temperature from 170 - 200 ⁰C (PS-01 – PS-03) and 

decreased at 210 ºC (PS-04) in figure 4.2. However, high amount of butylenes 0.60 

mol % was observed at the crystallization temperature of 190 ºC and then decreased 

to 0.17 mol % at 200 ⁰C. No trace of light olefins was observed at crystallization 

temperatures of 170 ºC and 210 ºC. 

4.2.1.3 The effects of crystallization temperature on product distribution of 

hydrocarbons. 

The effects of crystallization temperature on product distribution of hydrocarbons are 

shown in figure 4.3. The product distribution in figure 4.3 ranges from 0 % to 100 %. 
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Figure 4.3 The effect of crystallization temperature of SAPO molecular sieve PS-01 – PS-04 on 

product distribution of hydrocarbons from 0 - 100 % at 400 ⁰C reactor temperature for 1 hour. 

The graph shown in figure 4.3 indicates that the major products obtained at different 

crystallization temperatures 170 - 210 ⁰C are DME, MeOH and other hydrocarbons. 

Since DME and MeOH are regarded as reactants for the first and second step 

reactions [75]. Lower hydrocarbons were obtained in fewer amounts. 

The effects of crystallization temperature on product distribution of hydrocarbons are 

shown in figure 4.4. The product distribution in figure 4.3 ranges from 0 % to 10 %. 
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Figure 4.4 The effect of crystallization temperature of SAPO molecular sieve on product 

distribution of hydrocarbons from 0 -100 % at 400 ⁰C for 1 hour. 

Figure 4.4 shows the effect of crystallization temperature of SAPO molecular sieve on 

product distribution of hydrocarbons from 0 -100 % at 400 ⁰C for 1 hour. The products 

such as ethylene and propylene are produced in larger quantities than butylene on the 

catalyst synthesized at 200 ⁰C. The product distribution of pentylene is higher than that 

of hexylene and the others. 

4.2.1.4 The relationship between the characterization of SAPO molecular sieve 

and the MTO reaction. 

XRD patterns for the catalyst prepared at different crystallization temperatures were 

discussed in 3.2. 

The particle sizes of the catalysts are similar 1.49 nm for the molecular synthesized 

at 170 and 200 oC, and different particle size 4.3 nm for the molecular sieve 

synthesized at 190 oC. Molecular sieve prepared at 210 oC did not show any peak. 

This is also confirmed by the XRD patterns. The product distribution for 

hydrocarbons on all catalysts differs from one another of the one hour time on 

stream. A large amount of butylene products selectivity was observed from the 

catalyst prepared at the crystallization temperature of 190 oC. An important reaction 
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is the incomplete dehydration of dimethyl ether to light olefins. Only small amount of 

light olefins were obtained from all the catalysts. The best product distribution of 

hydrocarbons was shown for the catalyst prepared at a crystallization temperature of 

200 oC.  

4.2.1.5 Conclusions 

All samples of molecular sieves were tested in MTO for only 1 hour; the purpose was 

to check the suitable crystallization temperature for the light olefins selectivity. It was 

found that the selectivity of ethylene and propylene was high on the molecular sieve 

prepared at the crystallization temperature of 200 ⁰C and only butylenes selectivity 

was high at the crystallization temperature of 190 ⁰C. Thus molecular sieve prepared 

at the crystallization temperature of 200 ⁰C is suitable for light olefins. Teresa [57], 

investigated the effects on the acidic molecular sieve activity in the MTO reactions. 

Molecular sieve was synthesized using different organic templates at the 

temperature ranging 150-200 ⁰C. DME was the major product in MTO reaction with 

high methanol conversion. Light olefins selectivity was very much high ranging 70-90 

%. This molecular sieve has shown only one phase of SAPO-34 without amorphous 

phase. Similar problem from our study is that in all molecular sieves, DME is a major 

product. Ethylene and propylene selectivity is very low. This is because of the 

amorphous phase which is present in all molecular sieves that prevent the formation 

of light olefins.  

4.2.2 The effects of crystallization time. 

The SAPO molecular sieve catalysts prepared at different crystallization times (short 

to long period) were tested in MTO at the reactor temperature of 400 oC for 5 hours. 

The effects of crystallization time on particle size, % methanol conversion and 

product distribution of hydrocarbons are shown in table 4.4 
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Table 4.4 Summary of % methanol conversion, particle size and products distribution of 

hydrocarbons of catalysts synthesized in different days (2-6). 
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Table 4.4 continue 

 

 

4.2.2.1 The effects of crystallization time on % methanol conversion. 

Figure 4.5, shows the % methanol conversion vs. time on stream on the molecular 

sieve synthesized at 200 oC in different days. 
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Figure 4.5 The effect of crystallization time of SAPO molecular sieve on % methanol conversion 

at 400 ⁰C for 5 hour. 

According to results in figure 4.5, % methanol conversion fluctuated in odd (2-6 days) 

and even (3-5) no of days. The % methanol conversion increased from short period (2 

days) to long period (6 days) but then decreased on the third hour with the time on 

stream in an odd pattern. The % methanol conversion increased from 3 days to 5 days 

and % methanol conversion decreased with an increase in time on stream. 

4.2.2.2 The effects of crystallization time on light olefins. 

Figure 4.6 shows the effect of crystallization time of molecular sieve synthesized at 

200 ⁰C in different days on the ethylene. 
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Figure 4.6 The effect of crystallization time of SAPO molecular sieve on ethylene selectivity at 

400 ⁰C for 5 hour. 

Figure 4.6 shows the effect of crystallization time of SAPO molecular sieve on ethylene 

selectivity at 400 ⁰C for 5 hour.The ethylene selectivity on the molecular sieve 

synthesized within 4 and 5 days is high 0.35 and 0.36 mol % on the 1st hour of reaction 

time, and then decreased gradually on the 2nd and 3rd hour. The amounts of ethylene 

remain constant from the 3rd to the 5th hour. The amount gradually decreased as the 

time on stream increased. The ethylene selectivity is low on the molecular sieve 

synthesized at 200 ⁰C for short period 2 - 3 days. The amount of ethylene remains 

constant from the 1st to 5th hour. SAPO molecular sieve synthesized for 6 days is highly 

active on the 1st hour, in active on the 2nd hour and became less active from the 3rd to 

the 4th hour. Thus ethylene selectivity decreases as the % methanol conversion 

decreased in time on stream. The SAPO molecular sieves synthesized for 4 and 5 days 

are suitable for the good ethylene selectivity. The MTO reaction should be done for only 

1 hour at 400 ⁰C. 

Figure 4.7 shows the effect of crystallization time of molecular sieve synthesized at 200 

⁰C in different days on the propylene selectivity, at the reaction temperature 400 ⁰C for 5 

hour. 
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Figure 4.7 The effects of crystallization time of SAPO-34 molecular sieve on propylene 

selectivity at 400 ⁰C for 5 hour. 

The results in figure 4.7 show the effects of crystallization temperature of SAPO-34 

molecular sieve on propylene selectivity. The propylene selectivity was high on the 

molecular sieve synthesized for 4 days on the 1st and 2nd hours 0.55 and 0.73 mol %, 

and then decreased suddenly on the 3rd hour to 0.08 mol %. The amount of propylene 

on the molecular sieve synthesized within 5 and 6 days was lower than the amount of 

propylene on the molecular sieve synthesized for 4 days. Propylene selectivity remains 

low on the molecular sieve synthesized within short period from 2 – 3 days. Thus 

propylene selectivity decreases as the % methanol conversion decreased in time on 

stream. The suitable SAPO-34 molecular sieve for good propylene selectivity is the one 

that was synthesized within 4 days. This molecular sieve is more active on the 1st and 

2nd hour and became less active on the 3rd hour. Molecular sieve synthesized for 6 days 

is active on the 1st and 2nd hour. The amount of propylene decreased gradually in time 

on stream. 
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Figure 4.8 shows the effect of crystallization time of molecular sieve synthesized at 200 

⁰C in different days on the butylene selectivity, at the reaction temperature 400 ⁰C for 5 

hour. 
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Figure 4.8 The effect of crystallization time of SAPO molecular sieve on butylenes selectivity at 

400 ⁰C for 5 hour. 

