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ABSTRACT: 

The methanol-to-olefins (MTO) reaction is an important process, which permits production of the 

basic petrochemicals from nonoil resources such as coal and natural gas. In recent times, the 

increased light olefin demand considers many potential zeolites as catalysts for MTO reaction.  

The objective of this report was to synthesize mesoporous SSZ-39 zeolite and to investigate it’s 

catalytic performance in MTO reaction. The reference SSZ-39 zeolite has been synthesized by 

hydrothermal synthesis with the addition of cyclic quarternary ammonium cations  as organic 

structure directing agents (OSDA). The mesoporous SSZ-39 zeolite has been prepared by replacing 

a small fraction of microporous OSDA by mesoporogen/template. The synthesized zeolite were 

then characterized with X-ray Diffraction, 1H-NMR and 27Al-NMR , Argon physisorption, Scanning 

Electron Microscope and ICP-AES measurements. Then, the proton form of SSZ-39 is tested for the 

MTO reaction in a fixed bed reactor. 

Two mesoporogens have been synthesized. A series of reference and mesoporous SSZ-39 zeolite 

were synthesized with different Si/Al ratios of 15,20 and 30. However, the addition of 

mesoporogen did not yield in mesopores formation in those zeolites. In addition, two different 

synthesis mechanisms have been carried out to generate mesopores in the SSZ-39.  

The obtained zeolite has been characterized with X-ray Diffraction, 1H-NMR and 27Al-NMR , Argon 

physisorption, Scanning Electron Microscope and ICP-AES measurements. The proton form of      

SSZ-39 has been subjected to the MTO reaction in a fixed bed reactor.  
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CHAPTER 1: INTRODUCTION 

1.1. CATALYSIS: 

Climate change issues, energy security, geopolitical reasons require the development of 

alternative energy sources. One of the ways to minimize the environmental and economic impacts 

of the chemical processes is to develop efficient catalysts. The increase in the rate of a chemical 

reaction can be promoted by addition of a small amount of catalyst, that provides an alternative 

reaction pathway with lower activation energy as shown in figure 1. Thus, the main purpose of 

catalysis in this context is to increase the efficiency of the chemical process on a large scale by 

reduced consumption of the energy, lowering the temperature and/or pressure, tuning the 

selectivity of the process [1]. 

FIGURE 1:    Potential energy diagram[1] 

Therefore, catalyst becomes the linchpin of a chemical industry. It is used in nearly 90% of all 

chemical processes and is significant for the production of 80% of all chemicals [2]. It is estimated 

that the global turnover of the chemical industry is around 5.23 trillion USD and the turnover of 

the catalyst manufacturing industry is around 0.5 trillion USD respectively [2]. The best known 

application of catalysis that has a huge positive environmental impact is the use of three way 

catalyst for reduction of unwanted emissions of harmful gases from gasoline combustion and 

associated catalyst for cleanup of exhaust streams from other combustion processes[3].  

From the works of Faraday, Ostwald, Arrhenius, Sabatier, Langmuir, Van’t Hoff and others, the 

fundamental understanding of the catalysis concepts was initiated. Based on that knowledge, at 

the end of the 19th century, the world witnessed the transition of the catalysis research from 
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academy to industry in order to feasibly meet the increasing world population. The first large scale 

industrial catalytic process- Haber-Bosch, a production of ammonia from hydrogen and nitrogen 

was developed successfully in 1909. 

A brief representation of catalytic cycle is shown in figure 2.It involves the binding of the reactants 

on the catalyst surface, transformation of adsorbed reactants reacted to the products, desorption 

of the products from the surface and regeneration of the catalytic site. 

       FIGURE 2: A schematic representation of Catalytic cycle[1] 

1.2.WHY OLEFINS? 

 In organic chemistry, an alkene or olefin is an unsaturated chemical compound holding at least 

one carbon - carbon  double bond with a general formula of CnH2n. Ethylene is the simplest alkene 

in the homology series of alkenes and has the formula C2H4  that originated from a family of acyclic 

hydrocarbons with only one carbon - carbon double bond with no functional groups. A carbon - 

carbon double bond consists of a one sigma and one pi bond, unlike a carbon –carbon single bond 

that has only one sigma bond.  Therefore the rupture of pi bond and formation of a new sigma 

bond during the reaction makes olefins suitable for the conversion to a wide variety of products 

[4]. 

Specifically, the two most important light olefins, ethylene and propylene are the key building 

blocks for petrochemical industry. The major olefin consumption occurs in the production of 

polymers (polyethylene and polypropylene) in addition to other essential derivatives like ethylene 

oxide, polystyrene, ethylene oxide, acrylonitrile, acrylic acid and ethylene dichloride [5]. 
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FIGURE 3: Propylene/ Ethylene (P/E) ratios from steam cracking of ethane, propane, butane and                  

naphtha[6] 

At present, thermal steam cracking is responsible for 97% of ethylene production. In this process, 

hydrocarbon molecules in the feedstock are broken down at high temperature in the presence of 

steam in simpler molecules, namely, ethylene as a main product and other hydrocarbons [6]. In 

addition, propylene is a byproduct of thermal steam cracking with a typical composition ratio of 

propylene to ethylene (P/E) of 0.5, that contributes to around 66% of worldwide propylene 

production.  Fluid catalytic cracking (FCC) shares around 32% of the propylene production where 

propylene is a byproduct of gasoline production. The remaining 2% of propylene accounts for the 

propane dehydrogenation[6]. 

Moreover, demand for these olefins is forecasted to increase over the next decade. The global 

ethylene market was valued at US$ 156.0 billion in 2013 and is expected to reach US$ 234.2 billion 

by 2020, growing at a 6.0% CAGR from 2014 to 2020 [7]. In 2011, the global propylene market was 

worth more than US$ 90 billion and is anticipated to exhibit considerable growth in coming years. 

The global propylene demand is forecasted to increase  by 6% to 8% per year whereas the global 

ethylene demand is forecasted to increase by 4% to 6% per year [6]. It is clear that the forecasted 

ethylene demand is lower than the one for propylene. That is why, the conventional thermal steam 

cracking method itself will not be able to meet the propylene demand in the future. 

According to the activities in various regions, mainly Asia and Middle East have seen new olefin 

plants in the past years. Middle East acts as a profitable location for ethylene production due to 

the presence of cheap and abundant feedstock (specifically ethane). On the other side, Asia is one 

of the fastest growing market of consumer products driven from ethylene and propylene [6]. Even 

though both Asia and Middle East will make profit in the ethylene market share, it is certain that 
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there will be a gap in the propylene supply especially in Asia. The required propylene / ethylene 

ratio in Asia is 0.9 [6]. Towards this end, the prevailed production of ethylene from ethane and the 

strong demand for propylene result in the price increase of propylene compared to ethylene. 

Evidently, the methanol conversion is an alternative process of propylene production , that will 

allow to overcome the increasing disproportionate between the propylene demand and 

production. That requires the application of zeolite-based catalysts in methanol to olefin 

technology such as SAPO-34, ZSM-5, SSZ-13, SSZ-39. 

 

1.3  ZEOLITES – TO THE RESCUE: 

Zeolites are microporous crystalline aluminosilicates possessing strong acidic properties  and find 

their applications widely in the hydrocarbon processing industry. The building units of zeolites 

consists of a tetrahedral structure with Si or Al atoms ( also known as T atoms) at the center with 

four oxygen at the vertices of the tetrahedron. Zeolites based only on Silica framework SiO2 have 

a neutral charge of the structure. To obtain zeolites with desired catalytic properties, a substitution 

of Si4+ with Al3+ is required. The negative charge aroused in the bridging oxygen atom is usually 

compensated by roughly fixed positive charge metal cations (K+, Ca2+, Na+) present in the channel 

as shown in figure 4. 

FIGURE 4: Building Block of a zeolite (M+ represents metal cations) 

When a proton is used, it results in a strong solid Bronsted acidic centers (Si-OH-Al) as shown in 

figure 5 and that are responsible for the catalytic activity of the zeolite. The group (Si-OH-Al) is 

termed as bridging hydroxyl group. Next to these group, there is usually a silanol group (Si-O-H) ,a 

weak acidic hydroxyl group that is located on defect sites and on the external surface of the zeolite. 
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.  FIGURE 5: Schematic representation of a Bronsted acidic site (BAS)[8] 

Richard Barrer successfully synthesized zeolites under hydrothermal conditions as follows- 

amorphous reactants containing silica and alumina sources are mixed together with a cation 

source, usually in a basic ( high pH) medium. Then the reaction mixture is heated (above 1000C) in 

a sealed autoclave. During the induction period, after reaching the synthesis temperature the 

reactants remain amorphous. Later on, crystalline zeolite product can be detected [8]. Thanks to 

the extensive studies on the zeolite synthesis conditions along with the discovery of organic 

structure directing agents (OSDAs), many new structures that are not available in nature have been  

synthesized in the past decades. According to the IZA structure database, over 200 zeolites with 

different structures are in registered today[9]. 

Ordered micropore networks, large active surfaces, high thermal stability and tunable surface 

acidity make zeolites promising materials for catalysis and shape selective adsorbents in many 

industrial applications. Zeolites are widely used as detergents, desiccants, adsorbents and catalysts 

in various process including hydrocracking, fluid catalytic cracking, hydroisomerization, etc. [9,10]. 

1.3.1. EFFECT OF ALUMINIUM CONTENT ON THE ACIDITY  OF ZEOLITES: 

It is important to note that the strength of the Bronsted acid sites mostly depends on the 

distribution of aluminum in the framework of the zeolite. In 1956, Lowenstein proposed the theory 

that is known as Lowenstein rule [11], saying that there should be no aluminum in the immediate 

neighborhood. For instance, if two aluminum ions are neighbors to the same oxygen anion, at least 

one of them must have a co-ordination more than 4 towards oxygen, that is to say to be located 

at the extra-framework position in the zeolite. Thus, the closest approach available between two 

consecutive aluminum ions is the second nearest neighbor position, which means strongest acid 

sites being associated with isolated aluminum ions. Next nearest neighbor (NNN) model as 

proposed by Lowenstein is shown in  figure 6. 
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FIGURE 6: Zeolite structure showing Framework “T” atom. The Red dot denotes 9 second nearest 

neighbor positions available for framework aluminum as indicated by 1-9 positions and a to d 

represents the next nearest neighboring positions. 

1.3.2. HIERARCHICAL ZEOLITES: 

Even though, zeolites have been successfully used in many applications, they suffer from severe 

mass transport limitations especially in petrochemical application because of the restricted 

diffusion in and out of the bulkier molecules. That is why, one of the concepts to improve the 

accessibility of the active sites is to incorporate additional mesoporosity with the intrinsic 

microporosity either by top-down (demetallization) or bottom-up (assembly) methods that 

architects different levels of porosity in a zeolite, resulting in so-called hierarchical zeolites [12]. 

The key factor is to maintain uniform nucleation and homogeneous distribution of the nuclei in 

the solution system. Hierarchical zeolites can be obtained by post synthesis methods such as 

steaming , leaching or chemical treatment. However, the main drawback of these methods is low 

control over the textural and acidic properties of the final zeolite. For example- desilication (base 

–leaching) process requires an optimal range of Si/Al ratio in the parent zeolite to generate a 

mesoporosity with high mesopore surface area while preserving the crystalline and acidic 

properties[12]. 

On  the contrary, bottom –up approach has better control over the pore hierarchy and the acidity 

of the final zeolite, as it employs second agents namely hard templates (carbon -nanoparticles, 

nanotubes, nanofibers) as well as soft templates (organosilanes, polymers, ammonium 

surfactants, etc.) to generate mesoporosity in addition to the SDAs responsible for micropore 

formation [12]. The soft templates added during the initial stages of the zeolite crystallization can 
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anchor on the external surface of the zeolite seeds and prevents the growth of larger zeolites into  

crystals.  

