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Abstract 

In this project, the catalytic behavior of some zeolite ZSM-5 crystals was evaluated. These crystals 

were both commercial and prepared at Luleå University of Technology. Catalytic tests done at 

250°C and 370°C. Among the tested crystals there were big coffin shaped single crystals and also 

agglomerates of small grains with the same Si/Al ratio so it should have been possible to evaluate 

the influence of the morphology on the catalytic activity and the selectivity. The catalysts were 

characterized using gas adsorption and scanning electron microscopy. For all the catalysts, at the 

higher temperature, methanol was mostly converted to gasoline and almost no DME was 

produced because the reaction arrived to completion. It was expected that the more mesoporous 

crystals should give higher yield of DME at the lower temperature but this was not observed 

experimentally. This may be caused by that the separation of DME and methanol was not 

sufficient on the GC column.  
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INTRODUCTION 

ZEOLITES 

WHAT IS A ZEOLITE?  

The classical definition of a zeolite is a crystalline, porous aluminosilicate. 

Structurally, zeolites are complex, crystalline inorganic polymers based on an infinitely extending 

three dimensional, four-connected framework of AlO4 and SiO4 tetrahedra linked by sharing 

oxygen atoms. 

Each AlO4 tetrahedron in the framework bears a net negative charge which is balanced by an 

extra-framework cation. 

The framework structure contains channels and interconnected voids that are occupied by the 

cations and water molecules. The cations are mobile and ordinarily undergo ion exchange. The 

water may be removed reversibly, generally by the application of heat, which leaves intact a 

crystalline host structure permeated by the micropores and voids which may amount to 50% of 

the crystals by volume. 

The empirical formula of zeolites can be expressed as: 

�M�/� 
��  x	AlO�� 	SiO�� wHO 

where M is a cation of valence n, x is the silicon/aluminium ratio (Si/Al) and w is the number of 

water molecules for each Si atom.  

ZEOLITE FRAMEWORK TYPES 

 A possible classification of zeolites is according to their atomic framework type. A framework 

type, as opposed to a framework structure, simply describes the connectivity of the tetrahedrally 

coordinated atoms (T-atoms) of the framework in the highest possible symmetry. The framework 

composition, the observed symmetry, and the actual unit cell dimensions are not considered (2). 

The zeolite framework should be viewed as somewhat flexible, with the size and shape of the 

framework and pore responding to changes in temperature and guest species. 

A description of a zeolite structure almost always begins with a description of the framework type 

in terms of the size of the pore openings and the dimensionality of the channel system. Pore 
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openings are characterized by the size of the ring that defines the pore, designated an n-ring, 

where n is the number of T-atoms in the ring. 

 

The pore sizes of channels in known zeolites are about 0.3 to 1.3 nm,  depending on the zeolite. 

Some examples of channels present in zeolites are shown in the Figure 1 . 

 

Figure 1 Some channels present in zeolites 

 

There are more than one hundred different frameworks (1), but only a few of them are actually 

used in industrial applications.  

 

ZSM-5  (Zeolite Socony Mobil-5) is the zeolite that was used in this thesis work.  ZSM-5 was 

patented by Mobil Oil Company in 1975, it is widely used in the petroleum industry as a 

heterogeneous catalyst for hydrocarbon isomerization reactions. 
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ZSM-5 has a MFI framework  type and is composed of several pentasil units linked together by 

oxygen bridges to form pentasil chains. A pentasil unit consists of eight five-membered rings. In 

these rings, the vertices are Al or Si and an O is assumed to be bonded between the vertices. A 

pentasil unit is shown in Figure 2 . 

 

Figure 2 A pentasil unit 

The pentasil chains are interconnected by oxygen bridges. The MFI structure can be described as a 

combination of two interconnected channel systems. The silicate framework forms sinusoidal 10-

member-rings (MR) channels along the direction of the a-axis, interconnected with 10-MR straight 

channels that run down the b-axis, as shown in the  Figure 3   (3) .  

 

Figure 3 the ZSM-5 channel system 

 

The pore size of the channels is about 0.5 nm.  
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Figure 4Figure 4 View along the [100] direction of a zeolite with MFI type  shows a view of the ZSM-5 zeolite 

along the [100] direction.  

 

 

Figure 4 View along the [100] direction of a zeolite with MFI type 

 

 

Zeolites are used in many applications. For instance, the ability to switch ions makes zeolites good 

ion-exchangers. Zeolites have also molecular sieving proprieties, it means that molecules, 

according to their size, may enter or be prevented by entering the structure of the zeolite. Zeolites 

are used in industrial catalysis too.  

ZEOLITE CRYSTALS MORPHOLOGY AND DIFFUSION IN ZEOLITES 

The morphology of the crystals is seldom reported in publications on catalytic performance of  

ZSM-5 catalyst; however, the morphology of the crystals is important because it can influence the 

activity and the selectivity of the zeolites as catalysts. The purely microporous character of zeolites 

frequently results in difficulty to access active sites and adversely impacts on the molecular 

transport of reactants and products.  

Intracrystalline diffusion, also known as "configurational diffusion" is an activated process, the 

energy of activation arising largely from steric hindrance. The diffusional activation energy and 
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therefore the diffusivity, for a given sorbate, are therefore directly related to the pore size, as 

shown schematically in Figure 5 . 

 

Figure 5 Diffusivity in porous material depends on pore diameter 

 

 Accessibility to the active sites and/or shortening of the diffusion path length in the micropores 

can increase the activity and/or the selectivity for some products of the catalysts and increase the 

catalytic lifetime. 

The rational approach to overcome such a limitation would be to maintain the porous structure, 

increasing the diameter of the pores to bring them into the mesoporous region. Scientists based 

their strategy on the fact that most of the organic templates used to synthesize zeolites affects the 

gel chemistry and act as void fillers in the growing porous solids. This approach  gave just few 

positive results in the case of zeolites and only in the recent years, e.g. ITQ-15 with 1.18 nm 

cavities (4). 

Alternative route to overcome the limitation of zeolites could be: 

• Synthesis of zeolite with small diameters in the lower nanometer size range < 200 nm (5). 

The handling of such small crystals however often requires extra measures and 

precautions, especially in terms of separation by standard techniques. 

 

• Preparation of composite materials, consisting of mostly a mesoporous support where 

zeolite domains have been incorporated. The support facilitates the transport of molecules 
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and provide sufficient surface area for immobilization of the zeolite as the active phase. A 

major problem is the low (hydro)thermal stability of the mesoporous support materials. 

 

• Preparation of delaminated zeolite crystals to enhance the outer surface area. 

Delamination has resulted in a improved diffusion of initial products in various catalytic 

applications. 

 

• Introduction of mesopores in zeolite crystals. The development of mesopores in 

microporous zeolites can occur via several methodologies, such as: 

 

o Carbon templating or secondary templating is a hydrothermal zeolite synthesis 

carried out in the presence of an additional carbon source e.g. carbon black or 

carbon nanofibers. Upon calcination, the secondary carbon source is combusted 

leaving extra voids in the zeolite crystals. 

 

o Dealumination i.e. selective removal of aluminium from the zeolite framework.  

Aluminium extraction leads to the formation of structural defects in the lattice, 

thereby producing mesopores. Dealumination generally can be achieved by acid 

leaching, steam treatment or the use of complexing agents. Dealumination 

however directly impacts on the Brønsted acidic properties of the zeolites; besides, 

in the case of more siliceous zeolites such as MFI-type structures, the low 

aluminium concentration will hardly introduce any mesoporosity. 