From figure 4.8 FID detected large amounts of butylenes at the crystallization time of 

4 days for the 1st hour. The amount suddenly decreased as the time on stream 

increased to 2 hours. Butylene can only be detected in the first two hours and 

decreased with an increase in time on stream. 

4.2.2.3 The effects of crystallization time on product distribution of 

hydrocarbons. 

The effects of crystallization time on product distribution of hydrocarbons are shown 

in figure 4.9. The product distribution in figure 4.3 ranges from 0 % to 100 %. 
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Figure 4.9 The effect of crystallization time of SAPO molecular sieve of sample PS-07 

synthesized for 3 days on product distribution of hydrocarbons from 0 - 100 % at 400 ⁰C reactor 

temperature for 5 hour. 

Figure 4.9 shows the large quantity of DME appeared on the 2nd hour and the 5th 

hour and less quantity of DME on the 1st, 3rd  and the 4th hour. A large amount of 

MeOH was obseved on the 1st, 3rd and the 4th hour, while a less amount of MeOH 

appeared on the 2nd hour and the 5thhour. A less amount of pentane was abserved 

on the 2nd hour and also heptane was observed on the 4th hour. Thus the product 

distribution of DME increased in a decreased MeOH product distribution. 

The effects of crystallization time on product distribution of hydrocarbons are shown 

in figure 4.10. The product distribution in figure 4.3 ranges from 0 % to 10 %. 
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Figure 4.10 The effect of crystallization time of SAPO molecular sieve of sample PS-07 

synthesized for 3 days on product distribution of hydrocarbons from 0 - 5 % at 400 ⁰C reactor 

temperature for 5 hour. 

The product distribution shown in figure 4.10 indicated that only less amount of 

methane, butylenes, butane, and pentylene was obtained on the 1st hour. Heptylene 

distribution was observed on the 2nd hour. 

The effects of crystallization time on product distribution of hydrocarbons are shown 

in figure 4.11. The product distribution in figure 4.12 ranges from 0 % to 100 %. 
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Figure 4.11 The effect of crystallization time of SAPO-34 molecular sieve synthesized for 4 

days on product distribution of hydrocarbons from 0 - 100 % at 400 ⁰C reactor temperature for 5 

hour. 

DME product distribution appeared in large amount and MeOH appeared in less 

amount from the 1st to the 5th hour in figure 4.11. Thus % methanol conversion was 

high and large amount of MeOH was converted to large amount of DME and less 

amount of other hydrocarbons. 

The effects of crystallization time on product distribution of hydrocarbons are shown 

in figure 4.12. The product distribution in figure 4.12 ranges from 0 % to 10 %. 
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Figure 4.12 The effect of crystallization temperature of SAPO molecular sieve of sample PS-08 

synthesized for 4 days on product distribution of hydrocarbons from 0 - 10 % at 400 ⁰C reactor 

temperature for 1 hour. 

Figure 4.12 shows that the major product on the molecular sieve synthesized within 4 

days is propylene. Less quantity of other hydrocarbons like ethylene, ethane, hexylene, 

hexane, heptylene and heptane are obtained on the 1st and 2nd hour. 

The effects of crystallization time on product distribution of hydrocarbons are shown 

in figure 4.13. The product distribution in figure 4.13 ranges from 0 % to 100 %. 

 

 

Figure 4.13 The effect of crystallization time of SAPO molecular sieve of sample PS-03 

synthesized for 5 days on product distribution of hydrocarbons from 0 - 100 % at 400 ⁰C reactor 

temperature for 5 hour. 

The product ditribution of MeOH appeared in large amount from the 1st to the 4th 

hour in figure 4.13. Other hydrocarbons like methane and heptylene were also 

obtained in large amount. 

The effects of crystallization time on product distribution of hydrocarbons are shown 

in figure 4.14. The product distribution in figure 4.14 ranges from 0 % to 100%. 
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Figure 4.14 The effect of crystallization time of SAPO molecular sieve of sample PS-03 

synthesized for 5 days on product distribution of hydrocarbons from 0 - 10 % at 400 ⁰C reactor 

temperature for 5 hour. 

The figure 4.14 shows the effects of crystallization time of SAPO-34 molecular sieve 

synthesized for 5 days on product distribution of hydrocarbons from 0 - 10 % at 400 ⁰C 

reactor temperature for 5 hour. A large quantity of methane, DME, MeOH, hexylene 

hexane, heptylene, heptanes and other hydrocarbons were obtained from the 1st to the 

5th hour. Light olefins were obtained in fewer amounts in the 1st hour. 

The effects of crystallization time on product distribution of hydrocarbons are shown 

in figure 4.15. The product distribution in figure 4.15 ranges from 0 % to 100 %. 
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Figure 4.15 The effect of crystallization time of SAPO molecular sieve of sample PS-09 

synthesized for 6 days on product distribution of hydrocarbons from 0 - 100 % at 400 ⁰C reactor 

temperature for 5 hour. 

From the figure 4.15 it is clearly shown that DME ie the major product. Heptylene, 

MeOH and other hydrocarbons are less in the 1st hour time on stream. Some other 

hydrocarbons are very much small. 

The effects of crystallization time on product distribution of hydrocarbons are shown 

in figure 4.16. The product distribution in figure 4.16 ranges from 0 % to  

100 %. 
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Figure 4.16 The effect of crystallization time of SAPO molecular sieve of sample PS-09 

synthesized for 6 days on product distribution of hydrocarbons from 0 - 100 % at 400 ⁰C reactor 

temperature for 5 hour. 

The Figure 4.16 The effect of crystallization time of SAPO molecular sieve synthesized 

for 6 days on product distribution of hydrocarbons from 0 - 100 % at 400 ⁰C reactor 

temperature for 5 hour. The product distribution of DME, MeOH, heptylene and other 

hydrocarbons appeared in larger quantity. Methane and pentylene appeared in fewer 

amount and light olefins were obtained in a very small number in the 1st hour. 

The product distribution for light olefins improved within two hours on the molecular 

sieve synthesized for four days. However the hydration of DME to MeOH in a 

reverse reaction was encountered. The results are shown in figure 4.11 – 4.16. As 

such, more of the DME did not undergo the forward reaction to form light olefins and 

other products, only a small amount of DME took part in the chemical reaction. A 

large amount of light olefins were observed in the first hour of the reaction, but 

decreased from the second hour to the fifth hour (catalyst prepared within five days). 

Among higher olefins, pentylene was produced in larger quantity in the first hour, 

while a higher paraffin product distribution was noted from the third to the fifth day 

TOS. The product distribution of heptylene was very high when compared with the 

other products (the catalyst synthesized within six days). 
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Table 4.4 indicated % methanol conversion decreased with reaction time. The 

selectivity to light olefins on the catalyst prepared within 2 - 3 days crystallization 

time was much smaller than the selectivity to light olefins on the catalyst that 

synthesized within the crystallisation time of 5 – 6 days. The selectivity of light 

olefins from the catalyst prepared with a crystallisation time of 4 days is the highest. 

4.2.2.4 The relationship between the characterization of SAPO molecular sieve 

and the MTO reaction. 

The XRD patterns for the SAPO molecular sieves prepared at 200 C ranges from 2 -

4 days in figure 3.3 were very close to one another, also the catalytic performance 

on SAPO supposed to be the same. Surprisingly, the % methanol conversion, 

ethylene and propylene selectivity on molecular sieves were different. Molecular 

sieve prepared in 4 days was highly active to % methanol conversion, ethylene and 

propylene than molecular sieves prepared within a short period of 2 - 3 days. A 

molecular sieve prepared in a long period of 6 days has different the shape of the 

peaks from 2θ scale of 20⁰ - 23⁰. This molecular sieve is active from the 1st to 2rd 

hour then becomes deactivated from the 4th to the 5th hour. 

SEM spectroscopy for the molecular sieves prepared in 3 and 5 days are different. A 

rough hexagonal shape of the SAPO molecular sieve prepared in 3 days in figure 3.9 

indicate that a molecular sieve was still in intermediate stage, even the catalytic 

performance on MTO was low. SEM spectroscopy for the molecular sieve prepared 

in 5 days in showed pentagonal crystal that was active to % methanol conversion, 

ethylene and propylene. 