Ryoo et al. [12,36] first introduced the use of an elegantly designed amphiphilic surfactant (SDA) 

that contains the following features: an alkoxysilane that gets incorporated into the final inorganic 

structure ; an adjacent quarternary ammonium centers that is used to structure direct a unit cell; 

an alkyl tail that is used to introduce mesoporosity into the zeolite.  

They synthesized a template C22 H45–N+ (CH3)2–C6 H12–N+ (CH3)2– C6 H13 (Br-)2, (C22-6-6) in which  the 

hydrophilic part with two quaternary ammonium groups spaced by a C6 alkyl linkage directed the 

microporous MFI structure, while the hydrophobic long-chain C22 alkyl group induced the 

mesoscale micellar structure and restricted the excessive growth of zeolite (figure 7).  

 

FIGURE 7: Crystallization of MFI nanosheets[12]. (a)  denotes two quaternary ammonium groups 

(indicated as a red sphere) are located at the channel intersections: one is inside the framework, 

and the other is at the pore mouth of the external surface, (b) Many MFI nanosheets form either 

multilamellar stacking along the b-axis and (c) denotes a random assembly of unilamellar structure. 
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Remarkably, Garcia-Martinez et al.[12] synthesized mesoporous zeolite Y with uniformly 

distributed intracrystalline mesopores of approximately 4 nm by hydrothermal treatment of a 

mixture of zeolite Y, diluted NH4OH and the surfactant CTAB at 1500C for 10–20 h [12]. The 

mesopores can be tuned between 2.5 and 4.5 nm by tailoring the chain length of the surfactants 

(figure 8).  

FIGURE 8: Scheme of the proposed zeolite mesopore formation process[12]. (a) denotes the original 

zeolite, (b) represents Si–O–Si bond opening/reconstruction in basic media,                                                               

(c) indicates crystal rearrangement to accommodate the surfactant micelles, and (d) shows 

removal of the template to expose the mesoporosity introduced 

The performance of the mesoporous zeolite Y made by soft templating showed improved product 

selectivity that could be attributed to the mesoporosity introduced into the zeolite crystals which 

enhanced the diffusion in the conventional zeolites. Figure 9 indicates the mass transport 

limitations in conventional and hierarchical zeolites. 

FIGURE 9: Schematic representation of diffusion limitations in conventional and hierarchical 

zeolites. 

There is detailed research of neither the growth mechanism of crystalline hierarchical zeolites nor 

particular rules to design the synthesizing templates. The significant drawback of the organic 
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templates is the high cost that limits their application in the large-scale zeolite production. On the 

other hand, there is a substantial expectation in development of efficient mesoporogen by 

bottom-up methods that will lead to the formation of the better catalysts for many industrial 

processes [12].  

The mass transfer rate enhancement is a key objective in the design of new small pore zeolite to 

increase the catalytic activity and catalyst lifetime for the MTO reaction.  In this sense, the 

generation of intra-crystalline mesoporosity or the reduction of the crystal size to the nanometer 

scale has allowed the increase of the catalytic properties of the  SAPO-34 (silico-aluminophosphate 

material and current commercial MTO catalyst). Besides SAPO-34, the silicoaluminate form of CHA, 

SSZ-13 has also been described as a very efficient catalyst for the MTO reaction [14]. It is worth 

noting that, in general, the hydrothermal stability and Bronsted acidity of silicoaluminate materials 

are higher than those of their silico-aluminophosphate materials, especially at low and moderate 

temperatures[14]. Therefore, the design of silicoaluminate materials with the adequate physico-

chemical properties is a matter of interest for the preparation of new commercial catalysts for the 

MTO process [15]. 

1.4 MTO CATALYSTS: 

The current commercial MTO catalyst is SAPO-34, a silicoaluminophosphate molecular sieve with 

the CHA topology (with the pores consisting of 8 T atom-membered rings - 8MR). Extensive 

research on the conversion of MTO has been performed on zeolites (aluminosilicates) such as ZSM-

5 and SSZ-13 as well. Zeolites are more attractive catalysts compared to SAPOs, because of their 

higher (hydro)thermal stability and stronger acidity[16]. 

 

               FIGURE 10: (a) CHABAZITE  framework  (viewed along 001), (b) CHA cavity [18] 
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For catalyzing the MTO reaction, a Bronsted acidic materials with certain cage sizes accessible via 

8MR (such as CHA, AEI topology) provide  the highest yields of light olefins due to the hydrocarbon 

pool mechanism.  This mechanism involves the following stages, after the initial dehydration of 

methanol,  an active pool of intermediates (mostly methylated benzenes) is trapped in the zeolitic 

cages.  Since these molecules are too large to diffuse through the 8MR, it plays a role of a 

continuous source for olefin elimination and methanol addition. 

1.4.1. INVESTIGATED ZEOLITE  -  SSZ-39: 

SSZ-39 is a silicoaluminate material with the AEI topology that shows the presence of large cavities 

inter-connected through small pore openings and can be considered as a potential catalysts for 

MTO. Davis et al. first proposed the investigation of SSZ-39 in MTO reaction [16].  

SSZ-39 zeolite consists of d6r composite building units as shown in figure 11. The zeolite structure 

features small pore windows of about  0.38nm x 0.38nm in diameter and large cages (AEI cage, 

figure 11a) of  the size around 0.85 x 0.99 nm. The intrazeolitic pore space of the AEI topology 

consists of a 3D interconnected channel system, bound by 8MR rings as shown in figure 11c.  

FIGURE 11: (a) AEI cavity, (b) AEI framework with d6r building units (Framework viewed along 010),                            

(c)3 dimensional AEI with 8 ring channel [18]. 
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High silica materials are generally utilized as solid acid catalysts for MTO reaction, due to their 

hydrothermal stability and resistance to coke-formation. However, in the case of SSZ-39 studied 

in the following work, the Si/Al molar ratios were limited to 6-10 when using 1,1,3,5-

tetramethylpiperidinium hydroxide (TMPOH) as an OSDA. On the other hand, high-silica SSZ-39 

with Si/Al ratio of 26.5 was obtained by using 9,9-dimethyl-9-azoniabicyclononane which is more 

expensive and difficult to prepare than TMPOH [16,17]. It has been showed that  OSDA plays an 

important role in forming the cage structure regardless of the Si/Al ratios because the amount of 

OSDA cations occluded in SSZ-39 was found to be approximately 4 per unit cell , meaning that one 

OSDA cation is occluded in an AEI cage [24]. Prominently, all the reported SSZ-39 synthesis 

employed FAU crystals as an alumina precursor, since SSZ-39 follows solid – solid 

transformation[16,17,24]. 

It’s unique basket –shaped cage  that is  wider at the bottom than the CHA cage (figure 10a) results 

in higher selectivity to propylene than ethylene facilitating the formation of aromatics with the 

adequate size within the hydrocarbon pool state to increase the propylene selectivity [17]. 

1.5. MECHANISISTIC PATHWAYS - MTO REACTION: 

Three decades of intensive and single-mindedness theoretical and experimental research efforts 

have been made in academics  in-order to unravel  the underlying mechanism of MTO reaction, 

for promoting the practical development [20]. It is a tremendously challenging task to exemplify 

the MTO reaction’s mechanistic pathways because of  the extremely complex reaction network. 

While deriving the mechanistic pathways based on the experiments for the porous zeolites, a 

specific attention should be given to the desorption and diffusion disguise, for instance the 

secondary reactions often consume the primary products and mask the real pathways [20]. 

FIGURE 12: Reaction path of the methanol-to-hydrocarbons reaction [20] 
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As shown in figure 12, the reaction pathways of MTH reaction and methanol conversion over acidic 

zeolites - proceeds via consecutive reaction steps 

SCHEME: Sequential steps of MTH conversion over ZSM-5 catalysts 

In the first step, methanol is dehydrated  to form an equilibrium mixture of methanol, dimethyl 

ether and water. Later , C2-C5 light olefins are produced in the next step. Finally, the  light olefins 

are reacted to form higher olefins, naphthenes, aromatics and paraffins via oligomerization, 

hydrogen transfer and cyclization reactions.  The reaction mechanism starts from the formation of 

DME from methanol as follows: a methanol molecule first reacts with a hydroxyl group of/on the 

solid acid catalyst to form a surface methoxy, which further undergoes a nucleophilic substitution 

by another methanol molecule. On the other side, the third reaction step represents the light 

olefins transformation to other hydrocarbons via the carbenium ion mediated chemistry.  

However, the reaction mechanism of the second step is one of the main focuses in the 

heterogeneous catalysis research representing the formation of olefins- from C1 entities.  

1.5.1 DUAL CYCLE CONCEPT: 

Until 2006, major fundamental study of the hydrocarbon pool mechanism was compiled for 

catalysts with large pores or voids like SAPO-34[23] .It was broadly accepted that the higher 

methylated benzenes (poly methylated benzenes) and their protonated counterparts are the main 

intermediates in the methanol conversion. In 2006, a detailed mechanistic re-examination was 

conducted in H-ZSM-5 catalyst since the reaction mechanism might differ in accordance with the 

pore structure of the catalyst.  

A transient 12C/13C switching experiment was undertaken to further study of the reaction 

mechanism and it was observed that the mechanism of ethylene formation was different from one 

of the higher olefins formation under the reported reaction conditions. As ethylene, xylene and 

trimethylbenzenes (lower MBs) showed that the rate of 13C incorporation is slower when 

compared to C3+ alkenes. Thus, it was suggested that two mechanistic cycles (aromatics and 

alkenes cycle) occurred simultaneously over H-ZSM-5 during the MTH reaction[23] was referred 

to as the Dual cycle concept (figure 13), where the aromatics based cycle is responsible for the 
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ethylene formation from the lower methylated benzenes, and propylene and higher alkenes are 

formed by the alkene (olefin) based methylation and cracking cycle. 

   FIGURE 13: Suggested Dual cycle hydrocarbon Pool mechanism over H-ZSM -5 zeolite [14] 

The Dual cycle concept highlights the most interersting question regarding mechanistic 

understanding and selectivity control. Since both cycles contribute differently to ethylene and 

propylene formation - it was thought that the product distribution can be optimized by selectively 

promoting or inhibiting the aromatics and olefin based cycles, for instance,  to decrease the yield 

of ethylene by selecting a specific catalyst topology - that suppresses the aromatic- based cycle. 

This would allow the methanol conversion solely sccording to alkene methylation/cracking cycle 

[14,23].Therefore tuning the  steric properties of the catalyst it beame possible to suppress or 

promote one of the cycles, as it was shown that methyl benzenes with two or three methyl groups 

is responsible for ethylene formation, whereas propene is formed from methyle benzenes with 

four to six methyl groups [23]. 

1.5.2 FORMATION OF DIMETHYLETHER (DME): 

DME is the first species to form within the zeolite catalyst and so it is generally accepted that the 

DME formation from methanol precedes the formation of hydrocarbons[20,21]. The reaction 

pathways for the formation of DME are shown in figure 14 and include the following steps: 

1) Reversible adsorption of methanol molecules on Bronsted acid sites. 

2) Dehydration (-H2O) of the protonated methanol with the formation of surface methoxy. 

3)Reaction between gas phase methanol molecule and surface methoxy group with the formation 

of the surface associated dimethyloxonium ion (DMO+). 