 

o Desilication i.e. extraction of silicon from the zeolite lattice. It is well known that 

amorphous silica can be dissolved by means of treatment in alkaline (e.g. NaOH ) or 

acidic HF solutions. The use of acidic media extracts framework aluminium in 

addition of silicon, thus being less selective besides the direct impact on the 

Brønsted acid sites.  The role of trivalent framework cations is nevertheless 

important in the formation of the mesopore system. For example, for ZSM-5 

commercial zeolite treated in a NaOH solution, the created mesopore surface area 
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does not show a progressive increase with increasing Si/Al ratio, but exhibits an 

optimum at a Si/Al ratio of 25-50.  A high Si/Al ratio allows leaching of large 

portions from the zeolite crystal; the large pores have a contribution to the 

mesopore surface area much less compared to smaller mesopores.   

 

 

ZSM-5 CRYSTALS 

The crystallization of ZSM-5 from hydrogels appeared to be strongly dependent on a large number 

of physical and chemical variables that affect, jointly or independently, the successive nucleation 

and grown steps. 

ZSM-5 crystals can have different shapes, it is possible to have  

• Large crystals with an inhomogeneous Al distribution 

• Polycrystalline ZSM-5 aggregates composed of very small crystallites with rather uniform Al 

radial distribution (6).   

 

ZEOLITE AS CATALYST 

Function of zeolites as a catalyst is based on three important properties: solid acidity, shape 

selectivity, and loading property.  

• Zeolites have acid sites, which are catalytically active. Zeolite is one of the metal oxides 

which have the strong solid acidity, the strength of the acidity depends on the 

microstructure of the zeolite framework. However, chemical processes do not require 

strong acidity always, but weak acidity may be enough. Zeolite species have the acidity, of 

which strength is weak to strong in the sequence, Y < β< ZSM-5 ≈ MCM-22 < mordenite. 

• Shape selectivity is a unique property of zeolites. Catalytic reactions are controlled by 

utilizing the property, and high selectivity of reactions can be achieved. Selectivity due to 

the molecular sizes of reactant or product is a concept only available for zeolite catalysts. 

Adjusting the pore size is therefore required to achieve shape selectivity. 
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• The high surface area and the controllable acid and base property are the fundamental 

reasons why the zeolite is utilized as a support of metals and metal oxides. Loaded metals 

and cations are affected by the zeolite structure to become electron-rich or poor in nature. 

Such an alteration could induce the new catalytic activity. 

 

Acid sites in zeolites may be of the Brönstedt type, in which the site may donate a proton to an 

unsaturated hydrocarbon, or of Lewis type, in which the site may act as an electron acceptor, 

removing a hydride ion ( known also as hydrogen anion ), from a hydrocarbon.  In the case of 

silica-alumina, zeolites or similar mixed-oxide catalysts, the source of acidity may be rationalized in 

terms of a theory developed largely by Linus Pauling (1). If an aluminium ion, which is trivalent, is 

substituted isomorphously for a silicon ion, which is quadrivalent, in a silica lattice composed of 

silica tetraedras, the net negative charge must be stabilized by a nearby positive ion such as a 

proton. This positive ion can be produced by dissociation of water, forming a hydroxyl group on 

the aluminium atom. The resulting structure, in which the aluminium and silicon are both 

tetraedrically coordinated, is a Brönsted acid. Lewis acidity is due to extra-framework aluminium. 

REACTION OF O-COMPOUNDS ON ZEOLITE CATALYSTS 

 Acidic catalysts make possible the reaction of O-compounds. It can be explained remembering 

that the oxygen is a nucleophile (i.e. it is electron-rich) and acids are electrophiles.  C.D. Chang and 

A.J. Silvestri in 1977 published the first article about the conversion of methanol and other O-

compounds to hydrocarbons over zeolite catalyst (2) . ZSM-5 is the catalyst that has been used 

also in the present thesis work. O-compounds that were fed to the ZSM-5 catalyst were alcohols, 

aldehydes, carboxylic acid and esters. Data obtained using alcohols as reagents at 370°C and 1 

LHSV (Liquid Hourly Space Velocity) and atmospheric pressure show that water elimination is 

complete.  The product distributions obtained from methanol, t-buthanol and 1-heptanol are very 

similar, suggesting a common reaction pathway. The distribution is shape-selective; no C11+ 

molecules are produced. The hydrocarbon isomer distribution is influenced by the shape-

selectiveness too: Isoparaffins predominate, aromatics are mostly methyl-substituited. The 

methanol reaction was investigated thoroughly. The study of the effect of the contact time on the 

product distribution in methanol conversion shows that at the lowest contact time (the highest 
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LHSV) the product contains substantial amounts of dimethyl ether (DME). The DME is found to 

give essentially the same product distribution as methanol, thus the conversion of methanol to 

DME may desirably be a first step of the conversion of methanol to hydrocarbons. From the run at 

the lowest conversion, has been found that almost the 80% of the primary hydrocarbon product is 

C2 to C4 olefins. The following reaction path was proposed by the authors: 

Methanol � DME � C2-C5 Olefins �Paraffins, Aromatics, Cycloparaffins, C6+ olefins 

Also the temperature influences the product distribution. Data were obtained at moderately low 

space velocity (LHSV = 0.6-0.7): at 250°C, the main reaction is the dehydration of methanol to 

DME. The hydrocarbons formed are predominantly C2-C5 olefins. The conversion of 

methanol/DME approaches completion between 340 and 375°C, with the formation of substantial 

amounts of aromatics. With further increase in temperature, only second-order changes in 

product distribution are evident. In the study of the reaction mechanism, the central question is 

the nature of the process whereby methanol and DME, both lacking β-hydrogens, undergo water 

elimination to form olefins; various mechanisms have been proposed. This article was focused on 

the production of gasoline, this explain the choice of 370°C to collect the data.  

It is good to remember that ZSM-5 zeolites aren’t the only type of catalyst suitable for methanol 

conversion. For example, Travalloni and others studied  ZSM-5 zeolite but also mordenite zeolite, 

beta zeolite, and  SAPO-34, a molecular sieve.  Travalloni and others found that the SAPO-34 

selectivity to DME is really high at every temperature between 250°C and 500°C (3). SAPO-34 has 

the CHA structure with quite small pores with a diameter of only 3.8 nm, which explains the high 

selectivity for the small DME molecule. However, the small pore size should also reduce the 

activity of the catalyst compared to for instance ZSM-5 catalysts. 

SYNTHESIS OF ZEOLITES 

HISTORICAL BACKGROUND 

In the late 1940s Richard Barrer investigated the conversion of known mineral phases under the 

action of strong salt solutions and high temperature (170-270°C). Some of the obtained products 

were later found to be zeolites.  

Robert Milton pioneered the use of more reactive starting material (freshly precipitated 

aluminosilicate gels). 
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In 1961 the range of reactants was expanded to include quaternary ammonium cations. There has 

subsequently been a large rise in the number of known synthetic zeolites, such as the ZSM-5, used 

in this experimental work. 

New families of zeolite-like or zeolite-related materials were also discovered 

In the early 1990s, a major class of mesoporous zeolite-related phases, typified by the M41S and 

SBA series, was synthesized with the aid of surfactant molecules. 

 

 

EXPERIMENTAL OBSERVATION 

A typical hydrotermal zeolite synthesis can be described in briefest as follows (1): 

1. Amorphous reactants containing silica and alumina are mixed together with a cation 

source, usually in a basic (high pH) medium. 

2. The aqueous reaction mixture is heated, often (for reaction temperature above 100°C) in a 

sealed autoclave. 