The product distribution of on all molecular sieves prepared within short periods (2 – 

5) days and long period 6 days were low with high DME product distribution. Since 

the main aim of the study was to synthesize the molecular sieves containing 

piperidine SDA that are highly selective towards ethylene and propylene, the 

molecular sieves performance was not good due to the nature of molecular sieve. 

Ethylene and propylene selectivity was very much low; only DME was main product. 
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4.2.2.5 Conclusions 

Liu, G. et al. [121] prepared SAPO-34 molecular sieve using DEA template at 200⁰ C 

crystallization temperature for 2 days. This catalyst was tested in MTO reaction at 

the reactor temperature of 450⁰C. This molecular sieve has shown a good ethylene 

and propylene selectivity ranging 74 -81 %. Compared to the molecular sieve 

prepared at 200 ⁰C for 2 days using piperidine template, prepared in this study, the 

molecular sieve was not well formed and even the ethylene and propylene selectivity 

was very much low. A good molecular sieve was the one prepared within for days. 

However the XRD patterns for the molecular sieve have shown three phases of 

SAPO-5, SAPO-34 and amorphous phase. The methanol conversion to DME was 

successful, but the hydration of DME to light olefins was unsuccessful due to the 

amorphous phase that blocks the surface of the molecular sieve. Thus all molecular 

sieves are good for methanol conversion to DME not light olefins. 

4.2.3 The influence of phosphate content on methanol conversion. 

The SAPO molecular sieves were synthesized with various phosphorus contents 

(P2O5/Al2O3 molar ratios varying from 0.3 - 0.7) at a crystallization temperature of 

200 ºC for 5 days. The resulting molecular sieves were tested for the MTO reaction 

at a reactor temperature of 400 ºC for 1 hour. Table 4.5 shows the % Methanol 

conversion, the particle size and the product distribution of the molecular sieve with 

different P2O5/Al2O3 molar ratios, reaction temperature and the product distribution of 

hydrocarbons.  
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Table 4.5 % Methanol conversion, the particle size and the product distribution of the 

molecular sieve with different P2O5/Al2O3 molar ratios, reaction temperature and the product 

distribution of hydrocarbons.  

 

 

4.2.3.1 The effects of phosphorus on % methanol conversion 

Figure 4.17 indicates the effects of phosphorus content for SAPO molecular sieve on 

the % methanol conversion. 
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Figure 4.17 The % methanol conversions vs. P2O5/Al2O3 ratio of the SAPO molecular sieve for 

samples PS-10 – PS-11, PS-03, and PS-07. 

Figure 4.17 shows that % methanol conversion is very high at low P2O5/Al2O3 molar 

ratios (0.3-0.6). A sudden decline of % methanol conversion appeared at the P2O5/Al2O3 

molar ratio of 0.7. The results indicate that the SAPO-34 catalyst is good for methanol 

conversion if it has low phosphorus content (0.3 -0.6 P2O5/Al2O3 molar ratio) and poor 

methanol conversion at a high phosphorus content (0.7 P2O5/Al2O3 molar ratio). 

4.2.3.2 The effects of phosphorous contents on light olefins 

Figure 4.18 shows the effects of phosphorus content of SAPO molecular sieve on light 

olefins selectivity at the reaction temperature of 400 ºC for 1 hour. 
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Figure 4.18 The effects of phosphorus content of SAPO molecular sieve on light olefins 

selectivity within 1 hour at reaction temperature of 400 ⁰C. 

High light olefins selectivity with high ethylene and low butylene selectivity was 

observed at the P2O5/Al2O3 molar ratio of 0.6 in figure 4.18. Low light olefins 

selectivity with similar ethylene, propylene and butylenes selectivity was also 

observed at the P2O5/Al2O3 molar ratios of 0.3, 0.5 and 0.7. This shows that SAPO 

molecular sieve with P2O5/Al2O3 molar ratio: 0.6 is suitable for good light olefins 

selectivity. 

4.2.4.3 The effects of phosphorus contents on product distribution of 

hydrocarbons. 

Figure 4.19 shows the effect of phosphorus content in (P2O5/Al2O3 molar ratio from 

0.3-0.7) on the pruduct distribution in the MTO reactions after 1 hour. The effects of 

phosphorus content on the product distribution of hydrocarbons ranges from 0 % to 

100 %.  
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Figure 4.19 The effects of phosphorus content of SAPOs molecular sieve on the product 

distribution of hydrocarbons ranges from 0 % to 100 %. 

A large amount of MeOH and DME remained unreacted while small amounts of 

hydrocarbons were obtained in figure 19. The pruduct distribution of light olefins and 

pentylene were also noted. 

The effects of phosphorus content on the product distribution of hydrocarbons 

ranges from 0 % to 10 %.are shown in figure 4.20  

 

Figure 4.20 The effects of phosphorus content on the product distribution of hydrocarbons 

range from 0 % to 10 %. 
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A large amount of heptylene was observed for the molecular sieve synthesized with 

a P2O5/Al2O3 molar ratio of 0.7 in figure 4.20. Therefore the best molecular sieve for 

the production of light olefins in MTO reactions is the molecular sieve synthesized 

with P2O5/Al2O3 molar ratio of 0.6.  

4.2.4.4 The relationship between the characterization of SAPO-34 molecular 

sieve and the MTO reaction. 

XRD patterns for the molecular sieves prepared with different P2O5/Al2O3 mole ratios 

were discussed in 3.2.3.The results indicated that the molecular sieve comprises 

both SAPO-5 and SAPO-34.  

XRD spectra for the catalysts prepared with different phosphate contents were 

different. The XRD patterns for the catalysts synthesized with P2O5/Al2O3 molar ratio 

0.3 and 0.6 had similar particle sizes. NH3-TPD desorption appeared at temperature 

region of 190 - 250 oC and 340 - 380 oC for the catalyst prepared with a P2O5/Al2O3 

molar ratio of 0.6. The % methanol conversion on different phosphorus containing 

samples increased with a decrease in TOS and decreased suddenly for the catalyst 

synthesized with a high P2O5/Al2O3 molar ratio in table 4.5. Therefore the 

phosphorus content plays a major role in the preparation of SAPO, light olefins 

selectivity and product distribution of hydrocarbons. 

4.2.4.5 Conclusions 

The % methanol conversion on different phosphorus containing samples increases 

with an increased in TOS and decreased for the molecular sieves with a high 

P2O5/Al2O3 molar ratio. Molecular sieve with P2O5/Al2O3 molar ratio of 0.6 produced 

high light olefins selectivity and product distribution. Molecular sieve with P2O5/Al2O3 

molar ratio of 0.3, 0.5, and 0.7 produced lower light olefins selectivity and product 

distribution. The overall light olefins selectivity and products distribution on the 

molecular sieves were very much low with high DME and MeOH product distribution. 

Therefore the molecular sieves prepared using piperidine as SDA with different 

phosphorus containing samples did not perform well in MTO reaction. 
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4.2.4. The effects of the promoter (Na+) in SAPO. 

Samples of SAPO molecular sieve with P2O5/Al2O3 mole ratios of 0.3 plus addition of 

different sodium content (Na2O mol of 0.013 and 0.200) were compared. Those 

molecular sieves were tested for the MTO reaction at a reactor temperature of 400 

ºC for 5 hours time on stream. Figure 4.6 shows the % Methanol conversion, the 

particle size and the product distribution of the molecular sieve with P2O5/Al2O3 mole 

ratios plus sodium oxide, reaction temperature and the product distribution of 

hydrocarbons. 
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Table 4.6 The % Methanol conversion, the particle size and the product distribution of the 

molecular sieve with P2O5/Al2O3 mole ratios plus sodium oxide, reaction temperature and the 

product distribution of hydrocarbons.  

 

 

4.2.4.1 The effects of the promoter on % methanol conversion 

Figure 4.21 shows the effects for the addition of sodium oxide in the SAPO 

molecular sieve with the P2O5/Al2O3 molar ratio of 0.3 on methanol conversion. 
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Figure 4.21 The % methanol conversions vs. time on stream of the molecular sieve with 

P2O5/Al2O3 ratio of 0.3 plus sodium oxide. 