4) DME formation by deprotonation of DMO+. 
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FIGURE 14: Reaction mechanism for the formation of DME [21] 

1.5.3. FORMATION OF PRIMARY HYDROCARBON PRODUCTS: 

The first and foremost question was mainly on how the first C-C bond was formed from methanol/ 

dimethyl ether or how C1 entities derived from it.  Around 20 mechanisms were proposed with 

reactive intermediates like carbocations, carbenes, free radicals , oxonium ylides and surface 

bound alkoxy groups [21]. The central focus of the proposed mechanisms is the formation of  

primary products such as ethylene, propene and smaller amount of butenes.  

The surface-bonded oxonium methylide mechanism suggested by Hutchings et al. is shown 

schematically in figure 15. The proposed mechanism occurs via the following steps: 

 1) Proton transfer from the surface methoxy to a nearby basic zeolite site yields a surface-bonded      

oxonium methylide (CH2). 

2) oxonium methylide  CH2, reacts with protonated dimethylether (DMO+)  to  produce  a  surface-

bonded  ethyl  or propyl  carbenium  ion  ( R2
+,  R3

+ ).  

3) Deprotonation of R2
+ and R3

+  forms gas-phase ethylene and propylene respectively. 

4) Methane (CH4) is a major primary product at low methanol conversion.  
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      FIGURE 15: Reaction scheme for MTO process [21] 

1.5.4. FORMATION OF HIGHER OLEFINS: 

In MTO, the conversion of primary products to higher hydrocarbons proceeds through carbenium 

ion mechanisms [23]. The typical elementary reaction steps for increasing or decreasing the 

number of carbon atoms in the olefins occurs by oligomerization, methylation and β- scission 

(cracking) of the surface associated carbenium ions.  

FIGURE 16: Mechanism of methanol reaction on H-ZSM-5, proposed by Dessau et al[23] 

Therefore, all the olefinic products are formed by the elimination steps of deprotonation of these 

surface carbenium ions respectively as shown in figure 16. An olefin cracking unit  route was 

proposed by Dessau and co-workers  as the main pathway  for the formation of light  (C2-C4)olefins 

from methanol conversion over HZSM-5 catalysts. After the initial light olefins are formed , they 

are continuously methylated to form higher olefin homologues, which then subsequently splits to 
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form ethylene and propylene (light olefins). Hydrogen transfer and cyclization reactions lead to 

the formation of alkanes and aromatics. 

1.6. METHANOL CONVERSION – COMMERCIAL VIABLE TECHNOLOGIES: 

Methanol is a simplest alcohol with the chemical formula CH3OH where only a methyl group is 

linked to a hydroxyl group. It is a light, flammable, volatile, colorless liquid  with unique odor.                      

It can be produced from synthesis gas (a mixture of carbon monoxide and hydrogen), where syngas 

is produced by steam reforming of natural gas or gasification of carbonaceous materials like coal, 

municipal wastes, or other organic materials. It is very interesting to know that the discovery of 

methanol to hydrocarbons (MTH) is unintentional as a research group at Mobil was aiming to 

convert methanol to other oxygen – containing compound over a ZSM-5 catalyst, and 

unpredictably they obtained  hydrocarbons[23] 

In 1970s, the oil crisis roused an addictive interest in developing MTH technology because it was 

regarded as an important alternative to petroleum based route to produce and synthetic fuels 

[23]. Originally, MTH technology’s prime motive was to produce high- quality gasoline from natural 

gas.  In 1979, Mobil invented fixed- bed methanol-to-gasoline (MTG) process plant that produced 

gasoline from abundant natural gas resources built in New Zealand. Ever since, this plant satisfied 

one third of the worldwide gasoline demand, i.e. about 600,000 tons gasoline per year. However, 

since the gasoline price has dropped down drastically, the gasoline production part of the plant 

has been shutted down, but the methanol production part is still in operation. 

As methanol conversion is a highly exothermic reaction, the main constraints accounted in the 

process and reactor design are the control and dissipation of heat. To overcome these design 

constraints, an equilibrium mixture of methanol, dimethyl ether and water is formed by partly 

dehydrating methanol over an acidic catalyst. Then the mixture is fed into the next reactor  and 

based on the catalyst and process conditions, it is either converted to gasoline (MTG) or olefins 

(MTO) [23]. 

On the next stride, MTH technology extends its approach from the production of fuels (gasoline) 

to other chemicals and especially light olefins (MTO), as independent investigations were 

conducted alongside from the very beginning to facilitate the MTO process, as from the very 

beginning it was recognized that olefins play a crucial role as intermediates in the MTG conversion 

reaction.  
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Profound efforts were made to develop and enhance the technologies for the selective production 

of olefins from methanol either on the typical catalyst, i.e., medium pore ZSM -5 zeolites, or later 

on small pore SAPO-34 zeotype materials[23]. Reaction conditions and appropriate choice of 

catalysts result in an increased production of light olefins. Obviously, these postulates led to the 

development of  fluid bed MTO process by MOBIL. MOGD process can be perfectly incorporated 

with MTO process as shown in figure 17, because light olefins can be further converted to higher 

olefins resulting in gasoline or distillate range (oligomerization process). 

FIGURE 17:  Mobil’s  MTG, MTO and MOGD process [23]  

In 1990s, another MTO process was developed successfully by Union Carbide (UOP) in 

collaboration with Norsk Hydro (a.k.a. INEOS) by employing a H-SAPO -34 based catalyst and a low 

pressure fluidized- bed reactor design for an efficient temperature control and continuous catalyst 

regeneration (figure 18) [23]. In this process, H-SAPO-34 catalyst is used  which was discovered by 

UOP researchers. It is characterized with Chabazite (CHA) topology of large cavities connected by 

8 rings that favors the light olefin production with 75-80% selectivity. Since, deactivation (coking) 

of H-SAPO-34 occurs rapidly when compared with the  conventional H-ZSM-5, frequent 

regeneration is required. To increase P/ E ratio, UOP and Total petrochemicals designed an Olefin 

Cracking Process (OCP) and combine it with UOP/INEOUS MTO process. In 2011, the construction 

of a 295KT/yr plant in China was announced [23]. 

FIGURE 18: INEOS MTO fluidized-bed process (SAPO-34) combined with UOP/Total OCP process[23] 
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Dalian institute of chemical physics (DICP) researchers used  H-SAPO-34 catalyst in a fluidized bed 

to develop another MTO process named DMTO. By recycling C4+  fractioned stream, it maximizes 

ethylene and propylene production as shown in figure 19 . In 2010,  this process was 

commercialized with a production capacity of 600,000 tons (both ethylene and propylene) per year 

[23].     

FIGURE 19: Simplified  scheme  of  Dimethyl  ether or  methanol-to-olefins  (DMTO)  fluidized-bed 

process using H-SAPO-34 with recycle of C4+ adapted from [23] 

Lurgi  (now Air liquid) invented a process focusing more on the propylene production. It operates 

at temperatures of about 733-753K and atmospheric pressure, that eventually becomes methanol 

to propylene (MTP) process. As shown in figure 20, firstly methanol is partly dehydrated in the pre-

reactor, and then the mixture of methanol and dimethylether (DME) is fed to the adiabatic fixed 

bed reactor with inter-stage feed to control the temperature. After product fractionation, 

undesired by-products (ethene, butenes and higher aliphatic products) are recycled back to the 

MTP reactor to be converted again to further facilitate the propylene production. Intermittent 

regeneration is enabled with parallel fixed- bed reactors [23]. In 2010, the first MTP plant was 

constructed in China with the production capacity of 500,000 tons/yr propylene and 185,000 tons/ 

yr gasoline (by-product) . 

FIGURE 20: Simplified scheme of Lurgi´s MTP process [23] 
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1.7. GOALS OF THE THESIS: 

In the last decades, Methanol to olefin conversion has attracted a comprehensive attention as a 

prospective route to increase the production of light olefins from methanol. The goal of this master 

thesis is to synthesize stable mesoporogen for the generation of mesopore structure in the SSZ-39 

zeolite in addition to the traditional micropore templates employed. The as-synthesized SSZ-39 

zeolites have been further employed in the methanol to olefin (MTO) reaction. Various 

characterization techniques like 1H-NMR, 27Al-NMR, XRD, Argon physisorption, SEM and ICP-AES 

have been used to determine crystallinity, textural and aciditic properties of the synthesized 

samples. 
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CHAPTER 2: SYNTHESIS PROCEDURE 

2.1. SYNTHESIS OF SURFACTANTS: 

The synthesis of mesoporous structure directing agent / mesoporogen involves two-steps. During  

the first step- 1,3,5-trimethyl piperidine is synthesized and the second step is to add the alkyl tail 

in it to generate the mesopore configuration in the zeolite as shown in scheme 2.1. 

 

SCHEME 2.1: Illustration of the mesoporogen synthesis 

2.1.1- SYNTHESIS OF 1,3,5- TRIMETHYL PIPERIDINE (TMP): 

The surfactant (TMP) was synthesized as described elsewhere [17]. 9.6g (~ 8 mL, 1.34 mole ) of 

aqueous formaldehyde ( Sigma Aldrich, 37%) was added to the 3-neck round bottom flask followed 

by a dropwise addition of 10g  (  ̴11.97 mL,1 mole) of 3,5 dimethylpiperidine (Sigma Aldrich 98%) 

and the reaction temperature was maintained between the range 45-500C by adjusting the 

addition rate due to the observed exothermic reaction. Then, 9.73g (  ̴7.97 mL, 2.3 mole) of formic 

acid (Sigma Aldrich, 96%) was added to the reaction mixture in a controlled manner due to the 

strong exothermic reaction followed by vigorous CO2 gas evolution. The addition of formic acid 

was carefully controlled in order to maintain the temperature of the stirring mixture at 75°C and 

when CO2 evolution became evident, N2 purging was stopped. When the rate of CO2 evolution 

dropped significantly, the reaction mixture was allowed to stir for about 6-12 hours at 80°C using 

external heating under reflux. Afterwards, it was cooled down to the room temperature. 

Under stirring, 7.43g (  1̴.34 mole) of KOH pellets were dissolved in distilled water and added 

portionwise to the reaction mixture for neutralization and stirred for about 20 minutes. Then, the 
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whole mixture was transferred to a 100mL separation funnel and allowed to stand for   ̴10 minutes 

for the phase separation. The upper product layer was decanted off and the lower layer of water 

was discarded. Then, to the upper product (organic) layer, 40ml of hexane was added and shaken 

well. The following mixture is allowed to stand for   ̴10 minutes and upper organic layer was 

extracted from the lower water layer. This extraction process was repeated for 3 times to ensure 

that all organic product was recovered. 

The final product has been mixed with the excess of anhydrous MgSO4 to remove the utmost water 

from the product solution. This mixture was then filtered through Millipore syringe filter to obtain 

organic solution free of MgSO4. In a portionwise manner, the clear organic solution was placed in 

a rotary evaporator at the bath temperature of 40°C and under a  working pressure of 90 mbar,  

where most of the hexane was removed. Finally, the pure 1,3,5-trimethylpiperidine was obtained. 

The sample was then analyzed by 1H- NMR.  

SCHEME 2.2: Reaction scheme of 1,3,5- Trimethyl Piperidine(TMP) 

2.1.2. SYNTHESIS OF 1,1,3,5- TETRAMETHYLPIPERIDINIUM BROMIDE ( C16TMPBr): 

Firstly, 40mL of ethanol and 2.7g (Fw=127.23, 1.3mole) of 1,3,5-trimethylpiperidine obtained in the 

above synthesis was added to a 2-neck round bottomed flask accompanied with magnetic stirrer  

followed by dropwise addition of 5g of 1-bromohexadecane (Sigma-Aldrich 97%, Fw =305.34,              

1 mole). The reaction temperature was maintained at 75°C by external heating and kept for 24h 

under reflux with N2 purge.  After cooling the mixture to the room temperature, ethanol was 

removed by rotor evaporator at the bath temperature of 40°C and under a working pressure of 

150mbar. The resultant mixture was washed with diethyl ether and filtered using a Bὓchner flask. 
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A clear white powder (C16TMPBr) was obtained and it was dried in a vacuum oven overnight  at 

50°C. The sample was then analyzed by 1H- NMR.  