3. For a while, after raising to synthesis temperature, the reactants remain amorphous. 

4. After the above “induction period”, crystalline zeolite product can be detected. 

5. Gradually, essentially all amorphous material is replaced by an approximately equal mass 

of zeolite crystals (which are recovered by filtration or centrifugation, washing and drying). 

Figure 6 summarizes all this steps. 

The elements (Si, Al) which will make up the microporous framework are imported in a oxide form, 

usually amorphous precursors contain Si-O and Al-O bonds. The crystalline zeolite contains Si-O-Al 

links. The overall free energy change for zeolite synthesis is usually small because the bond types 

are very similar. Zeolite synthesis is usually kinetically controlled and the product is metastable. 
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Figure 6 Hydrotermal zeolite synthesis. The starting materials are converted by an aqueous mineralising medium 

(OH- and/or F-) into the crystalline product. 

SYNTHESIS MECHANISM 

The most probable step in mechanistic pathways in zeolite formation are (in sequence): induction 

period, nucleation, crystal growth. 

The induction period is the time between the start of the reaction and the point at which 

crystalline product is first observed. This period can be divided in three subunits: the time for the 

system to achieve a quasi-steady-state distribution of molecular cluster (“relaxation time”), the 

time for the formation of a stable nucleus and the time for the nucleus to grow to a detectable 

size. 

INDUCTION PERIOD 

After the reactants are mixed together, during the relaxation time, a visible gel is frequently 

formed (primary amorphous phase). Sometimes the primary phase is colloidal and thus invisible to 

the naked eye. This is the initial non-equilibrium product. After some time, more rapidly on 

heating at reaction temperature, the above mixture undergoes changes due to equilibration 

reactions and is converted into a pseudo- steady-state intermediate, the secondary amorphous 

phase. A characteristic distribution of silicate and aluminosilicate anions is established and this 

causes a repartition of reaction components between the solid and liquid phases.  The secondary 

amorphous phase lacks long-range order, but because of the structuring role of cations, elements 
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of local order are present.  The secondary amorphous phase is then converted into the crystalline 

zeolite product. 

NUCLEATION 

A discrete nucleation event has to occur for the establishment of the periodic zeolite lattice. 

In primary homogeneous nucleation, a process that happen in the interior of a uniform substance 

in condition of supersaturation, there is a negative change in free energy (volume free energy) 

that depends on the volume of the cluster but also a positive change in free energy (interfacial 

energy)  that depends on the surface of the cluster.  The total free energy depends on the radius 

of the cluster. This function has a maximum for a certain value of the radius, called critical radius. 

 Addition of new molecules to clusters larger than the critical radius releases, rather than costs, 

available work. 

 

Figure 7 The energetics of nucleation, illustrating the concept of a critical nucleus of radius r* 

Nucleation can also be induced by foreign particles ( primary heterogeneous nucleation ) and by 

crystals (secondary nucleation). Secondary nucleation may be considered as a case of 

heterogeneous nucleation in which the nucleating particles are crystals of the same phase. It is a 

common practice to add seed crystals to zeolite reaction mixtures because they provide surface 

area on which the required product can grow. 
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CRISTAL GROWTH 

Zeolite crystal grown via a layer by layer mechanism because the nucleation of a new layer is 

slower than the lateral spread of a existing layer. 

DME 

WHAT IS DME ? 

Di-methyl ether (DME) is the simplest ether, with the formula CH3-O-CH3. It is a gas at atmospheric 

pressure and room temperature. It can be produced from a variety of feed-stock, such as natural 

gas, crude oil, residue oil, coal, waste products and bio-mass.  

 

USES OF DME 

DME can be used as substitute for propane in LPG used as fuel in household and industry. The 

largest use of DME for this purpose is in China. Dimethyl ether has other primary applications: as a 

propellant in aerosol canisters, as a precursor to dimethyl sulphate, as a refrigerant. 

Furthermore, DME has the appearance of an excellent, efficient alternative fuel for diesel engines; 

it is also excellent as gas turbine fuel. However is not a suitable fuel for spark-ignition engines 

because the easily-induced knock would limit the operation of these engines. 

DME AS A FUEL FOR  COMPRESSION-IGNITION ENGINES 

Some of the advantages of DME as a fuel for compression-ignition engines are: 

• High oxygen content and the absence of any C-C bonds are responsible for the DME-

smokeless combustion. 

• Low boiling point leads to quick evaporation when DME is sprayed into the engine cylinder. 

• High Cetane number.  

Some of the disadvantages are: 

• Combustion enthalpy lower than diesel fuel due to the oxygen content of the molecules, 

the injected volume has to be larger and the injection period longer 

• Low viscosity may cause leakage from the fuel supply system  
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DME PRODUCTION 

There are two main ways to produce DME: 

De-hydrogenation of methanol 

Direct conversion from synthesis gas (syngas) 

Currently, most DME is produced by de-hydrogenation of methanol, obtained from syngas.   

In both the ways, the first step of direct DME production is the conversion of the feedstock to 

syngas. The second step for the first path is the methanol synthesis using a copper-based catalyst 

while the third step is the de-hydrogenation of methanol to DME using alumina- or zeolite-based 

catalysts. With the direct conversion method, DME and methanol are produced simultaneously  

from syngas using appropriate catalysts. The final step is the purification of the raw product. 

Flexible plants can be set-up to produce methanol and DME in different ratios, depending on the 

relative demand. 

ENGINE PERFORMANCE AND EMISSIONS 

When DME is used in compression-ignition engines instead of diesel engines, the emission of 

particulate matter (PM), NOx and combustion noise are significantly lower.  

PARTICULATE MATTER 

Particulate matter is formed in fuel-rich regions under high temperature conditions; it has been 

found to decrease with increased oxygen content in the fuel and with decreased number of C-C 

bonds. The oxygen content in DME is of 35%, compared to less the 2% of the diesel and the 

absence of C-C bonds explain why soot formed in DME combustion is almost zero and DME-fuelled 

engines would not need a particulate filter. 

NOX  

The engine conditions and the fuel supply system influence the NOx emissions and the values 

obtained from DME and diesel fuelled CI engines seems vary. When injection retardation is 

optimized for each fuel, NOx emissions from DME is lower than from diesel fuel. However, NOx 

reduction catalysts do not work well with DME as a fuel.  
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HC AND CO 

It can be seen from the literature that HC emissions from DME are usually lower than or equal to 

those from the combustion of diesel fuel. The data of CO emissions show some contradictions 

depending on the engine system and operating conditions. 

NOISE 

The combustion noise is reduced when DME is used.  

 

 

GAS  CHROMATOGRAPHY 

Chromatography in general is a group of methods for separation of mixtures. Many of these 

separations are difficult or even impossible with other means.  Most samples that chemists want 

to analyze are mixtures.  If the method of quantification is selective for a given component in the 

mixture, separation is not required. However, it is often the case that the detector is not specific 

enough, and a separation must first be performed.  There are several types of chromatography 

depending on the type of sample involved.  In this thesis, gas chromatography was extensively 

used. 

 

THE PRINCIPLES OF GAS CHROMATOGRAPHY  

The essential needed components required for this method are an injection port through which 

the sample is loaded, a "column" on which the components are separated, a regulated flow of a 

carrier gas (often helium) which carries the sample through the instrument, a detector, and a data 

processor.   

In gas chromatography, the temperature of the injection port, column, and detector are controlled 

by thermostated heaters.  