According to the results on figure 4.21, the addition of sodium oxide to the catalyst leads 

to lower % methanol conversion in the 1st hour, but % methanol conversion increased 

from the 2nd hour to the 5th hour. Thus addition of low and high sodium content to the 

molecular sieve improved the % methanol conversion 

4.2.4 2 The effects of promoter (Na+) on light olefins. 

Figure 4.22 shows the effects for the addition of sodium oxide in the SAPO-34 

molecular sieve with the P2O5/Al2O3 molar ratio of 0.3 on ethylene selectivity. 
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Figure 4.22 The effects of addition of sodium content to molecular sieve on ethylene selectivity. 

Addition of 0.013 mol sodium oxide to the gel composition of SAPO improved 

ethylene selectivity from the 1st to the 5th hour in figure 4.22. Ethylene selectivity 

decreased with increase in time from the 1st to the 5th hour for the low sodium 

content catalyst and increased with increase in time but a sudden decline was 

observed from the 4th hour to the 5th hour. Ethylene selectivity decreased with an 

increased % methanol conversion in time on stream. 

Figure 4.23 shows the effects for the addition of sodium oxide in the SAPO 

molecular sieve with the P2O5/Al2O3 molar ratio of 0.3 on propylene selectivity. 
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Figure 4.23 The effects of addition of sodium content to molecular sieve on propylene 

selectivity. 

Addition of 0.013 mol sodium oxide to the gel composition of SAPO improved 

propylene selectivity, compared to the catalyst with higher sodium oxide content 

(0.2) in figure 4.23. Propylene selectivity from both low and high sodium oxide 

catalyst increased from the 1st to the 2nd hour and declined from the 3rd to the 5th 

hour. Addition of low and high Na2O content into gel composition of 1 Al2O3: 0.3 

P2O5: 1.1 Pip: 0.8SiO2: 100 H2O of the catalyst plays a major rule in the product 

distribution of hydrocarbons. 

4.2.4.3 The effects of promoter (Na+) on product distribution of hydrocarbons 

Figure 4.24 shows the effects for the addition of sodium oxide (0.013 mol) in the 

SAPO-34 molecular sieve with the P2O5/Al2O3 molar ratio of 0.3 on product 

distribution. The product distribution of hydrocarbons ranges from 0 % to 100 %.  
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Figure 4.24 The effect of the addition of sodium oxide (0.013 mol) in the SAPO molecular sieve 

with the P2O5/Al2O3 molar ratio of 0.3 on product distribution of hydrocarbons from 0 - 100 % at 

400 ⁰C reactor temperature for 1 hour. 

A large amount of DME product distribution on the molecular sieve with less sodium 

oxide is obseved from the 1st to the 5th hour. MeOH appeared on the 1st hour in 

figure 4.24. Butylene product distribution is obtained in fewer amount in the 1st hour. 

Hexylene and heptylene product distribution appeared in fewer amount in the 3rd and 

4th hour.  No product distribution appeared in the 5th hour. 

Figure 4.25 shows the effects for the addition of sodium oxide (0.013 mol) in the 

SAPO-34 molecular sieve with the P2O5/Al2O3 molar ratio of 0.3 on product 

distribution. The product distribution of hydrocarbons ranges from 0 - 5 %.  
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Figure 4.25 The effect of the addition of sodium oxide (0.013 mol) in the SAPO molecular sieve 

with the P2O5/Al2O3 mole ratio of 0.3 on product distribution of hydrocarbons from 0 - 5 % at 400 

⁰C reactor temperature for 1 hour. 

The effect of the addition of sodium oxide (0.013 mol) in the SAPO molecular sieve with 

the P2O5/Al2O3 molar ratio of 0.3 on product distribution of hydrocarbons is shown in 

figure 4.25. A large quantity of DME, MeOH, hexylene and heptylene product 

distribution was observed at different time. Few quantities of methane, pentylene, 

hexane and other hydrocarbons product distribution appeared in the 1st hour. 

Decreasing the sodium oxide results in increasing the products distribution of butylenes 

and heptylene in the 1st and 3rd hour. 

Figure 4.26 shows the effects for the addition of sodium oxide (0.200 mol) in the 

SAPO-34 molecular sieve with the P2O5/Al2O3 molar ratio of 0.3 on product 

distribution. The product distribution of hydrocarbons ranges from 0 to 100 %. 
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Figure 4.26 The effect of the addition of sodium oxide (0.200 mol) in the SAPO molecular sieve 

with the P2O5/Al2O3 molar ratio of 0.3 on product distribution of hydrocarbons from 0 - 100 % at 

400 ⁰C reactor temperature for 1 hour. 

Figure 4.26 shows the effect of the addition of sodium oxide (0.200 mol) in the SAPO 

molecular sieve with the P2O5/Al2O3 molar ratio of 0.3 on product distribution of 

hydrocarbons. The product distribution of DME and MeOH were observed in large 

amount. Butylene, heptanes and other hydrocarbons were obtained in small amount 

from the 1st to the 5th hour. 

Figure 4.27 shows the effects for the addition of sodium oxide (0.200 mol) in the 

SAPO molecular sieve with the P2O5/Al2O3 molar ratio of 0.3 on product distribution. 

The product distribution of hydrocarbons ranges from 0 - 5 %. 
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Figure 4.27 The effect of the addition of sodium oxide (0.200 mol) in the SAPO molecular sieve 

with the P2O5/Al2O3 mole ratio of 0.3 on product distribution of hydrocarbons from 0 - 5 % at 400 

⁰C reactor temperature for 1 hour. 

From the figure 4.27 it shows that addition of high sodium oxide results in large 

amount of DME, butylene, pentylene, heptanes and other hydrocarbons from the 1st 

to the 5th hour. Fewer amounts of ethylene, propylene, hexylene, hexane, and 

heptylene were observed in the 1st hour. Product distribution of methane was 

observed. 

Addition of low Na2O content into gel composition of a catalyst resulted in a less 

ethylene and propylene in the 5th hour, and more of butylene was produced in the 1st 

hour. From figure 45, large amounts of hexylene and heptylene were obtained from 

the 2nd to the 4th hour in the reaction. Pentane and heptane were only produced 

during the 1st hour. Addition of high Na2O content into gel composition of the 

molecular sieve reduced the methane and improved the product distribution of light 

olefins and other alkenes in the MTO reaction. 
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4.2.4.4 The relationship between the characterization of SAPO molecular sieve 

and the MTO reaction. 

Table 4.6 shows the effects of the addition of sodium into the gel containing the 

SAPOs molecular sieves. Addition of low (0.013 Na2O) and high (0.200 Na2O) 

sodium contents plays a major role in the synthesis of SAPO molecular sieves and 

the MTO process. Methanol conversion (%) increased for both molecular sieves 

prepared with high and low sodium contents. Introducing sodium atom into SAPO 

framework reduces the acidity of the catalyst and catalyst become less acidic and 

more alkaline. Particle size of the catalyst prepared with low sodium content was 

smaller than the particle size of a catalyst prepared with high sodium content. A 

catalyst containing low sodium content produces both methane and light olefins with 

large amount methane, while a catalyst prepared with a high sodium content did not 

contain methane. 

Obrzut et al. [71] studied the reduction of methane formation in MTO reaction by 

modifying SAPO-34 with metal ions such as K, Cs, Pt, AG and Ce. Non-modified 

SAPO-34 produced high methane, molecular sieve with K ion decreased methane 

formation. The purpose of this study is to reduce the methane conversion in MTO 

reaction. However, in this study a low and high N2O was used to promote the 

molecular sieve activity and light olefins selectivity. What was achieved is the absent 

of methane in MTO reactions when high amount of N2O was added to the molecular 

sieve, but light olefins selectivity was less than the one from less amount of N2O. 

Adding more N2O changes the molecular acid strength to more alkalinity therefore 

reduces light olefins selectivity because high light olefins selectivity is obtained on 

the weak acidic molecular sieve not on the alkaline molecular sieve. The main 

problem in this study is that MeOH is converted to DME than light olefins. 