SCHEME 2.3: Reaction scheme of C16TMPBr 

2.1.3. SYNTHESIS OF 1,1,3,5- TETRAMETHYLPIPERIDINIUM BROMIDE (C22TMPBr):                 

The same procedure as above was conducted using 1- bromodocosane  (Sigma-Aldrich 96%, 

Fw=389.50) to synthesize C22TMPBr. The sample was then analyzed by 1H- NMR. 

                                             SCHEME 2.4: Reaction scheme of C22TMPBr 

2.1.4. NOMENCLATURE USED FOR SYNTHESIZED SSZ-39:  
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TABLE 2.1:  Synthesis conditions for SSZ-39 

H2O/Si was kept at 20 for all entries except Entry 10,11 (H2O/Si=8); L- includes low water content in the 

synthesis gel, F- includes Fluoride ions in the synthesis gel. C16- C16TMPBr; C22- C22TMPBr 

 

2.2. ZEOLITE SYNTHESIS: 

SSZ-39-R: 

SSZ-39-R was synthesized as described elsewhere [16]. 18g of deionized water, 0.8g of USY zeolite 

with Si/Al=2.6 (zeolyst), 4.6g of TMPOH (20% solution, SACHEM ) were mixed in a Teflon beaker 

and stirred continuously without any clog. Then, 18.3g of sodium silicate (Sigma Aldrich, 

Na2O=10.6 wt%, SiO2=26.5 wt%) was added gently under vigorous stirring to obtain a 

homogeneous gel with batch composition of 20 H2O: 1 Si: 0.067 Al: 0.17 OSDA: 0.88 OH: 0.78Na 

that was further subjected to 3 hours of ageing. The resultant mixture was then transferred into a 

Teflon-linen autoclave and kept in the rotation oven (60rpm) at 140°C. After 5 days of 

crystallization, the reactor was cooled down to room temperature and the solid product was 

filtered using a Bὓchner flask. The resulting solids were washed with deionized water and dried 

overnight in a 110°C oven. Finally, the product was calcined 150°C (1°C.min-1)  for 3h at 1500C and 

further at 580°C (10C.min-1) for 6h. The product was denoted as SSZ-39-R-15. 

The gel composition of 20 H2O: 1 Si: 0.05 Al: 0.17 OSDA: 0.95 OH: 0.78Na with the ageing time of 

3hrs, yields in SSZ-39-R-20. 

Entry Zeolite Si/Al (input) Meso-SDA(mol %) Tsynthesis(°C) tsynthesis(days) 

1 SSZ-39-R-15 15 0 140 5 

2 SSZ-39-M10-C16-15 15 10 140 5 

3 SSZ-39-R-20 20 0 140 5 

4 SSZ-39-M20- C16-20 20 20 140 5 

5 SSZ-39-M10- C22-20 20 10 160 5 

6 SSZ-39-R-30 30 0 140 5 

7 SSZ-39-M20- C16-30 30 20 140 5 

8 SSZ-39-R-20-F 20 0 140 5 

9 SSZ-39-M10- C16-20-F 20 10 140 5 

10 SSZ-39-R-25L 25 0 160 5 

11 SSZ-39-M10- C16-25-L 25 10 160 5 
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Similarly, the gel composition of 20 H2O: 1 Si: 0.03 Al: 0.17 OSDA: 0.97 OH: 0.78Na with the ageing 

time of 3hrs, yields in SSZ-39-R-30. 

SSZ-39-M10-C16:  

SSZ-39-M10-C16 was synthesized with the following molar gel composition 20 H2O: 1 Si: 0.067Al:  

0.153 TMPOH:  0.017 C16TMPBr: 0.88OH: 0.78Na (10% of TMPOH was replaced by C16TMPBr) and   

was stirred gently for 3 hours. The initial gel was stirred gently for 3 h and then was subjected  to 

crystallization in a  Teflon-linen autoclave in the rotation oven (60rpm) at 140°C. The washing 

process and calcination conditions were similar to the  synthesis described above. The final product 

was denoted as SSZ-39-M10-C16-15. 

The gel composition of 20 H2O: 1 Si: 0.05 Al: 0.136 TMPOH:  0.034 C16TMPBr: 0.95 OH: 0.78 Na 

(20% of TMPOH was replaced by C16TMPBr) with the ageing time of 3h, yields  in                                                 

SSZ-39-M20- C16-20. 

The gel composition of 20 H2O: 1 Si: 0.03 Al: 0.136 TMPOH: 0.034 C16TMPBr: 0.97 OH: 0.78 Na (20% 

of TMPOH was replaced by C16TMPBr) with the ageing time of 3h, yields  in SSZ-39-M20- C16-30. 

SSZ-39-M10- C22-20: 

The synthesis procedure was repeated as shown above, however the synthesis temperature was 

increased to 160°C. The synthesis gel composition was 20 H2O: 1 Si: 0.05 Al:  0.153 TMPOH: 0.017 

C22TMPBr: 0.95 OH: 0.78Na (10% of TMPOH was replaced by C22TMPBr)  with ageing time of 3 

hours. The product was denoted as  SSZ-39-M10- C22-20.  

FLUORIDE- MODULATED GROWTH OF SSZ-39 ZEOLITE: 

SSZ-39-R-20-F: 

Bases on previous report [14], SSZ-39-R-20-F synthesis was  conducted. The procedure was similar 

to the one shown in the section 2.3.1, however sodium fluoride (NaF) was added in the synthesis 

gel. The recipe was as follows: 8g of deionized water, 0.7g of USY zeolite with Si/Al=2.6 (zeolyst), 

8.8g of TMPOH (20% solution, SACHEM) and 0.28g of sodium fluoride (EMSURE, > 99.5%) were 

mixed together in a Teflon beaker and stirred continuously without any clog. Then, 14.9g of sodium 

silicate (Sigma Aldrich, Na2O=10.6 wt%, SiO2=26.5 wt%) was added to it gently under vigorous 

stirring to obtain a homogeneous gel with the batch composition of 20 H2O: 1 Si: 0.05 Al: 0.17 

OSDA: 0.92 OH: 0.78Na: 0.1 NaF, that was aged for 3h. The initial gel was subjected to 

crystallization in a Teflon-linen autoclave in the rotation oven (60rpm) at 140°C. After 5 days of 

crystallization, the reactor was cooled down to room temperature and the solid product was 
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filtered using a Bὓchner flask. The resulting solids were washed with deionized water and dried 

overnight at 110°C in an oven. Finally, the product was calcined by heating to 150°C (1°C.min-1) 

holding for 3h at 150°C and further heating to 5800C (1°C.min-1) and held for 6h . The final product 

was denoted as SSZ-39-R-20-F. 

SSZ-39-M10- C16-20-F: 

The synthesis procedure of SSZ-39-M10-C16-20-F was same as described above with the following 

molar gel composition 20 H2O: 1 Si: 0.05 Al: 0.153 TMPOH : 0.017 C16TMPBr: 0.92 OH: 0.78Na 

:0.1NaF (10% of TMPOH was replaced by C16TMPBr). The product was denoted as                                                  

SSZ-39-M10- C16-20-F. 

We have not conducted the above fluoride modulated synthesis for other Si/Al ratios and varying 

percentage of mesoporogen. 

HIGH SILICA FAUJASITE: 

SSZ-39-R-25-L: 

SSZ-39-R-25-L was synthesized according to the following report [24]. The recipe was as follows: 

13.7g of  TMPOH  (SACHEM), 1.25g of Sodium hydroxide and 15.6g of Ludox AS-40 (Sigma Aldrich, 

SiO2 = 40 wt%)  were mixed together in a Teflon beaker and stirred continuously without any clog. 

Then, 4.0g of USY zeolite with Si/Al =15(zeolyst) , 0.24g of deionized water was added gently to 

the synthesis mixture under vigorous stirring to obtain a homogeneous gel with the batch 

composition of 8 H2O: 1 Si: 0.04 Al: 0.17 OSDA: 0.3Na with the ageing time of 3h respectively. Then, 

the initial gel was subjected to crystallization in a  Teflon-linen autoclave and kept in the rotation 

oven (15rpm) at 160°C. After 5 days of crystallization, the reactor was cooled down to room 

temperature and the solid product was recovered using a Bὓchner flask. The resulting solids were 

washed with deionized water and dried overnight at 1100C in an oven. Finally, the product was 

calcined by heating to 150°C (1°C.min-1), holding for 3h at 150°C and further heating to 580°C 

(1°C.min-1) and held for 6h . The final product was denoted as  SSZ-39-25-R-L . 

SSZ-39-M10- C16-25-L: 

The synthesis procedure of SSZ-39-M10-C16-25-L was same as described above with the molar gel 

composition 8 H2O: 1 Si: 0.04 Al: 0.153 TMPOH : 0.017C16TMPBr : 0.3Na (10% of TMPOH was 

replaced by C16TMPBr).  The product was denoted as SSZ-39-25-M10- C16-L . 
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2.3. ION EXCHANGE: 

The proton  forms  of  the  zeolites  were  obtained  by  three successive ion exchanges of the 

calcined material with 1 M NH4NO3  solution at 70 °C  for 2 hours. Then, the ion- exchanged SSZ-

39 was calcined at 550 °C for 6 hours [16]. 
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CHAPTER 3: CHARACTERIZATION TECHNIQUES 

3. INTRODUCTION: 

The synthesized surfactants and SSZ-39 zeolite were characterized using different techniques that 

helps to analyze their structural properties and elemental distribution in a detailed manner. This 

chapter discusses characterization techniques including Nuclear Magnetic resonance (NMR), 

Powder X-ray Diffraction (PXRD), Argon Physisorption, Scanning Electron Microscopy (SEM), 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). The  sample preparation and 

conditions are described in detail. 

3.1. NUCLEAR MAGNETIC RESONANCE: 

NMR is an indispensable tool to determine the atomic structure of compounds. 1H-NMR and         

27Al NMR are a  standard and powerful techniques that provides the information regarding the 

local environment of these nuclei in the Organic Structure Directing Agents (OSDA) and zeolite 

structures. The nuclei of elemental isotopes possess a characteristic spin (I), that can be either 

zero, integral or fractional spins. For instance, 

(1) The spin of the nuclei is zero (no spin) i.e. I=0 , if the number of protons and neutrons are both 

even . Example: 12C, 16O [25]. 

(2) The spin is integral, i.e. I=1, if the number of protons and neutrons are both odd.                    

Example: I= 1 for 2H [25]. 

(3) The spin is fractional i.e. I=1/2, if the summation of number of protons and neutrons is odd. 

Example: 1H, 13C. NMR behavior of this spin is easier to understand  as it has a spherical charge 

distribution [25]. 