The sample to be analyzed is loaded at the injection port.  The injection port is heated in order to 

volatilize the sample.  Once in the gas phase, the sample is carried onto the column by the carrier 

gas, typically helium.  The carrier gas is also called the mobile phase.  Gas chromatographs are very 
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sensitive instruments.  Typically samples of one microliter or less are injected on the column.  

These volumes can be further reduced by using what is called a split injection system in which a 

controlled fraction of the injected sample is carried away by a gas stream before entering the 

column.  A spilt ratio of 100 was used in this thesis. 

COLUMN 

The column is where the components of the sample are separated.  The column contains a 

stationary phase.  Gas chromatography columns are of two types—packed and capillary.  Capillary 

columns are those in which the stationary phase is coated on the interior walls of a tubular column 

with a small inner diameter.  In this work of thesis has been used a capillary column, the CP-Sil 

PONA CB. 

The stationary phase in the used column is a polysiloxane material (also called polisilicone).  The 

basic structure of the polymeric molecules is shown in the Figure 8, where n indicates a variable 

number of repeating units and R indicates an organic functional group. These columns facilitate 

separation of paraffins, olefins, naphthalenes and aromatics (PONA) in complex hydrocarbon 

mixtures. 

 

 

Figure 8 Structure of polysiloxane 

This polymeric liquid has a high boiling point that prevents it from evaporating off the column 

during the experiment.  

The components in the sample are separated when passing the column because the travelling 

time through the column depends on how strongly the components interact with the stationary 
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phase. Components that interact more strongly with the stationary phase move through the 

column more slowly. For reproducible results it is very important to control the column 

temperature carefully. 

DETECTOR  

If the column conditions are chosen correctly, the components in the sample will exit the column 

and flow past the detector one at a time.  There are several different types of detectors common 

to gas chromatography instruments.  The choice of detector is determined by the general class of 

compounds being analyzed and the sensitivity required.  The GC used was equipped with a flame 

ionization detector (FID) and a thermal conductivity detector (TCD).  In an FID detector, an 

air/hydrogen flame is used to pyrolyze the effluent sample.  The pyrolysis of the compounds in the 

flame creates ions.  A voltage is applied across the flame and the resulting flow of ions is detected 

as a current.  The number of ions produced, and therefore the resulting current, depends on the 

flame conditions and the identity of the molecule in question.  (As a rough approximation, in 

hydrocarbons, the current is proportional to the number of reduced carbon atoms in the 

molecule.)  In other words, the detector shows a different response to each compound.  For this 

reason, separate calibrations must be performed for each compound analyzed. The response of a 

TCD detector is based upon changes in the thermal conductivity of the gas stream caused by the 

presence of analyte molecules. The sensing element is an electrically heated element, whose 

temperature at constant electrical power depends on the thermal conductivity of the surrounding 

gas. The main limitation of this type of detector is the low sensitivity (~10^-8 g solute/mL carrier 

gas). The sensitivity of a FID is at least a factor 10^4 higher (2). 

 

 

 

SEM  

 

A scanning electron microscope (SEM) is a type of electron microscope that images a sample by 

scanning it with a high-energy beam of electrons in a raster scan pattern. The electrons interact 
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with the atoms that make up the sample producing signals that contain information about the 

sample's surface topography, composition, and other properties such as electrical conductivity. 

The types of signals produced by an SEM include secondary electrons, back-scattered electrons 

(BSE), characteristic X-rays, light (cathodoluminescence), specimen current and transmitted 

electrons.  

While all these signals are present in the SEM, not all of them are detected and used for analysis. 

The signals most commonly used are the Secondary Electrons, the Backscattered Electrons and X-

rays.  

 

Figure 9 Various kind of electron/specimen interaction in SEM 

 

Secondary electrons are electrons generated as ionization products. They are called 'secondary' 

because they are generated by electrons from the beam. 

Backscatter (or backscattering) is the reflection of waves, particles, or signals back to the direction 

they came from. It is a diffuse reflection due to scattering, as opposed to specular reflection like a 

mirror. 
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Energy-dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique used for the 

elemental analysis or chemical characterization of a sample. It is one of the variants of X-ray 

fluorescence spectroscopy which relies on the investigation of a sample through interactions 

between electromagnetic radiation and matter, analyzing X-rays emitted by the matter in 

response to being hit with charged particles. Its characterization capabilities are due in large part 

to the fundamental principle that each element has a unique atomic structure allowing X-rays that 

are characteristic of an element's atomic structure to be identified uniquely from one another. 

Figure 10 shows a schematic representation of SEM components. 
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Figure 10 A schematic representation of the SEM components 

THE ELECTRON SOURCE 

 

The electron beam comes from a filament, that usually is a loop of tungsten, which functions as 

the cathode. A voltage is applied to the loop, causing it to heat up. The anode, which is positive 

with respect to the filament, forms powerful attractive forces for electrons. This causes electrons 

to accelerate toward and through the anode, down the column, to the sample. 

MAGNETIC LENS 

Magnetic lenses are used in the electron microscope to focus the elctron beam on the sample.  
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SCANNING COIL 

The beam passes through pairs of scanning coils in the final lens, which deflect the beam in the x 

and y axes so that it scans in a raster fashion over a rectangular area of the sample surface. 

VACUUM 

When a SEM is used, the column and sample must always be under vacuum since the transmission 

of the beam through the electron column would be hindered by the presence of molecules. 

 

GAS ADSORPTION ANALYSIS  

 

When a gas or vapour phase is brought into contact with a solid, part of it is taken up and remains 

attached to the surface, this process is denoted adsorption.  

Adsorption could be chemical or physical. 

In chemical adsorption, the interaction between adsorbate and solid is quite strong. 

PHYSICAL ADSORPTION 

In physical adsorption, a weak Van der Waals force is responsible of the attraction between the 

adsorbate and the solid surface. Some of the characteristics of physical adsorption are: 

1. Low heat of adsorption, no violent or disruptive structural changes. 

2. Can involve multiple layers of adsorbate. 

3. Only occurs at low temperature. 

4. Adsorption equilibrium is achieved quickly since no activation energy is generally required 

5. Physical adsorption is fully reversible, allowing adsorbate to fully adsorb and desorb. 

PRINCIPLE OF GAS ADSORPTION ANALYSIS 

 It is possible to use this phenomena for the determination of specific surface area, pore size 

distribution and porosity of porous materials. When is exposed in a closed space to a gas or  

vapour at some definite pressure, the solid begins to adsorb the gas and  by an increase in  the 

weight of the solid and a decrease in the pressure of the gas. After a time  the pressure becomes 
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constant at the value p, say, and correspondingly the  weight ceases to increase. The amount of 

gas thus adsorbed can be calculated from the fall in pressure by application of the gas laws if the 

volumes of the vessel and of the solid are known. 

The quantity of gas taken up by a sample of solid is proportional to the mass m of the sample, and 

it depends also on the temperature T, the  pressure p of the vapour, and the nature of both the 

solid and the gas. If n is the quantity of gas adsorbed expressed in moles per gram of solid,  

n=f(p, T, gas, solid) 

For a given gas adsorbed on a particular solid maintained at a fixed temperature, below the critical 

temperature of the gas, the alternative form: 

n = f	p
p�� ��,���,� !"# 

is more useful, p0 being the saturation vapour pressure of the adsorptive. The equation above is a 

possible expression of the adsorption isotherm, i.e. the relationship, at constant temperature, 

between the amount of gas adsorbed and the relative pressure. 

In the literature of the subject there are recorded tens of thousands of adsorption isotherms, 

measured on a wide variety of solids. The most common adsorbate is nitrogen, however other 

adsorbates are used in some circumstances. 