4.2.4.5 Conclusions 

% Methanol conversion increased with an increase in TOS on the molecular sieves 

prepared using piperidine as a SDA with higher and lower sodium contents. 

Molecular sieve with high sodium contents reduces the formation of methane in MTO 

reaction, molecular sieve with low sodium contents improves the light olefins 

selectivity and product distribution.  
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4.2.5 The effect of silicon content. 

Two SAPO molecular sieves with low (SiO2/Al2O3 molar ratios of 0.80) and high 

silicon contents (SiO2/Al2O3 molar ratios of 2.4) were prepared at crystallization 

temperature of 200 ºC for 5 days. The synthesized molecular sieves with SiO2/Al2O3 

molar ratios of 0.8 and 0.24 were tested in the MTO reactions at the reactor 

temperature of 400 ºC for 5 hours. Table 4.7 shows the effects of low and high silicon 

content on % Methanol conversion, the particle size and the product distribution of 

hydrocarbons for the molecular sieve, reaction temperature.  

Table 4.7 The % Methanol conversion, % XRD Crystallinity and the particle size of the 

molecular sieve with SiO2/Al2O3 mole ratios, reaction temperature and the product 

distribution of hydrocarbons. 
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4.2.5 1 The effects of silicon content on % methanol conversion. 

Figure 4.28 shows the effects for silicon content in the SAPO molecular sieve on 

methanol conversion. 
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Figure 4.28 The % methanol conversion vs. Time on stream for molecular sieve with high and 

low silicon content. 

The % methanol conversion is seems to depend mainly on a silicon content of SAPO. 

Figure 4.28 illustrates how the silicon content of SAPO affects the % methanol 

conversion. High % methanol conversion was observed from the 1st to the 3rd hour and 

then declined in the 4th hour for high silicon content (SiO2/Al2O3 = 2.4). In contrast the % 

methanol conversion for the low silicon content (SiO2/Al2O3 = 0.800), % methanol 

conversion was only high in the 1st hour decreased with an increase in time. The trends 

for % methanol conversion for low and high silicon content were similar i.e. the % 

methanol conversion decreased as time on stream increased. 
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4.2.5 2 The effects of silicon contents on light olefins. 

Figure 4.29 shows the effects for silicon content in the SAPO molecular sieve on 

ethylene selectivity 
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Figure 4.29 The ethylene selectivity vs. time on steam on the molecular sieve with low and high 

silicon content 

Figure 4.29 shows that the selectivity of ethylene on the molecular sieve having low 

silicon content was higher than the selectivity of ethylene on the molecular sieve having 

high silicon content from the 1st hour to the 3rd hour. Ethylene selectivity became 

constant on the molecular sieves having both low and high silicon contents from the 3rd 

to the 4th hour. A sudden increase of ethylene selectivity was observed on the molecular 

sieve contains high silicon content, while ethylene selectivity on the molecular sieve 

containing low silicon content remain constant from the 4th to the 5th hour. Thus ethylene 

selectivity on low silicon content decreased with a decreased time on stream. Ethylene 

selectivity on the high silicon content remained constant for 4 hours then increased in 

the 5th hour. 
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Figure 4.30 shows the effects for silicon content in the SAPO molecular sieve on 

propylene selectivity. 
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Figure 4.30 The propylene selectivity vs. time on steam on molecular sieve with low and high 

silicon contents. 

Figure 4.30 shows that the selectivity of propylene on the molecular sieve having low 

silicon content was higher than the selectivity of propylene on the molecular sieve 

having high silicon content from the 1st hour to the 3rd hour. Propylene selectivity 

became constant on the molecular sieves having both low and high silicon contents 

from the 3rd to the 4th hour. The propylene selectivity on the molecular sieve containing 

low silicon content remains constant from the 4th to the 5th hour. Thus propylene 

selectivity on low silicon content decreased with a decreased time on stream. Propylene 

selectivity on the high silicon content remained constant from the 1st hour to the 4th 

hour. No propylene selectivity was detected in the 5th hour. 

Light olefins selectivity and % methanol conversion are seemed to depend mainly on 

a silicon content of SAPO. Figure 4.29 - 4.30 showed that ethylene and propylene 

selectivity are low and remain constant on a high silicon content of SAPO molecular 

sieve. However the ethylene and propylene selectivity was higher on the low silicon 

content molecular sieve than on the high silicon content. Ethylene and propylene 

selectivity decreased with increases in time on stream on the lower silicon content. 
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Thus molecular sieve having low silicon content is more active and stable than the 

molecular sieve with high molecular sieve. 

The product distribution of hydrocarbons was determined on those two molecular 

sieves with low and high silicon contents. The molecular sieve with molar ratio of 

SiO2/Al2O3 = 2.4 gives SAPO-34 phase and amorphous phase. The products 

distribution on the molecular sieve with low silicon content was discussed in figure 

4.14 and 4.15.  

4.2.5.3 The effects of silicon contents on product distribution of hydrocarbons. 

Figure 4.31 shows the effect high (SiO2/Al2O3 = 2.4) silicon content in on the product 

distribution in the MTO reactions after 5 hours. The effects of silicon content on the 

product distribution of hydrocarbons ranges from 0 % to 100 %.  

 

Figure 4.31 The effects of high content of SAPO molecular sieve on the product distribution 

of hydrocarbons ranges from 0 % to 100 %. 

The effects of high content of SAPO molecular sieve on the product distribution of 

hydrocarbons ranges from 0 % to 100 % are shown in figure 4.31. Large amounts of 
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DME product distribution were observed from the 1st to the 5th hour. Fewer amounts 

of methane, hexylene and haptane were obtained in the 2nd and 4th hour. Thus 

SAPO-34 molecular sieve having high silicon content did not produce many 

hydrocarbons. It was stated from the figure 4.31 that the production of alkane could 

be reduced by addition of high sodium oxide to the molecular sieve. 

Figure 4.32 shows the effect of high silicon content of molecular sieve on the pruduct 

distribution in the MTO reactions after 5 hour. The effects of high silicon content on 

the product distribution of hydrocarbons ranges from 0 - 5 %.  

 

Figure 4.32 The effects of high silicon content of SAPO molecular sieve on the product 

distribution of hydrocarbons ranges from 0 - 5 %. 

Figure 4.32 show the effects of high silicon content of SAPO molecular sieve on the 

product distribution of hydrocarbons ranges from 0 - 5 %. The major products that 

were produced on this catalyst were methane, hexylene, heptane, DME and MEOH. 

The light olefins were produced in very small quantities. However, the catalyst that 

contains the combination of SAPO-5 and SAPO-34 discussed in figure 4.15 and 4.16 

has a higher product distribution of light olefins. 
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4.2.5 4 The relationship between the characterization of SAPO molecular sieve 

and the MTO reaction. 

XRD patterns for molecular sieves prepared with low and high silicon contents differ 

from one another. The patterns for catalyst synthesized with high silicon content 

revealed the existence of SAPO-34 with some amorphous particles.  

The methanol conversion (%) for a catalyst with high silicon content is higher than 

methanol conversion over a catalyst prepared with lower silicon content. NH3-TPD 

experiments showed desorption in same temperature region. High intensity indicates 

that more ammonia was adsorbed for lower silicon catalyst and less ammonia was 

adsorbed for catalyst with high silicon content. They both contained weak Brønsted 

acid sites but different in the amount of acid strength. SEM micrographs showed 

pentagon crystals that indicated the presence of SAPO-5 without SAPO-34. SEM 

micrograph of the catalyst with high silicon content did not show the present of 

SAPO-34. Solid state NMR spectra suggested the breakage of Al-O-P bonds and 

formation of a new Si-O-Al bond for both catalysts.  

Selectivity of light olefins for the catalyst with high silicon content was lower because 

of lower acid strength. The selectivity of light olefins over the catalyst with low silicon 

content was higher due to the enhanced acid strength. What was interesting was 

that only methane, ethylene and propylene and some impurities were produced from 

the catalyst with high silicon content. From the discussion above, the methane 

content could be reduced by adding sodium atoms to the catalyst. The low 

production of light olefins from both catalysts is associated with MTO process taking 

place at room temperature instead of taking place at the boiling temperature of 

methanol. This resulted in a high amount of DME produced from the dehydration of 

methanol. Dehydration of DME to light olefins was noted. 