As the spinning charge generates a magnetic field, the alignment (polarization) of the magnetic 

nuclear spins occurs in an applied, constant magnetic field B0 , then the energy is measured to put 

the nuclei in resonance . Two spin states appear, where +1/2 is the magnetic moment (µ) of the 

lower energy state (α-spin state) that aligns itself in the same direction of the applied B0,  and -1/2 

is the magnetic moment (µ) of the higher energy state  (β-spin state) that aligns itself in the 

opposite direction of the applied B0 [25]. 
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FIGURE 3.1: Schematic representation of working principle of NMR spectroscopy 

As can be seen in the figure 3.1, a radio frequency (rf) radiation is applied to nucleus that was in 

resonance with the applied magnetic field B0 .i.e. the nucleus aligns with the direction of B0 which 

exhibits the α-spin state. So, this rf radiation transfers its energy to the nucleus that results in 

moving it from α to β -spin state[22]. Now, the energy that is required for this transfer in spin state 

is recorded, which is observed as a signal/ peak corresponding to that energy on the resulting NMR 

spectra. If the NMR spectra reveals more than one peak indicates the same nuclei is present in 

different electronic environments[25,26]. 

3.1.1 1H- NMR sample preparation: 

1H-NMR measurements were performed on an 11.7 Tesla Bruker DMX500 NMR spectrometer 

operating at 400MHz. 1H-NMR spectra were recorded with a Hahn-echo pulse sequence with 90° 

pulse p1= 5 µs and 180° pulse p2= 10 µs. The interscan delay was set to 120s for quantitative 

spectra. A sample was dissolved in D- chloroform solvent and  injected in a quartz tube that is 

inserted carefully in the 1H-NMR machine . Tetramethylsilane (TMS) is used for calibrating 1H NMR 

shifts.  

3.1.2  27Al-NMR: 

27Al-NMR measurements are conducted on 11.7 Tesla Bruker DMX500 operating at 132 MHz for 

27Al. For measurements, Bruker 2.5mm MAS probe head that spins at 25 KHz for 27Al is used. A 

single pulse sequence with an pulse duration of 1 µs and an interscan delay of 1s is recorded for 

27Al AMR spectra . Saturated Al(NO)3 is used for 27Al NMR shift calibration. The synthesized samples 

are dehydrated in a desiccator for 24 hrs. Then the sample was filled and pressed homogeneously  

in a rotor in order to ensure that it was firmly packed. An isotropic 27Al chemical shift ranging from 

55 to 65 ppm indicates that aluminum atoms are tetrahedrally co-ordinated ( in the framework) 

https://en.wikipedia.org/wiki/Hydrogen
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and chemical shift at   ̴ 0 ppm indicates octahedrally co-ordination in the zeolite (in the extra-

framework position) [26]. 

3.2. POWDER X-RAY DIFFRACTION (PXRD): 

X ray diffraction is a technique that is widely used to determine the crystallinity of the samples by 

analyzing the diffraction of the X-rays. The PXRD setup consists of an x-ray tube, sample holder 

and diffractometer. The X-ray tubes are used as a source for X-rays. X-rays are generated upon the 

elastic scattering or in-elastic scattering of high energy electrons on a metal plate (anode). The x-

rays incident on the sample are reflected and received by the detector. Thus, the scattering of X-

rays from atoms produces a diffraction pattern, which contains information about the atomic 

arrangement within the crystal. 

FIGURE 3.2: Bragg – Brenatano type diffractometer[27] 

In Bragg-Brentano type diffractometer, the x-ray tube and the detector are placed on a 

goniometer, therefore a precise measurement of angles is carried. X-rays pass through the primary 

optical elements Soller slits, Divergence Slit and then to the sample holder. Depending on the 

sample’s crystallinity and phase composition, the diffraction of the beam occurs by producing 

constructive interference at specific angles[27]. For instance, amorphous materials like glass do 

not have a periodic array with long-range order, so they do not produce a diffraction pattern. 

Miller indices (hkl) are used to identify different planes of atoms. Basically, diffraction occurs when 

Bragg law is satisfied. Bragg’s law allows to evaluate the angle where constructive interference 

from X-rays scattered by parallel planes of atoms will produce a diffraction peak.  

Where dhkl is the distance between parallel planes of atoms, λ is the wavelength of the incident X-

ray, n is a constant and ϴ is the angle of incidence of X-rays as shown in figure 3.3. 



  

35 
 

 

 

 

 

FIGURE 3.3: Angle of incidence of X-rays [26] 

The diffraction angle,2θ, is defined between the incident beam and the detector i.e., the primary 

beam makes an angle 2θ with respect to the diffracted X-rays to the detector. The measured 

intensity is plotted against the 2 θ angle in the diffractogram. 

Sample preparation and analysis conditions: 

To implement XRD measurements, it is important to have a fine powdered sample. Thus, the 

sample was finely grinded to very fine particles and pressed in a cavity in a stainless steel holder 

and placed inside the XRD machine. The XRD patterns were recorded on a Bruker D4 Endeavor 

powder diffraction system using Cu Kα radiation (operation at 30kV, 30 mA, wavelength λ = 1.5418 

A°) with a step size of 0.02° and a time step of 0.4 sec at 60 rpm  in the 2Θ range of 5° - 60° for all 

samples. A 0.6 mm x-ray divergence slit with  a  0.5  mm  anti-scatter  screen was used  to  measure  

the  diffraction  patterns.  

3.3. SCANNING ELECTRON MICROSCOPY (SEM): 

Scanning Electron Microscope (SEM) uses a beam of electrons to create an image of the specimen. 

They are capable of much higher magnifications and have a greater resolving power which are 

useful for studying the parameters such as particle size, morphology and the presence of different 

phases [28]. 

The configuration of scanning Electron Microscope is shown in figure 3.4.  A source (electron gun) 

of the electron beam which is accelerated down the column enters a series of lenses (condenser 

and  objective) which act to control the diameter of the beam as well as to focus the beam on the 

specimen. A series of apertures are present in which the beam passes through and interacts with 

the specimen. An area of beam/specimen interaction generates several types of signals that can 

be detected and processed to produce an image or spectra. There are controls available for 

specimen position (x,y,z -height) and orientation (tilt, rotation) for ease of use. The entire system 

is  maintained under ultra- high vacuum [28]. 
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FIGURE 3.4: Scanning Electron Microscope[28] 

Scanning electron microscopy produces images by detecting the secondary electrons, emitted 

from the surface due to the excitation by the primary electron beam. In this technique, the 

electron beam is scanned across the surface of the sample in a raster pattern, which is then 

detected by the detector. This type of microscopy provides images of the samples with information 

regarding the topology and morphology of the sample [27,28]. 

Sample preparation: 

SEM measurements are carried out in a FEI Quanta 200F scanning electron microscope at an 

accelerating voltage of 3kV. The SSZ-39 zeolites are equally dispersed on carbon-coated duct tape. 

The compressed air is used to blow away the non-stuck powder on the tape. The powder which is 

left on the tape is used for the measurement. 
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3.4. INDUCTIVELY COUPLED PLASMA-ATOMIC EMISSION SPECTROSCOPY: 

ICP-AES is an analytical technique used for analyzing the elemental composition of materials. The 

plasma is generated through the electromagnetic induction with a copper coil and a radio-

frequency generator [29]. Then, the dissolved samples are nebulized and led through an argon 

plasma (7000K-1000K) as shown in figure 3.5. The plasma atomizes the sample, the atoms in the 

sample are excited. Afterwards, the excited atoms returns to the ground state by releasing 

photons with certain energies (different metals got different wavelengths) which are detected by 

an optical system. These energies are characteristic for respective elements in the sample. The 

emission intensity is in accordance with the concentration of element in the sample. Therefore, it 

can be used to determine its relevant content in the sample after calibrations with solutions of 

known concentrations[29]. 

FIGURE 3.5: Representation of ICP technique [29] 

Sample preparation and analysis conditions: 

The elemental analysis of the samples is carried out in a Spectro ciros CCD ICP optical emission 

spectrometer. For analysis, 60mg of the sample is dissolved in 1.5mL of acidic (HNO3/ HF) solution.  

The sample solution is 10x diluted and used for ICP measurement. Basically, two sample solutions 

are prepared for each sample in order to avoid the error during the analysis. 
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3.5. ARGON PHYSISORPTION: 

Physisorption characterization methods are widely used to study the textural properties of the 

solid surfaces such as pore size, pore volume, surface area and pore volume distribution [30].  

In physisorption the bonds between absorbed atoms or molecules and adsorbent are mainly due 

to the weak intermolecular forces originating from instantaneous electric dipole moments.  The 

fluctuations in the electron charge distribution in an atom will induce a short lived dipole moment 

in a nearby atom resulting in an attraction force between two atoms.  This attraction force is 

known as Van der Waals force of attraction. Physisorption usually takes place at the liquefaction 

temperature of the gas, when adsorbate condenses from gas to liquid phase [26,30]. 

Physisorption is a reversible process, because it involves weak intermolecular forces , the 

adsorbate will desorb and return to its original condition in the gas phase when the adsorbent 

temperature is raised or the relative pressure (ratio of the absolute pressure and saturation 

pressure of the liquid) is lowered.  

.   

FIGURE 3.6: Adsorption isotherm of materials [30] 

As can be seen in figure 3.6, six types of adsorption isotherms are possible based on the textural 

properties of the solid. Type I indicates the microporous materials; Type II corresponds to non-

porous materials, Type III indicates non-porous materials in which the interaction between 

adsorbate gas molecules are much stronger than the interaction between gas molecule and solid 

surface. Type IV corresponds to the mesoporous materials revealing a hysteresis loop; Type V 

corresponds to a mesoporous material with weak interaction between adsorbate gas molecules 

and solid surface; Type VI corresponds  to non –porous adsorption on homogeneous surface[30]. 
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The distribution of pore volumes with respect to the pore size is known as pore size distribution. 

The most common method for obtaining the pore size distribution is the Barrett-Joyner-Halenda 

(BJH) method. The basic assumptions which the BJH takes into consideration are; (a) cylindrical 

pore shape, (b) condensation take place at lower pressure in smaller pores and larger pores are 

filled as the relative pressure increases [30]. 

Sample preparation and analysis conditions: 

Argon Physisorption is conducted in a micrometrics ASAP 2020 instrument. Since zeolites are 

highly hydrophilic materials, pretreatment (degassing) is mandatory to remove the water and 

other weakly adsorbed molecules (volatiles) present in the zeolites. The sample is treated with the 

inert gas around 350-400°C at a rate of 3°C/ min and held for 2-3 hours. After degassing , the argon 

filled tube with sample is transferred to the analysis compartment where it is cooled to cryogenic 

condition (87K) and then recording of the points for the adsorption isotherm begins. 

The Brunauer-Emmett-Teller (BET) adsorption isotherm model was used to determine the total 

surface area  (SBET ). Micropore volume (Vmicro)  and micropore surface area (Smicro )was obtained 

from the t-plot measurement. The mesoporous volume is determined from the Barrett-Joyner-

Halenda  (BJH)  method  on  the  adsorption branch of the isotherm.  

3.6. MTO SETUP DESCRIPTION: 

MTO reactions were carried out in a quartz reactor (internal diameter 4 mm; length 400 mm) in 

downflow mode at 400°C. In a typical experiment, 0.05 g of proton form of catalyst (the catalysts 

with pellet size of 0.25-0.5 mm were obtained by pelletizing, crushing and sieving) was placed in 

the reactor between quartz wool to support the catalyst. Thermal mass flow controllers (Brooks)1 

were used to supply the gases to the reactor. Reactions were performed in a 38 mL/min flow of 

He passing through a saturator filled with methanol kept at -10°C to yield a WHSV of 0.7 h-1. The 

products were analyzed using an online gas chromatograph (Interscience Compact GC) equipped 

with three separate columns and detectors. A thermal conductivity detector (TCD) coupled with a 

Molsieve 5A column was used to analyze light gases (H2, CH4 and CO). Water and CO2 were 

analyzed with an RT-Q-BOND column equipped with a TCD, and hydrocarbons were analyzed using 

an FID on an Rtx-1 column. 
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CHAPTER 4A: RESULTS AND DISCUSSION 

4A.1 1H-NMR: 

The synthesized mesoporogens were analyzed by 1H-NMR for molecular structure 

characterization. The spectra are shown in figure 4.1  and 4.2. 