BDDT CLASSIFICATION OF ISOTHERMS 

 The majority of isotherms which result from physical adsorption may conveniently be grouped 

into five classes—the five types I to V of the  classification originally proposed by Brunauer, 

Deming, Deming and Teller (classification BDDT ). A further class is sometime considered. 

Figure 11 illustrates the different shapes of the isotherm classes. 
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Figure 11 Classes of isotherm from  the BDDT classification 

 

Type 1.Pores are typically microporus with the exposed surface residing almost exclusively inside 

the micropores, which once filled with adsorbate, leave little or no external surface for further 

adsorption 

Type 2. Most frequently found when adsorption occurs on nonporous powder or powders with 

diameters exceeding micropores. Inflection point occurs near the completion of the first adsorbed 

monolayer 

Type3. Characterised by heats of adsorption less than the adsorbate heat of liquefaction, 

adsorption proceeds as the adsorbate layer is greater than the interaction with the adsorbent 

surface 

Type 4. Occur on porous adsorbents with pores in the range of 1.5 – 100 nm. At higher pressures 

the slope shows increased uptake of adsorbate as pores become filled, inflection point typically 

occurs near completion of the first monolayer 

Type 5. Are observed where there is small adsorbate-adsorbent interaction potentials (similar to 

type 3), and are also associated with pores in the 1.5 – 100 nm range. 

Figure 12 shows the relation between surface adsorption characteristics and type of isotherm. 
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Figure 12 Relation between surface adsorption and type of isotherm 

 

The energy of adsorption even for a perfect crystal differs from one face to another. An actual 

specimen of solid will tend to be microcrystalline, and the proportion of the various faces exposed 

will depend not only on the lattice itself but also on the crystal habit; this may well vary amongst 

the crystallites, since it is highly sensitive to the conditions prevailing during the preparation of the 

specimen. Thus the overall behaviour of the solid as an adsorbent will be determined not only by 

its chemical nature but also by the way in which it was prepared. It has to be considered that the 

surface of a real solid contains various kind of imperfections that produce inevitably energetic 

heterogeneity of the surface. The number and kind of defects in a given specimen, as well as the 

crystal habit and with it the proportion of different crystal faces exposed, will in general depend in 

considerable degree on the details of preparation. This complexity has not been taken into 

account in the derivation of the Langmuir equation, that is based on the following four 

assumptions: 

1. The surface of the adsorbent is uniform, that is, all the adsorption sites are equivalent. 

2. Adsorbed molecules do not interact. 
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3. All adsorption occurs through the same mechanism. 

4. At the maximum adsorption, only a monolayer is formed: molecules of adsorbate do not 

deposit on other, already adsorbed, molecules of adsorbate, only on the free surface of the 

adsorbent. 

Often molecules do form multilayers, that is, some are adsorbed on already adsorbed 

molecules and the Langmuir isotherm is not valid. In 1938 Stephen Brunauer, Paul Emmett, 

and Edward Teller developed a model isotherm that takes that possibility into account. Their 

theory is called BET theory, after the initials in their last names. They modified Langmuir's 

mechanism as follows: 

1. A(g) + S ⇌ AS 

2. A(g) + AS ⇌ A2S 

3. A(g) + A2S ⇌ A3S and so on... 

 

The BET equation 

 

 

W = weight of gas adsorbed 

P/P0  = relative pressure 

Wm = weight of adsorbate as monolayer 

C = bet constant 

Total surface area ( St ) can then be derived 

 

N = Avagadro’s number (6.023x1023) 
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M = Molecular weight of Adsorbate  

Acs = Adsorbate cross sectional area (16.2 Å2 for Nitrogen) 

Specific surface area ( S) is then determined dividing the total surface area by sample weight 

 

PORE SYSTEM 

The pore systems of solids are of many different kinds. The individual pores may vary greatly both 

in size and in shape within a given solid, and between one solid and another. A feature of especial 

interest for many purposes is the width w of the pores, e.g. the diameter of a cylindrical pore. A 

convenient classification of pores according to their average width, now officially adopted by the 

International Union of Pure and Applied Chemistry, is so summarized: 

• Macroporous (>50 nm) 

• Mesoporous (2-50 nm) 

• Microporous (<2 nm) 

The basis of the classification is that each of the size ranges corresponds to characteristic 

adsorption effects as manifested in the isotherm. In micropores, the interaction potential is 

significantly higher than in wider  pores owing to the proximity of the walls, and the amount 

adsorbed (at a  given relative pressure) is correspondingly enhanced. In mesopores, capillary 

condensation, with its characteristic hysteresis loop, takes place. In the  macropore range the 

pores are so wide that it is virtually impossible to map  out the isotherm in detail because the 

relative pressures are so close to unity. 

Zsigmondy developed the capillary condensation theory, making use of the principle, which had 

been established some time earlier by Lord Kelvin on thermodynamic grounds, that the 

equilibrium vapour pressure, p, over a concave meniscus of liquid, must be less than the 

saturation vapour pressure, p°, at the same temperature; this  implied that a vapour will be able to 

condense to a liquid in the pores of a solid, even when its relative pressure is less than unity. 

ln
p

p� =
−2γV)

RT
1

r.
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Here p/p° is the relative pressure of vapour in equilibrium with a meniscus  having a radius of 

curvature rm, and γ and VL are the surface tension and  molar volume respectively, of the liquid 

adsorptive.  R and T have their usual meanings. 

 

The model proposed by Zsigmondy—which in broad terms is still  accepted to-day—assumed that 

along the initial part of the isotherm (ABC of the above figure), adsorption is restricted to a thin 

layer on the walls, until at D (the inception of the hysteresis loop) capillary condensation 

commences in  the finest pores. As the pressure is progressively increased, wider and wider pores 

are filled until at the saturation pressure the entire system is full of condensate. 
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OBJECTIVE OF THE WORK 

The primary purpose of the present thesis was to evaluate ZSM-5 catalysts with different 

morphologies for the conversion of methanol to DME and to gasoline. In particular, the possibility 

to obtain higher yield of DME for ZSM-5 catalysts with mesopores in addition to the micropores 

was investigated. 
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EXPERIMENTAL 

 

ZEOLITE SYNTHESIS 

In this study, different ZSM-5 zeolites were synthesized and use in the experiment: two of the 

zeolite samples (Z3 and Z4) were prepared from clear synthesis solutions using the procedure 

below. 

The silica source was tetraethylorthosilicate (TEOS, 98%, Aldrich) and the alumina source was 

aluminium isopropoxide (AL(O-i-Pr)3, Aldrich). Sodium was added in the form of a 1M sodium 

hydroxide solution prepared from sodium hydroxide pastilles (NaOH, Aldrich) and template 

molecules were added in the form of tetrapropylammonium hydroxide (TPAOH, 40 wt% aqueous 

solution, AppliChem). Deionised and then distilled water were used both for the zeolite synthesis 

and during purification. 

The procedure for the preparation of the sample consisted of six step: 

1. Preparation of silicate solution; All the required TEOS, part of the TPAOH and of the water 

were added to a polypropylene bottle, which was placed on shaker for some hours until a 

clear solution formed.  

 

2. Preparation of aluminate solution All AL(O-i-Pr)3, NaOH and the remaining water and 

TPAOH were added to a glass beaker and was placed on shaker for some hours until a 

clear solution formed ( as shown in Figure 13 and Figure 14 ) 
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Figure 13 Preparation of the silica and aluminate solution 

 

Figure 14 The silica and aluminate solutions placed on a shaker 

3. Preparation of synthesis mixture; The clear silicate solution was added to the clear 

aluminate solution in the glass beaker under vigorous stirring. 