4.2.5.5 Conclusions 

The molecular sieve containing low silicon contents has three phases, SAPO-5, 

SAPO-34 and amorphous phase. Its particle size is smaller, but many hydrocarbons 

were produced with low light olefins selectivity on this molecular sieve. Molecular 

sieve with high silicon contents contains two phases, SAPO-34 and amorphous 

phase. Its particle size is high. This evident was obtained from the XRD patters in 
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figure 3.6 only methane, ethylene, propylene and DME were produced on this 

molecular sieve. Since the main objective of this study is to synthesize a molecular 

sieve which is good in MTO, we can say that molecular with high silicon content is 

the promising molecular sieve for MTO. However, there was low light olefins 

selectivity on this molecular sieve than the selectivity on the molecular sieve 

synthesized with low silicon contents. This is because of the high amount of 

amorphous materials that blocks the surface of the molecular sieve. MeOH to DME 

is still a major problem and only less MTO reaction occur. 

4.2.6. The effect of modified and non-modified molecular sieve.  

Since the SAPO molecular sieve prepared earlier with the use of piperidine was less 

active to % methanol conversion, ethylene and propylene selectivity, a new method 

for the preparation of SAPO also with piperidine structure directing agent  was 

introduced in 2.1.2.2. Modified SAPO catalysts with Fe, Co and Ni chloride were also 

prepared using the similar method. All molecular sieves were tested for the MTO 

reaction at a reactor temperature of 400 ºC. Table 4.8 shows The % Methanol 

conversion and the particle size of the molecular sieve with modified and non-

modified, reaction temperature and the product distribution of hydrocarbons. 
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Table 4.8 The % Methanol conversion and the particle size of the molecular sieve with 

modified and non-modified, reaction temperature and the product distribution of 

hydrocarbons. 
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Table 4.8 continues  

 

 

4.2.6.1 The effects of modified and non-modified on % methanol conversion 

Figure 4.33 shows the effects of modified and non-modified SAPO molecular sieve 

on % methanol conversion. 
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Figure 4.33 The methanol conversion vs. time on stream of modified and unmodified SAPO 

molecular sieve. 

The results in figure 4.33 show the effects of modified and non-modified SAPO 

molecular sieve on % methanol conversion. The % methanol conversions on the 

unmodified and Ni-SAPO molecular sieve were high from the 1st to the 5th hour (90-

100%). The methanol conversions on the Fe-SAPO and Co-SAPO were low from the 1st 

hour and then increased from the 2nd hour to the 5th hour in time on stream. But % 

methanol conversion was on Co-SAPO lower than the % methanol conversion on Fe-

SAPO. Thus good molecular sieves for % methanol conversion are unmodified SAPO-

34 and Ni-SAPO. The % methanol conversion on modified and non-modified molecular 

sieves increased as the time on stream increased. 
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4.2.6.2 The effects of modified and non-modified on light olefins 

Figure 4.34 shows the effects of non-modified SAPO molecular sieve on ethylene 

selectivity. 
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Figure 4.34 The ethylene selectivity vs. time on steam on modified and non-modified SAPO 

molecular sieve. 

High selectivity of ethylene (3.0 mol %) as observed on the Co-SAPO molecular sieve 

on the1st hour, and then decreased suddenly (3.0-0.5 mol %) from the 1st to the 2nd 

hour. The ethylene selectivity on this molecular sieve decreased as the time on stream 

decreased. The ethylene selectivity on SAPO, Ni-SAPO and Fe-SAPO was low and 

decreased as the time on stream decreased. Thus the good molecular sieve for 

ethylene selectivity is Co-SAPO. 

Figure 4.35 shows the effects of modified and unmodified SAPO molecular sieve on 

propylene selectivity. 
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Figure 4.35 The propylene selectivity vs. time on steam on modified and unmodified SAPO 

molecular sieve. 

Figure 4.35 show the effects of modified and unmodified SAPO molecular sieve on 

propylene selectivity. High (5.5 mol %) propylene selectivity was observed on the SAPO 

molecular sieve in the 1st hour. This propylene selectivity decreased from the 1st to the 

2nd (5.5-0.5 mol %) on the same molecular sieve. All modified molecular sieves have 

low propylene selectivity. Ni-SAPO was less active from the 1st to the 2nd hour, and then 

became inactive from the 2nd to the 5th hour. The Co-SAPO molecular sieve was active 

from the 1st to the 3rd hour. SAPO and Fe-SAPOs are active and stable throughout the 

reaction Thus good molecular sieve for the propylene selectivity is non-modified SAPO 

compared to the other molecular sieves incorporated with Fe, Co and Ni. 

The % methanol conversion on Co-SAPO molecular sieve was lower than % 

methanol conversion on Fe-SAPO and Ni-SAPO. But the Co-SAPO molecular sieve 
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improved ethylene selectivity, while Fe-SAPO and Ni-SAPO reduced the selectivity 

of ethylene. The non-modified SAPO molecular sieve produced higher propylene in 

the 1st hour than the modified SAPO molecular sieve. 

4.2.6 3 The effects of modified and non modified on product distribution of 

hydrocarbons 

Figure 4.36 show the effect of non-modified SAPO molecular sieve on product 

distribution. The product distribution of hydrocarbons ranges from 0 - 100 % for 5 

hours.  

 

 

 

Figure 4.36 The product distribution of hydrocarbons on non-modified molecular sieve 

ranges from 0 -100 % after 5 hours. 
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Figure 4.37 show the effect of non-modified SAPO molecular sieve on product 

distribution. The product distribution of hydrocarbons ranges from 0 - 5 % after 5 

hours. 

 

Figure 4.37 The product distribution of hydrocarbons on SAPO molecular sieve from the 

ranges 0 – 5 % 

Figure 4.38 show the effect of Fe-SAPO molecular sieve on product distribution. The 

product distribution of hydrocarbons ranges from 0 - 100 % for 5 hours.  
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Figure 4.38 The product distribution of hydrocarbons on Fe-SAPO molecular sieve. 

Figure 4.38 show the effect of Fe-SAPO molecular sieve on product distribution. The 

product distribution of hydrocarbons ranges from 0 - 5 % for 5 hours.  

 

 

Figure 4.39 The product distribution of hydrocarbons on Fe-SAPO molecular sieve. 

Figure 4.39 show the effect of Co-SAPO molecular sieve on product distribution. The 

product distribution of hydrocarbons ranges from 0 - 100 % for 5 hours.  
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Figure 4.40 The product distribution of hydrocarbons on Co-SAPO molecular sieve. 

Figure 4.41 show the effect of Co-SAPO molecular sieve on product distribution. The 

product distribution of hydrocarbons ranges from 0 - 5 % for 5 hours.  

 

Figure 4.41 The product distribution of hydrocarbons on Co-SAPO molecular sieve. 

Figure 4.41 show the effect of Ni-SAPO molecular sieve on product distribution. The 

product distribution of hydrocarbons ranges from 0 - 100 % for 5 hours.  
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Figure 4.42 The product distribution of hydrocarbons on Ni-SAPO molecular sieve. 

Figure 4.42 show the effect of Ni-SAPO molecular sieve on product distribution. The 

product distribution of hydrocarbons ranges from 0 - 5 % for 5 hours.  

 

Figure 4.43 The product distribution of hydrocarbons on Ni--SAPO molecular sieve. 

Figure 4.36 - 4.43 showed high product distribution of propylene and propane on 

non-modified SAPO molecular sieve wthin 1 hour reaction. This decreased from the 

second hour until the 5th hour. Ethylene was hardly formed and butylene was not 
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seen from the 1st hour to the second hour. Large amount DME and MeOH were 

formed. Only small amount of pentylene were observed within 3 hours. An excess of 

heptylene was produced from the 1st hour, while heptanes appeared within one hour. 