 FIGURE 4.1: 1H-NMR for C16TMPBr 

FIGURE : 4.2: 1H-NMR for C22TMPBr 
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Peak at  ̴1.5ppm in both the spectrum represents water in the D-chloroform solvent. 

4A.2 POWDER X-RAY RAY DIFFRACTION: 

To study the influence of the alumina source on the topology of the final SSZ-39 material, an 

experiment with sodium aluminate as an alumina source has been conducted. As can be seen in 

figure 4.3, Analcime(ANA- a dense side phase, 2ϴ= 16 and 26 values ) topology instead of AEI.  

FIGURE 4.3: XRD pattern of SSZ-39 synthesized with NaAlO2 

It is revealed that the presence of FAU crystals as an alumina source is significant for the synthesis 

of SSZ-39 (AEI topology) because FAU and AEI framework topologies share a common building unit 

(double 6 membered ring –d6r) and follows the solid –solid transformation as reported [16,17,19]. 

In the next step, based on previous findings [16],  SSZ-39 zeolite with different Si/Al ratios of 15,20 

and 30 have been prepared. The XRD patterns are shown in figure 4.4.  

Figure 4.4 (a) shows the samples are highly crystalline zeolites with AEI framework topology with 

minor indications of GIS (gismodine) impurity phase. From figure 4.4 (b) , it is evident that the 

material. From Figure 4.4 (b), it is evident that material synthesized with Si/Al ratio of 40 does not 

acquire AEI topology. The bragg peaks at 16 and 26 2ϴ values indicate the presence of Analcime. 
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FIGURE 4.4: XRD patterns of calcined reference zeolites with different Si/Al ratios 

(a) Si/Al =15,20, 30  (b) Si/Al= 40. 

 

Next step is to incorporate the synthesized mesoporogens in the as-prepared SSZ-39 samples. It 

has been confirmed that the mesoporogen does not perturb the structure of the zeolites                     

(figure 4.5) 
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FIGURE 4.5 : XRD patterns of calcined mesoporous zeolites 

 

4A.3. ARGON PHYSISORPTION and SEM: 

The textural properties of the reference and mesoporous zeolites synthesized with Si/Al=15 have 

been investigated by Argon physisorption and SEM. The results are shown in the following figures 

and are summarized in the table 1.  

The SSZ-39-R-15 is characterized by Type I isotherm with a sharp uptake at low pressures (P/P0) 

which is typical of microporous materials [30,34]. Surprisingly, for SSZ-39-M10-C16-15 synthesized 

with 10% C16TMPBr the isotherm shows the type I isotherm implying that the mesoporogen does 

not introduce mesopores in the zeolite, which is confirmed by the absence of the hysteresis loop                  

(figure 4.6). 
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FIGURE 4.6: Argon physisorption of reference and mesoporous SSZ-39 

Non Localized Density Functional Theory (NL-DFT) evaluates the pore size distribution and its plot 

is shown in figure 4.7, which reveals that both samples have   ̴0.52nm pore size (micropore range) 

that is in accordance with the previous observations.  

FIGURE 4.7: NL-DFT plot of reference and mesoporous SSZ-39 
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TABLE 1: Textural properties of the SSZ-39 zeolites 

 [a] micropore volume determined by t-plot method, [b] Brunauer-Emmett-Teller surface area.                                       

[c] BJH adsorption cumulative volume of pores between 2nm -50nm, [d] 60 crystals measured 

As can be seen from the  SEM image, the crystal sizes obtained for SSZ-39-M10-C16-15 are larger 

than of SSZ-39-R-15 ( 1.7 µm > 0.9 µm) (figure 4.8).  Probably, in  SSZ-39-R-15, the surface area of 

FAU crystals present is sufficient to absorb most of the available flux of growth species and prevent 

the effective solution supersaturation from reaching high levels. So frequent nucleation is 

promoted resulting in smaller crystals.  

But in  SSZ-39-M10-C16-15, the added mesoporogen C16TMPBr influenced the surface area 

provided by the FAU precursors in such a way that the supersaturation reaches higher levels and 

consequent self-nucleation is no longer suppressed. So, this phenomenon influenced product 

crystals in linear growth (rod-shape) instead of inhibiting the crystal growth into smaller size. This 

resulting in lower BET surface area (463.2 < 483.1 cm2/g) and micropore volume                                   

(0.15 < 0.16 cm3/g ) than SSZ-39-R-15. 

                               FIGURE 4.8: SEM images of (a) SSZ-39-R-15  and (b) SSZ-39-M10-C16-15 

 

Further, the textural properties of the reference  and mesoporous zeolites synthesized with 

Si/Al=20 were measured by Argon physisorption and SEM and the results are as follows: 

Zeolite Vmicro
[a] (cm3/g) SBET

[b] (m2/g) Particle size (µm)d 

SSZ-39-R-15 0.16 483.1 1.7 

SSZ-39-M10-C16-15 0.15 463.2 0.9 
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As can be seen from figure 4.9, the SSZ-39-R-20, SSZ-39-M20- C16-20 and  SSZ-39-M10- C22-20 are 

characterized by type I isotherm, which is typical for microporous materials. This infers that 20% 

C16TMPBr in SSZ-39-M20- C16-20 and 10% C22TMPBr in SSZ-39-M10- C22-20 does not introduce 

mesopores in their following  zeolites since the absence of hysteresis loop is evident . 

 

FIGURE 4.9: Argon physisorption of reference and mesoporous SSZ-39 

From NL-DFT on figure 4.10, the pore size of the studied material can be extracted and is equal 

to   ̴ 0.5nm that corresponds to micropores.  

FIGURE 4.10: NL-DFT plot of reference and mesoporous SSZ-39 with Si/Al=20 
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TABLE 2: Textural properties of the SSZ-39 zeolites                                                                                   

[a] micropore volume determined by t-plot method, [b] Brunauer-Emmett-Teller surface area.                              

[c] BJH adsorption cumulative volume of pores between 2nm -50nm, [d] 100 crystals measured 

SEM images in figure 4.11 exhibit SSZ-39-M20- C16-20 and SSZ-39-M10- C22-20 samples resemble 

the previous mesoporous SSZ-39-M10-C16-15. The crystal size of SSZ-39-R-20 is smaller 

comparatively to the other two samples. Hence, there is a decrease in the BET surface area and 

micropore volume due to the larger size crystals in both mesoporous sample in comparison to the 

reference sample SSZ-39-R-20 as shown in table 2. 

FIGURE 4.11 : SEM images of (a) SSZ-39-R-20 (b) SSZ-39-M20- C16-20  and (c) SSZ-39-M10- C22-20  

 

ZEOLITE Vmicro
[a] (cm3/g) SBET

[b] (m2/g) Particle sized (µm) 

SSZ-39-R-20 0.19 606.5 0.8 

SSZ-39-M20- C16-20 0.17 546.5 1.3 

SSZ-39-M10- C22-20 0.16 523.6 1.5 
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In following section, the measurements of textural properties of the reference zeolites and 

mesoporous zeolites synthesized with Si/Al=30 are addressed.  

The argon physisorption on SSZ-39-R-30 and SSZ-39-M20- C16 -30 resulted in the type I isotherm 

are shown in figure 4.12. This infers that 20% C16TMPbr in SSZ-39-M20- C16 -30 does not introduce 

mesopores in its respective zeolite. Both samples have pore size of    ̴0.52nm showing the presence 

of micropores (figure 4.13). 

 

FIGURE 4.12: Argon physisorption of reference and mesoporous SSZ-39. 

FIGURE 4.13: NL-DFT plot of reference and mesoporous SSZ-39 with Si/Al=30 
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TABLE 3: Textural properties of the SSZ-39 zeolites 

 [a] micropore volume determined by t-plot method, [b] Brunauer-Emmett-Teller surface area.                                        

[c] BJH adsorption cumulative volume of pores between 2nm -50nm, [d] 100 crystals measured  

The SEM images indicates that crystal size acquired by SSZ-39-M20- C16 -30 is smaller than the 

reference SSZ-39-R-30 ( 0.5 µm < 0.7 µm)  (figure 4.14). Obviously, the added C16TMPBr interacts 

effectively with the framework because of the low aluminum concentration in the solution gel, 

resulting in small zeolite crystals (not as in the above mesoporous samples). Because of smaller 

crystal size, it acquired higher BET surface area than SSZ-39-R-30 (596.3 cm2/g > 558.0 cm2/g ) and 

higher micropore volume as shown in table 3.  

                                    FIGURE 4.14: SEM images of (a) SSZ-39-R-30 ,(b) SSZ-39-M20- C16-30  

 

ZEOLITE Vmicro
[a] (cm3/g) SBET

[b] (m2/g) Particle size (µm)d 

SSZ-39-R-30 0.18 558.0 0.9 

SSZ-39-M20- C16 -30 0.20 596.3 0.7 
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The above findings for- SSZ-39-R-15, SSZ-39-R-20, SSZ-39-R-30 synthesized with Si/Al ratio of 15,20 

and 30, show that the particle diameters tends to decrease with increasing Si/Al ratio, inferring 

that the concentration of FAU crystals (aluminum content) in the synthesis gel plays an important 

role. In addition, a clear depiction of the effect of the FAU crystal concentration in the 

corresponding mesoporogen containing samples SSZ-39-M10-C16-15, SSZ-39-M20- C16-20 and SSZ-

39-M20- C16-30  is shown in figure 4.15. 

FIGURE 4.15: (a) SSZ-39-M10-C16-15, (b) SSZ-39-M20- C16-20 and (c)SSZ-39-M20- C16-30 

It can be clearly seen how the concentration of FAU crystals affects the morphologies of the 

obtained SSZ-39 zeolites. As Si/Al ratio increases , the sphere and rod- shaped crystals found in 

SSZ-39-M10-C16-15, on the contrary, only  rod -shaped crystals are present in SSZ-39-M20- C16-20. 

And in SSZ-39-M20- C16-30, the rod- shaped crystals is further reduced to smaller crystals 

respectively.  

4A.4. ICP and 27Al-NMR: 

The ICP results presented in table 4 for reference samples are in accordance with Davis et al. [16]. 

27Al-NMR spectroscopy (figure 4.16) shows that the zeolites mainly contain aluminum in 

tetrahedral co-ordination. The spectra contains a main feature at   ̴60ppm. The other broadened 

peak at   ̴ 0 ppm stand for extra-framework aluminum (EFAL). Deconvolution of these spectra 

confirms that the majority of Al atoms reside in the framework of SSZ-39 zeolites and the 

aluminum distribution in table 4 is calculated by determining the integral area under the curve of 

the corresponding signals.  
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TABLE 4:  Si/Al by ICP and Framework aluminum (FAL) and Extra-framework aluminum (EFAL) 

distribution by 27Al NMR 

 

100 80 60 40 20 0 -20

Al chemical shift (ppm)

 SSZ-39-M10-C16-15
 SSZ-39-R-15

(a)

AlIV

AlVI

.  