4. Hydrothermal treatment; The clear synthesis mixture was transferred to a Teflon lined 

autoclave equipped with magnetic stirring. The autoclave was sealed and placed in an oil 
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bath kept at constant temperature, as shown in  Figure 15. The stirred autoclave was kept in 

the oil bath for a certain duration. 

 

Figure 15 The Autoclave is in the oil bath 

 

5. Product purification; After cooling the autoclave to room temperature, the crystals were 

purified by repeated centrifugation followed by re-dispersion in water for four times; the 

purified product was freeze dried, as shown in Figure 16 and Figure 17 .  
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Figure 16 The centrifuge used 

 

Figure 17 The freeze dryer 

6. Calcination; The obtained crystals were finally calcined in air to remove the template 
molecules, as shown in Figure 18. The samples were treated three times in a 10 wt.% 
NH4NO3 solution at 100 °C, rinsed and then calcined again, prior to catalytic experiments. 
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Figure 18 The oven used for the calcination 
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SEM 

PREPARATION OF THE SAMPLE 

A piece of double sided adhesive conductive carbon tape was attached on the SEM specimen 

holder. The zeolite powder was put on the carbon tape and the excess of powder was removed 

with compressed air. 

 

Figure 19 Putting the zeolite powder on the carbon tape 

 

The SEM used is an extreme high-resolution –Scanning Electron Microscop (XHR-SEM) and the 

images where recorded using a secondary electron detector. 

 

Nitrogen adsorption 

 

A Micromeritics ASAP 2010 instrument, shown in Figure 20, was used for nitrogen adsorption 

measurements. 
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Figure 20 A Micromeritics ASAP 2010 gas adsorption instrument 

 

WEIGHING AND DEGASSING OF THE SAMPLE. 

The specimen holder for the BET analysis is composed by three 

parts: cup, filler and manifold.  

 

First of all, the specimen holder is carefully weighted with a sensitive 

balance three times and the mean weight is calculated. 

The sample is then introduced in the balloon using a glass tube to 

avoid deposition of the powder on the walls of the holder.  

The sample is then put under vacuum and heated at  300°C for a 

day. 

The sample is then weighted again with the same procedure as 

before. The weight of the sample is evaluated. 

 

 
Figure 21 A specimen holder for the ASAP 2000 

micrometrics 
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ANALYSIS 

The specimen holder is kept at 77 K using liquid nitrogen.  

The valve to the sample cell is opened allowing the adsorbate ( nitrogen ) to interact with the 

material. 

The pressure is measured at equilibrium and the amount adsorbed is estimated from the pressure 

difference. 

 

 

 

THE REACTOR SYSTEM 

Figure 22 shows  a schematic drawing of the reactor system.  

 

Figure 22 The reactor system is composed by the following main parts: the control valve for the carrier gas, the 

saturator, the fixed bed reactor and the GC. 

.  

With this reactor system, it is possible to carry out a reaction over a catalyst and then analyze the 

products using the GC. A carrier gas, in this case nitrogen, is used to transport the reactants and 

products through the system. 
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GENERAL SYSTEM DESCRIPTION  

In the feed saturator the carrier gas is saturated with methanol. This means that the carrier is 

passing through liquid methanol and the partial pressure of methanol reaches the vapor pressure 

at the saturator temperature. 

P.012�� ! =  P.�12�� !
��1 	30°C� = 0,213 atm 

The saturated carrier gas then flows through a heated tubular reactor packed with catalyst 

particles and the reaction occurs. The products pass through the sampling valve of a gas 

chromatograph. The products can be sampled and analyzed at any time. Because the pressure 

drop in the sample valve can cause an increase of the pressure in the system, only a part of the 

product flow passes through the valve. Most of the flow bypasses the GC and leaves the system. A 

needle valve controls the flow in the bypass.  

DESCRIPTIONS OF THE COMPONENTS 

The system consists of a few main components. In this chapter it is described what requirements 

each component had to fulfill. 

FLOW CONTROLLER 

To control the flows of the nitrogen and of the oxygen into the system, two flow controllers are 

utilized. The flow controllers are interfaced with a computer using a serial port and have a 

maximum flow of 200 ml/min. According to the calibration data sheet from the manufacturer, the 

difference between the set flow and the actual flow for all the controllers, is less than 0.5%, except 

when the flow is lower than 10% of maximum flow. At these low flows the error is approximately 

2%.The controllers are Brooks model 5850S, equipped with a RS485 communications interface. 

The flow controllers are shown in Figure 23 . 
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Figure 23 Flow controllers 

REACTOR 

The reactor is a simple tubular fixed bed reactor made of standard stainless steel. A sketch of the 

used reactor is depicted in Figure 24. 
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Figure 24 A sketch of the reactor 

Stainless steel is not catalytically active at the reaction conditions used in the present work. The 

tube is sealed with graphite seal. A new seal is used for each run. Inside the reactor there is an 

closed 1/8” pipe where a thermocouple is inserted to measure the actual temperature inside the 

reactor. The internal reactor diameter is 17 mm and the internal length is 200 mm. The reactor 

volume is consequently about 45 ml. Because only a small quantity of catalyst is used, it is mixed 

with 5 g of inert acid washed and calcined sea sand in order to distribute the catalyst particles 

evenly in the reactor in order to minimize heat effects and channeling.  The remainder of the 

reactor is filled with inactive glass wool and glass beads. The layers are so ordered from top to 

bottom: glass wool, glass beads, catalyst and sea sand, glass beads, glass wool. Between test runs, 

the reactor is disconnected from the system, it is therefore necessary before starting the next run 

to perform a leak test. The reactor is pressurized to 1,8 bar and the pressure is monitored for 10 

minutes. If the pressure has not changed, the reactor is considered leak-free.  
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SATURATOR 

The saturator is made of glass and designed for this specific purpose. Fluid at 30°C is circulated 

through the heating mantle of the saturator. The carrier gas, that is nitrogen, is fed to the bottom 

of the saturator and bubbles through the methanol. Nitrogen saturated with methanol leaves the 

saturator. A sketch of the saturator is depicted in Figure 25. 

 

Figure 25 A sketch of the saturator 
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THERMOSTAT BATH 

Because the partial pressure of methanol in the carrier gas leaving the saturator depends on the 

saturator temperature, a thermostat must be used. The thermostat consists of a water bath with a 

heating coil and a circulation pump. To reduce the evaporation of water from the thermostat bath, 

the thermostat fluid contains equal amounts of water and propylene glycol. The thermostat water 

is circulated through the saturator. The temperature of the saturator was 30°C. 

HEATING 

The carrier gas is saturated with a compound that will condense as soon as the gas is cooled below 

the temperature in the saturator. The products of the reaction tend to condense even more than 

the methanol. Therefore all part of the system between the saturator and the GC must be heated. 

The tubes and valves are heated by heating cords which are twisted around the piping. The heated 

part of the reactor is insulated with mineral wool. The heating cords and the mineral wool are 

shown in Figure 26. 

 

Figure 26 In this picture the heating cords and the insulating mineral wool are circled 
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There have been problems because of the condensation because the heating cord used in the 

beginning could reach only 60°C. We found that to avoid the condensation of all the products of 

the reaction the temperature should be about 100°C, so the cord was changed with another one 

that can reach this temperature. 