Fe-SAPO promoted the production of hexylene over light olefins within the first to the 

4th hour. Ethylene and propylene amount were reletively small. Their products like 

methane and unidentified hydrocarbons existed in small amounts but product 

distribution of DME and MeOH was very high. Major preduced products on SAPO 

catalyst containing Co metal were methane, MEOH, and heptane with a very small 

amount of ethylene and propylene. A large amount of pentylene was only obsrved 

within 1 hour. Hydrocarbons produced from Ni-SAPO were ethylene, propane, DME 

and butane. The amount of DME was very high compared to that of ethylene, 

propane and butane. 

Figure 4.41 showed that high product distribution of propylene and propane 

observed on non-modified SAPO molecular sieve within 1 hour reaction. This 

decreased from the second hour until the 4th hour. Ethylene was hardly formed and 

butylene was not seen from the 1st hour to the 2nd hour. Large amount DME and 

MeOH were formed. Only small amount of pentylene were observed within 3 hours. 

An excess of heptylene was produced from the 1st hour, while heptanes appeared 

within one hour. 

Fe-SAPO promoted the production of hexylene over light olefins within the 1st to the 

fouth hour. Ethylene and propylene amount were reletively small. Ther products like 

methane and unidentified hydrocarbons existed in small amounts but product 

distribution of DME and MeOH was very high. The major products produced on 

SAPO catalyst containing Co metal were methane, MeOH, and heptane with avery 

small amount of ethylene and propylene. A large amount of pentylene was only 

obsrved within 1 hour. Hydrocarbons produced from Ni-SAPO wre ethylene, 

propane, DME and butane. The amount of DME was very high compared to that of 

ethylene, propane and butane. 
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4.2.6.4 The relationship between the characterization of SAPO molecular sieve 

and the MTO reaction. 

Modified and non-modified molecular sieve were prepared with Fe, Co and Ni 

chloride. Table 4.8 shows that all molecular sieves has similar particle size of 3.8 nm 

because of the highest peak that appeared at 2Ɵ scale 9.9. Molecular sieves 

prepared with Co metal and the molecular sieve prepared without metal has shown 

the different from others. Molecular sieve with Co metal has high ethylene selectivity 

and molecular sieve without metal has high propylene selectivity. The XRD patterns 

for two molecular sieves in figure 3.7 have similar peak at 2Ɵ scale of 21⁰ which is 

responsible for light olefins selectivity. This peak is very small that it can be 

negligible in the molecular sieves prepared with Fe and Ni metals. These contribute 

to the light olefins selectivity. SEM does not show exactly SAPO-34 structure. From 

the literature, molecular sieve incorporated with Ni metal has high ethylene 

selectivity in MTO compared with selectivity on the molecular sieve prepared with Fe 

and Co metals [59-61]. The findings are different from our study in the sense that Co 

containing molecular sieve has high ethylene selectivity and molecular sieve without 

metal has high propylene selectivity. When other zeolites molecular sieves such as 

MFI and SAPO used for MTO reactions, they were active, the life time is long and 

the selectivity in MTO increased with the less amount of methane [72]. Methane 

could be eliminated by introducing Na2O to the molecular sieve’s framework. The 

evidence is shown in 4.2.4.2. 

4.2.6.5 Conclusions 

Molecular sieve containing Co metal improves ethylene selectivity and non-modified 

(without metal) molecular sieve improves propylene selectivity. Molecular sieves 

containing Fe and Ni metal improve light olefins slightly. All molecular sieves are 

active and more stable in MTO reactions. Thus all molecular sieves are good for 

MTO reactions. However there is still the present of high DME product than light 

olefins. 

4.2.7. The use of structure directing agent 

Two different structure directing agent s (piperidine and TEAOH) were used to 

prepare SAPO molecular sieve catalysts. Molecular sieve synthesized with TEAOH 
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structure directing agent was regarded as a control experiment to judge the 

piperidine – structure directing agent synthesis. The catalysts were tested for the 

MTO reaction at a reactor temperature of 400 ºC for 5 hours. Table 4.9 shows the 

effect of the structure directing agent s on MTO reaction. 

Table 4.9 The particle size of the catalysts, % methanol conversion and products distribution 

of hydrocarbons for five hours reaction time for structure directing agents. 

 

4.2.7 1 The effects of structure directing agent s on % methanol conversion 

Figure 4.44 show the influence upon % methanol conversion, on the catalysts 

synthesized with piperidine and TEAOH structure directing agent. 
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Figure 4.44 Methanol conversions vs. Time on stream over molecular sieves prepared with 

different structure directing agent s 

4.2.7 2 The effects of structure directing agent s on light olefins 

Figure 48 show the influence of ethylene selectivity, on the catalysts synthesized 

with piperidine and TEAOH structure directing agent. 
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Figure 4.45 The influence of propylene selectivity, on the catalysts synthesized with 

piperidine and TEAOH structure directing agent. 
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From figure 4.44 - 4.45, it is clear that the structure directing agent s used to make 

the molecular sieves affected the % methanol and production of ethylene and 

propylene significantly. The % methanol on the molecular sieve prepared with 

TEAOH structure directing agent was low in the 1st hour, but increased to 100 % 

from the 2nd to the 5th hour. The % methanol conversion from the catalyst 

synthesized with piperidine was lower than % Methanol conversion for the catalyst 

prepared with TEAOH. This amount decreased with increase in time on stream. 

Ethylene and propylene selectivity produced from the catalyst prepared with TEAOH 

are higher than that from the catalyst prepared with piperidine. Ethylene and 

propylene selectivity for the catalyst prepared with TEAOH and piperidine shows a 

similar trend, i.e. they decreased with an increase in time. Thus TEAOH is a better 

structure directing agent to make catalyst for the production of ethylene and 

propylene. 

4.2.7.3 The effects of structure directing agent s on product distribution of 

hydrocarbons. 

 

 

Figure 4.46. The product distribution of hydrocarbons on MTO reactions over SAPO with 

different structure directing agent s from 0 – 100 % for 5 hours. 
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Figure 4.47. The product distribution of hydrocarbons on MTO reactions over SAPO with 

different structure directing agent s from 0 – 5 % for 5 hours 

Figure 4.47 illustrate the hydrocarbon product distribution over a molecular sieve 

prepared with TEAOH structure directing agent. The product distributions of 

hydrocarbons on the molecular sieve synthesized with piperidine were discussed 

earlier on 4.2.2.2. Comparing the product of hydrocarbons on these two molecular 

sieves, it appears that the molecular sieve made from the TEAOH structure directing 

agent is more active towards methane, propane and heptane and less active 

towards ethylene and propylene. DME and MEOH are regarded as reactants and 

they appeared in large amount. A catalyst prepared with piperidine structure 

directing agent was more active towards ethylene, propylene and butylene and less 

active towards lower paraffins. 

4.2.7.4 The relationship between the characterization of SAPO molecular sieve 

and the MTO reaction 

The nature of structure directing agent s plays an important role in the 

rearrangement of catalytic framework.  
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SAPO molecular sieve synthesized using piperidine and TEAOH had XRD patterns 

that were different. They had different particle sizes of 1.49 nm and 3.8 nm diameter. 

Table 4.9 shows that both catalysts had similar % methanol conversions. The 

conversions increased with an increase in TOS. Selectivity to light olefins was 

observed from a catalyst synthesized with TEAOH structure directing agent . That is 

due to the low acidity in the very low temperature region of NH3-TPD assigned for 

weak Brønsted acid site. Good light olefins selectivity can only happen if a catalyst is 

less acidic.  

4.2.7.5 Conclusions 

The same molecular sieve prepared using TEAOH SDA was synthesized by L. Ye at 

al. [117]. This molecular sieve was also tested in MTO conversions at higher reactor 

temperature of 425 C for 10 hours. The ethylene yield increased gradually with TOS. 

The maximum yield was 56 %. Propylene and butylenes yield was not mentioned. 

The weak acid site molecular sieve was not that active in the production of light 

olefins. Abramova A.V [ ] also synthesized a composite of SAPO-34 and y- Al2O3 

molecular sieve using TEAOH template. This molecular sieve was tested in MTO 

reaction at a reactor temperature from 350-450 C. It was discovered that light olefins 

decreased in TOS. Similar to this study, light olefins selectivity was low and the main 

product was DME on both catalyst prepared with TEAOH and piperidine templates. 