  

 

Zeolite Si/Ala 

(Input) 

Si/Al  

(ICP) 

Tetrahedral 

Aluminum(FAL) (%) 

Octahedral 

Aluminum (EFAL) (%) 

SSZ-39-R-15 15 4.2 81.2  18.8 

SSZ-39-M10-C16-15 15 5.7 93.7 6.3 

SSZ-39-R-20 20 7.7 78.5 21.5 

SSZ-39-M20- C16-20 20 7.5 84.1 15.9 

SSZ-39-M20- C22-20 20 7.1 - - 

SSZ-39-R-30 30 9.8 79.4 20.6 

SSZ-39-M20- C16 -30 30 8.0 77.4 22.6 
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100 80 60 40 20 0 -20

Al chemical shift (ppm)
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(b)

AlIV

AlVI
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Al chemical shift (ppm)

 SSZ-39-M20- C16 -30
 SSZ-39-R-30

(c)

AlIV

AlVI

 

FIGURE 4.16:  27Al-NMR spectra for samples (a) SSZ-39-R-15 & SSZ-39-M10-C16-15, (b) SSZ-39-R-20 

& SSZ-39-M20- C16-20, (c) SSZ-39-R-30 & SSZ-39-M20- C16 -30  
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4A.5. METHANOL TO OLEFIN (MTO) REACTION: 

Finally, the ion exchanged SSZ-39 reference and mesoporous samples have been subjected to  

Methanol To Olefins (MTO) reaction at 400°C. The catalyst lifetime is usually defined as the time 

to reach a conversion of 50% (t50). 

PART 1: 

In part 1, the catalytic performance of SSZ-39-R-15 and SSZ-39-M10-C16-15 in the MTO reaction 

was executed and the corresponding data including lifetime and product selectivities are 

summarized in table 5. 

TABLE 5: Lifetime and product distribution of SSZ-39-R-15 and SSZ-39-M10-C16-15 

aLifetime is defined as the time to reach 50% of methanol conversion 

The presence of strong Bronsted acid sites (BAS) is an essential criterion for the use of zeolite as 

catalysts in the MTO reaction [31]. The strength of the BAS depends on the distribution of Al atoms 

in the framework, with the strong  acid  sites  being  associated  with  the  isolated  Al  atoms  

[17,35].  Thus, when the total number of BAS decreases ,the strength of the BAS increases as 

discussed in chapter 1 (Lowenstein rule) [35].  

During the initial stages of the reaction both of the zeolites convert methanol completely and the 

combined selectivity to ethylene and propylene is greater than 80% with only small amounts of 

light paraffins as byproducts. The large cavities (basket-shape of the AEI cage) allows the formation 

of the required large “hydrocarbon species” intermediates to produce light olefins and the small 

pores favors the diffusion of the desired linear light olefins versus aromatic or branched molecules 

respectively. 

Since the amount of aluminum in tetrahedral (AlIV) position is higher in SSZ-39-M10-C16-15 in 

comparison to SSZ-39-R-15 (93.7 % > 81.1 %), there are less strong Bronsted Acid Sites because of 

close proximity of Al atoms in the framework of SSZ-39-M10-C16-15.  

Thus, the faster de-activation of SSZ-39-M10-C16-15 is mainly attributed to higher framework 

aluminum density providing too closely associated acid sites[16] and larger crystal sizes (eventually 

ZEOLITE t50 a  

(h) 

CH4 

(%) 

C2 
=                

(%) 

C3 
=                

(%) 

C4 – C6 C2 
=/ C3 

= 

SSZ-39-R-15 6.5 1.3 34.6 48.7 15.3 1.4 

SSZ-39-M10-C16-15 4.3 1.1 36.4 48.5 13.7 1.3 
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lower BET surface area) when compared to SSZ-39-R-15 zeolite. Because once the hydrocarbon 

pool is formed within the cages, subsequent cyclization on the previously formed monoaromatic 

species cause their growth to form bulkier polyaromatics which are much larger than the pores 

channels and lead to progressive de-activation. 

Finally, the mesoporous SSZ-39-M10-C16-15 zeolite shows a faster de-activation with methanol 

dropping below 50% after 4.3 hours of time on stream (TOS) than reference                                                         

SSZ-39-R-15 ( 6.5 hours) as shown in figure 4.17. These different de-activation profiles reveals that 

textural properties of both catalysts influence their catalytic behavior.  

FIGURE 4.17: MTO reaction- Methanol conversion as a function of time on stream. 

PART 2: 

The catalytic performance of SSZ-39-R-20,  SSZ-39-M10-C16-20 and SSZ-39-M10- C22-20 in the MTO 

reaction was discussed in part 2 and the corresponding data including lifetime and product 

selectivity are summarized in table 6. 

TABLE 6: Lifetime and product distribution of SSZ-39-R-20, SSZ-39-M20-C16-20 and SSZ-39-M10- 

C22-20 

aLifetime is defined as the time to reach 50% of methanol conversion. 

SSZ-39-R-20  has lower Framework Aluminum (Al IV) density and thus less associated acid sites 

comparing to SSZ-39-M20- C16-20 (78.5% < 84.0%). In addition to the FAL, smaller crystal sizes      

(0.8 µm)and higher Si/Al ratio (7.7) of SSZ-39-R-20 could explain the longer catalyst lifetime when 

ZEOLITE Lifetimea (h) CH4 (%) C2 
=  (%)              C3 

=  (%)              C4 – C6(%) C2 
=/ C3 

= 

SSZ-39-R-20 7.2 1.2 37.3 46.4 15.1 1.2 

SSZ-39-M20- C16-20 5.7 1.1 39.0 45.8 13.9 1.1 

SSZ-39-M10- C22-20 5.8 1.4 40.1 43.9 14.4 1.0 
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compared to SSZ-39-M20- C16-20 (1.3 µm, Si/Al=7.5)  and SSZ-39-M10- 22-20 (1.6 µm and Si/Al=7.1) 

respectively. As shown in figure 4.18, the MTO plot is in accordance with its characterization 

measurements. 

. FIGURE 4.18: MTO reaction- Methanol conversion as a function of the time-on-stream. 

PART 3: 

In part 3, the catalytic performance of SSZ-39-R-20 and SSZ-39-M10-C16-20 in the MTO reaction 

was discussed and its product distribution is shown in table 7. 

TABLE 7: Lifetime and product distribution of SSZ-39-R-30, SSZ-39-M20-C16-30 

 

 

aLifetime is defined as the time to reach 50% of methanol conversion. 

The Si/Al ratio determined by ICP for SSZ-39-M20- C16-30  is lower  (meaning higher Al content)  

than for SSZ-39-R-30 (Si/Al = 8 < Si/Al = 9.8), so the MTO performance should favored by                     

SSZ-39-R-30. On the contrary, SSZ-39-M20- C16-30  has slower de-activation rate as shown in figure 

4.20. This phenomenon can be explained as follows: 
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It has been previously stressed in the literature[16], that, for SSZ-39 with Si/Al =8, four aluminum 

atoms (AlIV) per cage should be present as shown in below figure 4.19. 

FIGURE 4.19: AEI cage with Si/Al distribution[16]  

Si/Al ratio of SSZ-39-M20- C16-30 is 8 according to ICP-AES, thus one aluminum atom could have 

been removed from the framework , which is proved by 27Al-NMR resulting in lower framework  

AlIV distribution. 

Hence, the slower SSZ-39-M20- C16-30 catalyst de-activation can be mainly attributed to lower 

framework AlIV distribution (77.3% < 79.4%) and smaller crystal sizes (0. 5µm < 0.7µm) compared 

to SSZ-39-R-30. Therefore, presence of strong Bronsted acid sites is higher, enabling efficient MTO 

catalysis with long time-on-stream stability of  8.0 hours. It achieves more than 80% selectivity 

towards olefins at full methanol conversion and displays high propylene to ethylene ratio of 1.5          

(highest in this project).  

MTO performance is consistent with its above discussed characterization results and its plot is 

shown in figure 4.20. 
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FIGURE 4.20: MTO reaction- Methanol conversion as a function of the time-on-stream  

 

From the following MTO results, one can conclude  that the  higher is Si/Al ratio, the lower is the 

de-activation rate. Even though, there are no mesopores in SSZ-39-M20- C16-30, it is the only 

zeolite that possesses the longer lifetime than the other zeolites. Therefore,  longer lifetime in 

MTO reaction is mainly attributed to the lower aluminum (FAU crystals) content and smaller crystal 

size respectively.  
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CHAPTER 4B. RESULTS AND DISCUSSIONS 

Since the mesoporosity in SSZ-39 could not be generated, the other mechanisms that might 

introduce mesopores in our interested SSZ-39 had to be applied . The following approaches have 

been used: 

(a) High Silica FAUJASITE crystals (Si/Al =15). 

(b) Fluoride- modulated growth of SSZ-39 zeolite. 

4B.1.  HIGH SILICA FAUJASITE: 

An alternative synthesis gel composition was considered [24], where the FAU zeolites with                     

Si/Al =2.6 that was employed for the synthesis of above zeolites has been replaced with high-silica 

FAU zeolites with Si/Al =15 in order to provide extra amount of silica, as well as very low amount 

of water has been added. 

X-Ray Diffraction: 

 In figure 4.21, the XRD patterns of SSZ-39-R-25-L and SSZ-39-M10-C16-25-L are shown. The  high 

crystalline AEI topology with minor indication of gismodine (GIS) impurity phase is detected. Also, 

the inclusion of the synthesized mesoporogen C16TMP does not perturb the topology in 

comparison to the reference sample. 

FIGURE 4.21 : XRD patterns of calcined reference and mesoporous zeolite 
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ARGON PHYSISIORPTION and SEM: 

In figure 4.22, argon physisorption exhibit that both samples possess type I isotherm that indicates 

microporous materials and  NL-DFT in figure 4.23 supports the adsorption data as their pore size 

(  ̴0.52 nm) is in micropore range. 

 

FIGURE 4.22: Argon physisorption of reference and mesoporous SSZ-39 

 

FIGURE 4.23: NL-DFT plot of reference and mesoporous SSZ-39. 
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TABLE 8: Textural properties of the SSZ-39 zeolites 

[a] micropore volume determined by t-plot method, [b] Brunauer-Emmett-Teller surface area.                              

[c] BJH adsorption cumulative volume of pores between 2nm -50nm, [d] 100 crystals measured. 

To investigate the crystal morphology, SEM technique is used (figure 4.24). SSZ-39-R-25-L  

comprises small crystals resulting in higher BET surface area (668.4 > 624.1 cm2/g) when compared 

to SSZ-39-M10- C16-25-L. Due to the extremely low water content, the effective interaction 

between TMPOH (OSDA) and silicate species in the solution gel might have promoted, leading to 

faster nucleation of SSZ-39 crystals in SSZ-39-R-25-L [24]. 

However,  in SSZ-39-M10- C16-25-L, the diffusion of the mesoporogen could be restricted because 

of low water content , that might have lead to the formation of  larger crystals in comparison to 

SSZ-39-R-25-L. 

                             FIGURE 4.24: SEM images of (a)SSZ-39-R-25-L and (b)SSZ-39-M10- C16-25-L  

 

ICP and 27Al-NMR 

27Al-NMR spectroscopy (figure 4.25) shows that the zeolites mainly contain aluminum in 

tetrahedral co-ordination. Both of the zeolites have Si/Al ratio of 10.8 and contain less amount of 

extra-framework aluminum (EFAL) as the intensity of the signal peak at  0̴ ppm is very low. 

Deconvolution of these spectra confirms that the majority of Al atoms reside in the framework of 

SSZ-39 zeolites and the aluminum distribution in table 9 is calculated by determining the integral 

area under the curve of the corresponding signals. 