 

FURNACE 

It is important to be able to control the reactor temperature since the reaction rate and the 

reaction products distribution strongly depend on the temperature. A chamber furnace with fan of 

type Linn KKU 80/40 is used to heat the reactor. It is shown in Figure 27. The maximum furnace 

temperature is about 600°C. 

 

Figure 27 Linn KKU 80/40 
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The temperature inside the furnace is slightly different from the temperature in the reactor, 

because of the heat produced in the reaction. 

The reactor is hanging vertically in the furnace, which has a circulation fan, as showed Figure 28. 

 

Figure 28 The reactor in the furnace 
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GAS CHROMATOGRAPH 

An on-line gas chromatograph (Varian CP-3800 GC), with a FID and a TCD detector is used in the 

reactor system. 

 

Figure 29 Varian CP-3800 GC 

 

The maximum column oven temperature is 450°C, but this is of course limited by the maximum 

temperature of the column. The column that was used was a  100m x 0.25mm ID CP SIL PONA CB. 

To introduce the sample, a rotary sample valve is used. 
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TEST RUNS 

PREPARATION OF THE CATALYST AND THE SYSTEM FOR EACH RUN 

 

For each run, the desired amount of catalyst is mixed with 5 gr of calcined sea sand and they are 

pound in a mortar for 30 minutes to avoid clusters of particles. The reactor is subsequently loaded 

with the catalyst and the inert fillers; a new graphite seal is added between the flange and the 

reactor and the flange on the top of the reactor is fixed using nuts on screws. The reactor is placed 

hanging in the furnace. 

Before starting the next test run it is necessary to check the system for leaks.  The  leak test of the 

reactor is performed. The nitrogen flow was turn on, the inlet valve of the reactor was turned on 

and the outlet valve off. The pressure in the reactor is increased to 1.8 bar, then the nitrogen flow 

is closed. The pressure is monitored for at least 10 minutes. If the pressure has not changed the 

reactor is considered to be leak free. 

 The catalyst is thereby calcined overnight at 500°C. During the calcinations a flow of 30 ml/min of 

air is sent through the reactor. The next day the temperature is decreased to the reaction 

temperature, the air cut off and the nitrogen opened. 

The GC is turn on after checking that the helium pressure is not zero. As soon as the temperature 

in the reactor is stabilized, the saturator is turned on and the saturated flow is allowed to pass 

through the reactor.  After waiting one hour to allow the system to stabilize the runs are started. 

 

TEST RUNS OF THE CATALYSTS 

In each test run, five different flow rates of carrier gas saturated with methanol was fed to the 

reactor: 5, 13, 32, 80 and 200 ml/min. For each flow rate, two samples for GC analyzes were taken. 

From the partial pressure of methanol in the saturator it’s possible to obtain the methanol 

concentration in the inlet flow according to: 

C.012�� ! =
P.012�� !

RT
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The molar flow rate of methanol is: 

J.012�� ! = C.012�� ! ∗ Q1 1 

 

Q1 1 is the volumetric flow rate from the saturator. It is evaluated under the hypothesis of 

atmospheric pressure in the saturator. It´s not strictly true, but it´s a good approximation. 

Q1 1 =
Q<=

	 1 − P.012�� !
P  �

 

The mass flow rate of methanol is easily obtained from the molar flow rate of methanol and the 

molar mass of methanol. 

W.012�� ! = J.012�� ! ∗ 32 

The weight hourly space velocity WHSV is defined as the ratio between the mass flow rate of the 

reagent (in this case, methanol) and the mass of the catalyst. 

LHSV =
W.012�� !

  m@�1�!A�1  
 

 

WHSV is defined as the mass flow rate of methanol divided by the mass of the catalyst 

The inverse of the WHSV is the residence time τ. 

τ =
1

WHSV
 

 

INTERPRETATION OF GC RESULTS 

IDENTIFICATION OF THE REACTION PRODUCTS 

 

The retention times of various chemical compounds were experimentally evaluated. 
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For all the tested compounds except the DME, a clean saturator was filled with each of them, the 

carrier gas was let bubble inside the saturator and a GC run was done for each compound.  

For the DME, that at ambient pressure and room temperature is a gas, a small DME cylinder was 

linked to the line to the GC, a GC run was then done. 

By comparing the retention times of peaks of products of the catalytic tests with the ones 

obtained from known compounds, it is possible to identify some of the compounds in the 

chromatograms. It was of course not possible to identify all of them, as it would be maybe 

possible using Gas chromatography–mass spectrometry. 

It is important to remember that the retention times are strongly system-dependent. If 

parameters, such as the temperature ramp of the GC oven, are changed, they can influence 

strongly the retention time. A comparison between retention time to recognise chemical 

compound is possible only in runs made with the same instrument, in the same condition,  in a 

short time. In the Table 1 the retention time of some of the identified compounds are listed. 

Compounds Retention time [min] 

DME 11,3 

Methanol 11,5 

Benzene 19,4 

Toluene 23,1 

Table 1 Retention times (minutes) of some compounds of interest 

.  

 

RELATION BETWEEN GC-AREAS AND CONCENTRATIONS 

METHANOL 

For the methanol, the relation between the GC-area and the its molar ( and mass ) concentration 

was found by calibration.  The GC- areas were recorded for different methanol concentrations, 

obtained varying the saturator temperature. At 30°C the methanol-gc-area is ≈160000 and the 

saturation pressure of methanol at this temperature is 0,213 atm. Using the law of ideal gases, the 

methanol molar (and mass) concentration at 30°C is: 
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160000 DEFℎHIJK HLEH ↔   8,56 ∗ 10�P DJK DEFℎHIJK
QDR  ↔ 2,74 ∗ 10�U V DEFℎHIJK

QDR  

DME 

For the DME we couldn’t proceed as for the methanol, because DME is a gas at atmospheric 

pressure so it is not possible to saturate the carrier gas with it. The relation between the GC-area 

and its molar (and mass) concentration was found by the stoichiometry of the methanol reaction 

to produce DME. 

2 WXRYX → WXRYWXR + XY 

Only the chromatograms of runs were the only product observable from FID-detector was DME 

were considered.  

 

The y-intercept (≈100000) is the DME-gc-area for a DME molar concentration equal to half of the 

methanol molar concentration at saturation at 30°C. So for the same molar concentration of DME: 

200000 \]^ HLEH ↔   8,56 ∗ 10�P DJK \]^
QDR ↔ 3,94 ∗ 10�U V \]^

QDR  

`LEH ∝ 1 DJKE Jb \]^
`LEH ∝ 1 DJKE Jb DEFℎHIJK

=
200000
160000

= 1,25 =
1

0,8
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Two moles of methanol weight 64g and a mole of DME weight 48 g. It is so possible to write that: 

`LEH ∝ 1 V Jb \]^
`LEH ∝ 1 V Jb DEFℎHIJK

=

100000
48

160000
64

= 0,83 =
1

1,20
 

 

 

OTHER HYDROCARBON PRODUCTS 

It was not possible to make a calibration for all the products obtained from the reaction because 

some of them are unknown. 

For hydrocarbons the signal of the FID detector is approximately proportional to the carbon 

content, giving rise to the so-called equal per carbon rule. (6) When hetero-atoms, like oxygen or 

nitrogen, are present, however, this rule is not valid because these hetero-atoms inhibit the signal. 

Among the products, we didn’t find any ethanol, propanol and butanol so it is quite sure that the 

only alcohol that is present among the products is the un-reacted methanol. We also didn’t find 

any acetone. Assuming that the only significant O-compounds present among the products are 

methanol and DME it is possible to use the equal per carbon rule for all the other products. They 

are hydrocarbons and their GC-areas is proportional to their carbon content and roughly also to 

their masses.  