Since our main objective is to synthesize molecular sieve which is supposed to be 

more active and 100 % selectivity, the objective is not achieved. Thus the problem is 

not solved. 

4.3 Summary and Conclusions 

The molecular sieve synthesized at the crystallization temperature of 190 ⁰C for 5 

days has particle size of 4.3 nm. This molecular sieve was good in activity with the 

absence of methane selectivity and improved light olefins selectivity and product 

distribution. Molecular sieve synthesized at the crystallization temperature of 200 ⁰C 

has high % methanol conversion, less light olefins selectivity and product distribution 

and all hydrocarbons are produced on it. Therefore there is no 100 % selectivity to 

light olefins over SAPO molecular sieve. 
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Good light olefins selectivity was observed on the molecular sieve synthesized within 

four day, compared with the selectivity of light olefins on the SAPO molecular sieves 

prepared for 2 - 3 days, 5 - 6 days. This molecular sieve has a very small particle 

size of 1.49 nm. Thus 4 days could be a better crystallization time for the molecular 

sieve on MTO. The molecular sieve with low phosphate contents has high % 

methanol conversion, and better olefins selectivity as well as product distribution. It 

has a particle size of 1.49 nm. This molecular sieve was promoted by adding high 

sodium contents. The results have shown that methane selectivity was reduced. 

Thus methane selectivity as well as product distribution could be reduce by 

conducting the experiment for MTO on the molecular sieve that was synthesized at 

190 ⁰C, for 4 days and this high sodium content could be added to the molecular 

sieve. 

SAPO-34 phase with the particle size of 3.80 nm could be synthesized with high 

silicon content, but amorphous phase is also present in this molecular sieve. Only 

methane and small amount of light olefins are produced on that molecular sieve. 

Amorphous phase prevent the selectivity of light olefins, therefore light olefins result 

in lower selectivity. New method of synthesizing SAPOs in 2.1.2.2 is using piperidine 

as a structure directing agent is promising to improve light olefins selectivity. NH3-

TPD desorption have shown that molecular sieve with weak Brønted acid site are 

good for light olefins selectivity. 
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CHAPTER FIVE - General Conclusions 

5.1. Conclusions 

The SAPO molecular sieves were synthesized using an unconventional piperidine as 

a structure directing agent. Factors such as crystallization time, temperature, as well 

as silicon, phosphorus sodium contents, Na, Fe, Co and Ni impregnation were 

varied. One sample of SAPO molecular sieve was also synthesized by using TEAOH 

structure directing agent instead of piperidine structure directing agent.  

The application of SAPO molecular sieve synthesized in four and five days at 200 oC 

showed the improvement of ethylene and propylene selectivity, but the challenge of 

the formation of methane with higher amount than the light olefins has still been 

noted. When the crystallization temperature was 190 oC there was no formation of 

methane. The products distribution of DME and MeOH were relatively high due to 

incomplete forward reaction of DME and MeOH. This is because of the nature of the 

SDA piperidine used to synthesize those SAPO molecular sieves. The catalyst 

synthesized using TEAOH as SDA was more stable and had a higher ethylene and 

propylene selectivity than the catalyst synthesized using piperidine structure 

directing agent. The selectivity to ethylene and propylene was high after changing 

the method for preparation of SAPO-34 using piperidine as a structure directing 

agent. Thus, piperidine is a good SDA for the synthesis of SAPO-34 and also 

improved the selectivity towards light olefins in MTO. The increase in reaction time 

causes a decrease in methanol conversion which agrees with the data found for 

ethylene and propylene selectivity with reaction time. A lower phosphorus content 

(P2O5/Al2O3 = 0.3) containing a higher sodium content (0.2 Na2O) is more selective 

and stable towards the light olefins such as C2
=- C3

= than the catalyst containing a 

lower phosphorus content. 

Solid state NMR spectroscopy (29Si, 27Al and 31P) and XRD patterns both showed 

the additional high coordination of Al framework atoms for high silicon content in the 

gel. These suggest that there is breakage of Al-O-P bonds by the structure directing 

agent and a new of Si-O- Al bond is formed. The evidence is also revealed by the 

shift of XRD patterns from the 2 theta = 7.44⁰ in the low silicon to 2 theta = 9.99⁰ in 

the high silicon sample. This shows that there is no Si replacement by phosphorus. 
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XRD patterns suggested pure SAPO-34 with the molar gel composition of Al2O3: 0.6 

P2O5: 1.1 Pip: 2.4 SiO2: 100 H2O has been formed. XRD patterns and 29Si SS NMR 

spectroscopy also confirmed the presence of amorphous phase that ranges 2θ scale 

of 13 ⁰ - 32 ⁰ and from -125 - 75 ppm. The amorphous material prevents the activity 

of the molecular sieves, and therefore results in the lower light olefins selectivity.  

This work has demonstrated that the synthesis of SAPO using piperidine as a 

structure directing agent results in the formation of Si-O-P and Si-O-Al, due to the 

substitution of Si atom by one P atom when low silicon content material was added 

to the gel. In the case of a high silicon sample, the formation of Si-O-P is avoided. 

NH3-TPD also showed evidence for two Brønsted acid sites in the catalyst 

framework. Weak acid sites that appeared on the lower temperature are assigned to 

P-OH hydroxyl groups, while the stronger acid site that appears at higher 

temperature is attributed to the bridging hydroxyl group – Si-OH-Al. More ethylene 

was produced from the weak acid sites and higher propylene is obtained from the 

stronger acid sites. 

Among the Fe-SAPO, Ni-SAPO and Co-SAPO catalysts, Co-SAPO has shown the 

best light olefin selectivity. However Co-SAPO-34 has a lower light olefins products 

distribution. Ni-SAPO-34 has high ethylene product distribution but also very high 

methane and ethane selectivity. All modified and unmodified catalysts contain the 

same particle size of 4.00 nm. From the SEM micrographs, the modified SAPO has a 

different morphology. The Fe-SAPO has a sliced plates shape, Ni-SAPO rough cubic 

structures and Co-SAPO has hexagonal crystals. No pure cubic crystals were 

observed. The aim of this study was to synthesize SAPO-34 molecular sieve using 

piperidine as SDA, characterize the molecular sieves and test the molecular sieves 

performance on MTO. More samples of SAPO molecular sieve were synthesized 

using piperidine with different crystallization time and temperature, as well as silicon, 

phosphorus and sodium contents. From the characterizations, three phases of 

SAPO-5, SAPO-34 and amorphous phase are present in the same material. Light 

olefins selectivity was low, and increased by introducing metal oxides into the SAPO 

molecular sieve gel. The presence of sodium oxide in the SAPO molecular sieve 

prevent the formation of methane also improves light olefins selectivity. Therefore 
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SAPO-34 molecular sieve was not successfully done. On the later stage a material 

was synthesized using the same piperidine as a SDA. The XRD patterns and SEM 

spectroscopy in appendix A and B confirmed a pure SAPO-34 phase without SAPO-

5 and amorphous phase, this material was not tested. 

5.2. Recommendations for the future work 

SAPO molecular sieve prepared using piperidine as a SDA at 190 ⁰C for 5 days and 

molecular sieve prepared using similar SDA at 200 ⁰C for 4 days have shown good 

light olefins selectivity, although MTO reactions over those molecular sieves were 

not 100 % light olefins selectivity. A new method of synthesizing SAPO-34 is already 

introduced. The XRD patterns and SEM micrograph shown in appendix A and B 

show the existence of SAPO-34 phase only. It is recommended that more molecular 

sieves should be synthesized using piperidine as a SDA at 190 ⁰C for 4 days by 

introducing a new method. It is also recommended that a microwave system should 

be used to synthesize SAPO-34 molecular sieves. All molecular sieves will be tested 

and compared in MTO reactions. 
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% Methanol conversion = 
inMeOH

outMeOHinMeOH

][

][][     100 % 

 

Analyte selectivity (Mol %) =
outMeOHinMeOH

Analyte

][][

][


   100 %  

 

Product distribution (%) = 
 ][

][

analytes

Analyte    100 % 

Where [ ] is the concentration of an analyte. 

 

 