ZEOLITE Vmicro
[a] (cm3/g) SBET

[b] (m2/g) Particle size (µm)d 

SSZ-39-R-25-L 0.22 668.4 315 

SSZ-39-M10- C16-25-L 0.21 624.1 575 
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TABLE 9: Si/Al by ICP and Framework aluminum  (FAL) and Extra-framework aluminum (EFAL) 

distribution by 27Al NMR 

FIGURE 4.25:   Al-NMR spectra for samples  (a) SSZ-39-R-25-L & SSZ-39-M10- C16-25-L  

MTO REACTION: 

The influence of high silica FAU zeolite and low water content on the catalytic performance was 

discussed and its product distribution is shown in table 10. 

TABLE 10: Lifetime and product distribution of SSZ-39-R-25-L and SSZ-39-M10- C16-25-L 

aLifetime is defined as the time to reach 50% of methanol conversion. 

The longer lifetime measured for both materials could be mainly attributed to their higher Si/Al  

of  ̴10.8 (highest in the project). 

Zeolite Si/Al 

(Input) 

Si/Al  

(ICP) 

Tetrahedral 

Aluminum(FAL) (%) 

Octahedral Aluminum 

(EFAL) (%) 

SSZ-39-R-25-L 25 10.8 88.9 11.1 

SSZ-39-M10- C16-25-L 25 10.9 86.0 13.9 

    Zeolite Lifetimea  

(h) 

CH4 

(%) 

C2 
=                

(%) 

C3 
=                

(%) 

C4 – C6 

(%) 

C2 
=/ C3 

= 

SSZ-39-R-25-L 7.4 0.7 36.12 46.3 16.8 1.2 

SSZ-39-M10- C16-25-L 7.0 0.6 37.35 46.8 15.1 1.2 

100 80 60 40 20 0 -20

Al chemical shift (ppm)
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Since the framework aluminum distribution of both samples is similar, the smaller crystal size of 

SSZ-39-25-R-LT (315nm) and SSZ-39-25-M10- C16-LT (575 nm),that lead to higher BET surface area 

for both samples (> 620 cm2/g)  would explain their longer catalyst lifetime when compared to all 

other observed reference SSZ-39 materials. The lifetime increase is an indication of greater 

utilization of the micropore space of the catalyst and its MTO plot is shown in figure 4.26. 

FIGURE 4.26: MTO reaction- Methanol conversion as a function of the time-on-stream 

4B.2.  FLUORIDE- MODULATED GROWTH OF SSZ-39 ZEOLITE: 

Here, a different mechanism was implemented by using other mineralizing agent - fluoride ion, 

the most widely used alternative to OH- ion [14]. It is proved that addition of fluoride ions in the 

alkaline synthesis of SSZ-13 with CHA topology results in complementary system of micropores in 

the hierarchical zeolite of about 0.5nm, which is larger than the native CHA-8 membered ring 

openings (0.38nm). Therefore in this work, the above procedure has been used to synthesize                  

SSZ-39 zeolite with an additional system of micropores, which would result in improved diffusion 

of molecules in the zeolites during MTO reaction.                                                                                     

X-Ray Diffraction: 

The XRD patterns in figure 4.27 represents the fluoride-modulated reference material and 

mesoporous SSZ-39 zeolite. It is evident, that both SSZ-39-R-20-F and  SSZ-39-M10-C16-F after 

addition of 10% C16TMPBr,  exhibits high crystalline AEI topology with minor indications of GIS 

phase similar to the previous synthesized SSZ-39 zeolites. 
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FIGURE 4.27 : XRD patterns of calcined Fluoride-modulated reference and mesoporous zeolite  

ARGON PHYSISORPTION and SEM: 

Argon physisorption (figure 4.28) shows the characteristic isotherm of microporous materials for 

SSZ-39-R-20-F and SSZ-39-M10- C16-20-F. The sharp increase in the adsorption at low relative 

pressure (  ̴0.1 P/P0) indicates the preservation of  the microporous  character in both samples. 

FIGURE 4.28: Argon physisorption of fluoride modulated reference and mesoporous SSZ-39  

From NL-DFT plot (figure 4.29), both samples have pore size in the range of micropores however 

SSZ-39-M10- C16-20-F has a slightly larger pore size (0.55nm) than SSZ-39-R-20-F (0.52nm). 
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  FIGURE 4.29: NL-DFT plot of fluoride modulated reference and mesoporous SSZ-39  

TABLE 11: Textural properties of the SSZ-39 zeolites. 

[a] micropore volume determined by t-plot method, [b] Brunauer-Emmett-Teller surface area.                                        

[c] BJH adsorption cumulative volume of pores between 2nm -50nm, [d] 50crystals measured 

Nevertheless, on observed SEM image in figure 4.30,  SSZ-39-M10- C16-20-F has bigger crystals 

than SSZ-39-R-20-F (1.5 µm > 0.9 µm) which appears to be the mesoporogen influence (as 

discussed above) that results in higher level supersaturation and intermittent nucleation that lead 

to the formation of larger crystals.     

 FIGURE 4.30: SEM image of (a) SSZ-39-R-20-F and (b) SSZ-39-M10- C16-20-F 

ZEOLITE Vmicro
[a] (cm3/g) SBET

[b] (m2/g) Particle size (µm)d 

SSZ-39-R-20-F 0.18 608.7  0.9 

SSZ-39-M10- C16-20-F 0.19 576.1 1.5 
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MTO REACTION: 

The catalytic performance of fluoride modulated SSZ-39-R-20-F and SSZ-39-M10- C16-20-F in the 

MTO reaction was discussed and its product distribution is shown in table 12. 

TABLE 12: Lifetime and product distribution of SSZ-39-R-20-F, SSZ-39-M20-C16-20-F   

aLifetime is defined as the time to reach 50% of methanol conversion. 

The initial methanol conversion for both samples is 100% and the longer lifetime of SSZ-39-R-20-F 

is mainly attributed to smaller crystal size compared to SSZ-39-M10- C16-20-F (5.9 hours > 5.5 

hours) as shown in Figure 4.31. 

FIGURE 4.31: MTO reaction- Methanol conversion as a function of the time-on-stream. 

 

In comparison to textural properties of SSZ-39-R-20, SSZ-39-R-20-F exhibits almost similar 

micropore volume (0.19 vs 0.18 cm3/g) and BET surface area (606.5 vs 608.7 cm2/g ) as shown in 

table 12, which leads to the conclusion that the fluoride ions do not influence the formation of the 

pore system of the  SSZ-39 with respect to both reference and mesoporous samples.  
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TABLE 13: Textural properties of the SSZ-39 zeolites. 

 [a] micropore volume determined by t-plot method, [b] Brunauer-Emmett-Teller surface area.                                        

[c] BJH adsorption cumulative volume of pores between 2nm -50nm, [d] 50crystals measured. 

In comparison to the reference SSZ-39-R-20,  SSZ-39-R-20-F shows faster de-activation                                 

(5.9 hours < 7.2 hours) implying that the fluoride ions do not influence the crystal structure 

because the formation of SSZ-39 (AEI) follows different mechanism (Solid-Solid transformation) 

than that of    SSZ-13 (CHA).Additionally, mineralizing power of F- ions is less than that of OH- that 

results in lower solubility and effective supersaturation respectively [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ZEOLITE Vmicro
[a] (cm3/g) SBET

[b] (m2/g) Particle size (µm)d 

SSZ-39-R-20 0.19 606.5 0.8 

SSZ-39-R-20-F 0.18 608.7  0.9 
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4B.3. POSSIBLE SSZ-39 FORMATION MECHANISM : 

Figure 4.32: Representation of Zeolite-Zeolite transformation 

The mechanistic pathways in zeolite formation can be described as follows: induction period, 

nucleation and crystal growth. 

Initially, when the FAU crystals are added to a synthesis mixture, high pH is needed to dissolve 

them. The degree of dissolution of FAU crystals occurring in the synthesis gel is still an intriguing 

question. For instance, the FAU crystals may dissolve and/or act as pure seeds, when the synthesis 

mass is deposited upon them and they grow. Also, it might give rise to a secondary nuclei formation 

that results in a new crop of AEI crystals respectively.  

Therefore, the basic action of FAU crystals is to provide surface area on which the AEI product can 

grow, in addition they share a common building unit (double 6 membered ring –d6r). In turn, this 

eliminates the step of self-generation of d6r’s during primary nucleation. 

Under hydrothermal conditions, the presence of positively charged OSDA and  silanol groups favor 

a strong interaction among the growing crystal domains through the formation of covalent bonds 

with other SiO2 and alumina sources in the synthesis gel and FAU crystal precursor could re-

structure to AEI topology effectively. 

Ina a nut-shell, the putative mechanism of nucleation and crystal growth of SSZ-39 might occur via 

combination of non-classical and classical pathways i.e., the formation of metastable aggregates 

(non-classical pathway)  that occurs through primary FAU crystalline precursor[32]. These 
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aggregates undergo re-structuration and tend to grow with prolonged hydrothermal treatment via 

the addition of molecules (classical pathway) to obtain AEI topology. 

FIGURE 4.33: Framework structure of AEI. The colored area represents the AEI cage[24] 

 

Furthermore , it is believed that the crystalline starting material (FAU) reduces the supersaturation 

level and might have different surface reactivity for the generation of heterogeneous nucleation 

sites [8].  However, a detailed crystallization process during inter-zeolite conversion has not been 

clarified yet and ongoing work is exploring this issue further and will be reported elsewhere. 

Hence, it can be concluded that the characteristic enhancement in the crystallization rate as a 

consequence of the generation of locally ordered aluminosilicate species through the dissolution 

of the starting FAU zeolite would result in an assembly and evolution into SSZ-39 zeolite.   
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CHAPTER 5: CONCLUSIONS 

 

In this work, the preparation of  the  mesoporous SSZ-39 zeolites for MTO reaction by combining 

1,1,3,5-tetramethyl Piperidinium hydroxide (TMPOH)  as  a  structure-directing  agent  (SDA)  with  

mesoporogens C16TMPBr and C22TMPBr has been investigated. The most important findings of 

the present study are as follows: 

 Attempts to synthesize mesoporous SSZ-39 by using the mesoporogens were not 

successful. However, the reference SSZ-39 fetches interesting results such as complete 

utilization of the micropores in the MTO reaction. 

 

 It is recognized that SSZ-39 follows the solid – solid transformation as it needs the                

pre-blocks provided by FAU crystals. As the FAU precursor and AEI framework topology 

share a common building unit (double 6 membered ring –d6r), it removes the necessity to 

create a self- generated surface by primary nucleation and thus reduces the induction time. 

 

 Comparatively, the use of other alumina source does not yield SSZ-39 zeolite. 

 

 Reduction in crystal size is achieved by employing high silica FAU zeolite (Si/Al=15) 

precursor and adequate conditions (low water content) and gives rise to longer catalyst 

lifetime than the reference SSZ-39 material synthesized with low silica FAU zeolites 

(Si/Al=2.6). 
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CHAPTER 6 :RECOMMENDATIONS 

 

Some  recommendation  can be  made  which may improve the results and provide a  basis for 

further research. 

 SSZ-39 synthesized with Si/Al=30 looks quite interesting and promising in the MTO 

reaction. Further works such as increasing the mesoporogen content could pave way to 

introduce mesoporosity, resulting in an efficient MTO catalyst. 

 

 Employing modifiers, that mediate the addition of solute to growing crystals, by specific 

binding to crystallographic faces and physically blocks solute incorporation into active 

growth sites. As a result it is possible to tune the crystal size over 3 orders of magnitude 

which will be a huge impact in the catalyst lifetime in the MTO reaction [33].  

Figure 6.1: Proposed mechanism of Zeolite growth modifier (Modifiers (blue circles) seemingly     act 

as colloidal stabilizers to prevent precursors (gold circles) from aggregating[33]. 
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