The next stoichiometric relation has no physical meaning because it is not true that ethene is the 

only product of this reaction, but is useful for a mass balance 

 2 WXRYX → WXRYWXR + XY →  WXU + 2XY 

64 g ( 2 moles) of methanol produce 28 g of hydrocarbons ( the weight of a mole of ethene ). 

In the next graph the sum of the hydrocarbons-gc-areas are reported as a function of the 

methanol and DME areas, so combined: 

c − Hcde = DEFℎHIJK − VQ − HLEH + 1,6 ∗ \]^ − VQ − HLEH 
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1,6 is the ratio between the area of by-pass methanol and the area of DME obtained if methanol 

would be completely reacted. 

 

The hydrocarbon-GC-area proportional to 28g of hydrocarbons is ≈170000 and ≈160000 is the 

methanol-gc-area proportional to 64g of methanol. 

`LEH ∝ 1 V Jb ℎfgLJQHLhJIe
`LEH ∝ 1 V Jb DEFℎHIJK

=

170000
28

160000
64

= 2,43 =
1

0,41
 

 

Building the plot. 

Multiplying the DME-gc-areas by 1,20 and the hydrocarbons-gc-areas by 0,41 and after dividing all 

by 1600 	= iP����

i��
� we obtained a “Weight % vs τ” plot. 

Methanol conversion and selectivity to DME 

The methanol conversion and the selectivity to DME are expressed on a mass basis. 

Methanol conversion % = 100 ∗
grams of methanol reacted

grams of methanol alimented

= 100 ∗ 	1 −
methanol − gc − area

	methanol − gc − areasAt����
� 

y = -0,9817x + 170529
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DME selectivity % = 100 ∗
grams of methanol converted to DME

grams of methanol reacted 	to DME and hydrocarbons�

=
0,8 ∗ \]^ − VQ − HLEH

0,8 ∗ \]^ − VQ − HLEH + 2,43 ∗ ℎfgLJQHLhJIe − VQ − HLEH
 

 

With this definition of DME selectivity it is possible to write: 

ydEKg % = ]EFℎHIJK QJIzELedJI % ∗ \]^ eEKEQFdzdFf % 
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RESULTS 

 

Four different catalysts has been tested, all of them have a similar Si/Al ratio ≈ 50. 

All samples were characterized by  extreme high-resolution Scanning Electron Microscopy (XHR-

SEM) and nitrogen physisorption measurements. 

SEM RESULTS 

Z1 (ZSM-5 commercial) 

 

Figure 30 SEM image for catalyst Z1 
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Z2 (ARZ1 300810 ) 

 

Figure 31 SEM image for catalyst Z2 

From the images it is possible to see that Z1 and Z2 catalysts are composed by aggregates of small 

crystallites with mesopores between the crystallites. 
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Z3 (ALI SI AL 300311) 

 

Figure 32 SEM image for catalyst Z3 

 

Figure 33 SEM image for catalyst Z3 
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Z4 ( NAALO2) 

 

Figure 34 SEM image for catalyst Z4 

 

Figure 35 SEM image for catalyst Z4 



59 
 

In this last two catalyst it is evident the coffin shape morphology and it also evident that these 

crystals are composed of aggregates of small crystallites with mesopores between the crystallites. 

NITROGEN ADSORPTION  RESULTS 

 

  

Z1 (zsm5 

commercial) 

Z2 (arz1 

300810) 

Z3 (ali Si Al 

300311) Z4 (NaAlO2) 

BET surface area 

[m2/g] 398 404 361 374 

meso volume [cm3/g] 0,26 0,23 0,06 0,06 

D [nm] 8,1 8,2 2,8 3,0 

 

 

 

 

BET surface areas were obtained by the BET method using adsorption data in p/p0 range from 

0.05 to 0.25 . 

Mesopore volumes and the average pore diameters were determined using the BJH method on 

desorption data. 

The catalysts Z1 and Z2 are similar between them, also Z3 and Z4 are quite similar between them 

but there are difference between the two groups.  

Z3 and Z4 differ just because the Al-source; in the first case it is aluminium isopropoxide             

Al(O-i-Pr)3, in the second case it is NaAlO2 . 

The isotherm plot of Z1 and Z2 from a side, and Z3 and Z4 from another, are quite different. The 

isotherm of Z3 and Z4 is almost completely of type 1 ( Langmuir ) and there is just a bit of Type 4 



60 
 

aspect. In Z1 and Z2 the difference between adsorption and desorption is bigger so their isotherm 

is clearly of type 4. This is coherent with the bigger mesoporosity of Z1 and Z2 than Z3 and Z4. 

 

Figure 36 BET isotherm for the catalyst Z3 (for Z4 is similar) 
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Figure 37 BET isotherm for the catalyst Z1 (for Z2 is similar) 

 

CATALYST RESULTS 

Data has been obtained for each catalyst at 250°C and at 370°C. For each temperature, two test 

runs for each catalyst were done in which the reactor was loaded with 0,1 and 0,5 grams of 

catalyst respectively.  

 The weight % of the classes of compounds involved in this reaction are reported as a function of 

the residence time τ  in graphs like in the figure, that is referred to the catalyst Z4 at 370°C. 
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Figure 38 

 

Figure 39 and Figure 40 show DME selectivity as a function of methanol conversion at the two tested 

temperature. 
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Figure 39 370°C 

 

Figure 40 250°C 

 

TEST AT 250°C 
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Figure 41 shows the weight %  of the unreacted methanol and of the products as a function of the 

retention time for the catalyst Z1 at 250°C. It is evident that that the DME, that is an intermediate 

product, have an high yield and selectivity only for low retention times. The plot for the catalyst Z2 

is similar.  

 

Figure 41 Catalyst Z1 at 250°C 
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Figure 42 shows the weight %  of the unreacted methanol and of the products as a function of the 

retention time for the catalyst Z3 at 250°C. The grap for the catalyst Z4 is similar.

 

Figure 42 Catalyst Z3 at 250°C 

 

The two kind of tested catalysts have similar performance but it is evident that at 250°C with Z3 

and Z4 it is possible to maximize both the methanol conversion and the DME selectivity .  
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TEST AT 370°C 

Figure 43 shows the weight %  of the unreacted methanol and of the products as a function of the 

retention time for the catalyst Z2 at 370°C. The graph for the catalyst Z1 is similar. 

 

Figure 43 Catalyst Z2 at 370°C 

 

Figure 44 shows the weight %  of the unreacted methanol and of the products as a function of the 

retention time for the catalyst Z3 at 370°C. The graph for the catalyst Z4 is similar. 
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Figure 44 Catalyst Z3 at 370°C 

The results for the two kind of catalysts are quite similar; at the lowest residence time show that 

the product contains small  amounts of dimethyl ether (DME) just for the lower residence time. 

This can be explained because at this higher temperature the reaction goes to further products, 

i.e. gasoline, faster and so almost no DME is obtained. 

At higher flow rate, that is lower residence time, the catalyst appears to be more selective towards 

formation of DME. This can be explained because longer residence time enables subsequent 

reactions to occur to a greater extent. 
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CONCLUSION 

 

 

For all the catalysts, at higher temperature (370°C), methanol was mostly converted to gasoline 

and almost no DME was produced because the reaction arrives to completion. It was expected 

that the more mesoporous crystals Z1 and Z2 should give higher yield of DME at the lower 

temperature (250°C), but this was not observed experimentally. This may be caused by that the 

separation of DME and methanol was not sufficient on the GC column. 
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