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Chapter 1 

General Introduction 

1.1 Olefin Production 

1.1.1 Traditional Olefin Production 
Lower olefins (C2 – C4) are important basic chemicals that are used for many applications. 
They are important building blocks in the chemical industry, used for example for the 
production of various polymers and plastics, as well as many other basic chemicals and 
chemical intermediates.1 Traditionally, these lower olefins are produced from crude oil 
fractions,2 mainly by thermal or steam cracking3,4 and Fluid Catalytic Cracking (FCC) 
processes.4,5 With an annual production of over 150 Mton, ethylene is the most important of 
the lower olefins.6 Ethylene is used for the production of, among others, polyethylene (HDPE 
and LDPE) and ethylene oxide. Because ethylene has always been the most important lower 
olefin, many processes are optimized in order to achieve high ethylene yields. However, in the 
past decades, primarily driven by the large increase in polypropylene (PP) demand, propylene 
production has increased relative to ethylene. Currently, the annual propylene production is 
ca. 90 Mton.6–8 At the same time, there is a trend of switching from naphtha to inexpensive 
ethane coming from shale gas as feedstock for steam crackers, especially in the USA, which 
means that relatively more ethylene is produced from steam cracking.9 These changes led to 
a so-called propylene gap, the difference between the propylene demand and the amount of 
propylene produced by traditional methods.7 In order to keep up with the propylene demand 
and to fill the propylene gap, several processes that aim to selectively produce propylene have 
emerged. Among these “on-purpose propylene” processes to produce propylene on demand 
are the selective dehydrogenation of alkanes,10 olefin metathesis,2 and Methanol-to-Olefins 
(MTO) processes.11 

1.1.2 Sustainable Olefin Production 
The change in olefin demand is not the only reason that alternative processes to produce 
olefins are being studied. In view of depletion of crude oil reserves, but more importantly, for 
a more sustainable future, alternative sources of energy and materials have to be developed. 
The use of crude oil and other fossil sources as fuel and as feedstock for the production of 
chemicals has led to and still leads to an increasing CO2 concentration in the earth’s 
atmosphere. This results in climate change and related problems, such as rising sea levels and 
extreme weather conditions, of which some are already visible today. To restrain these effects, 
it is important to reduce the emission of greenhouse gases, such as CO2. A lot of effort is 
directed toward finding alternative energy sources for industrial, transportation, and household 
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use, such as the use of solar and wind energy. Although oil and other fossil resources are mainly 
used as fuel, i.e., for the energy that is stored in these materials which is released upon 
combustion, an important part is also used for the production of petrochemicals. In 2015, 
9.7	% of the oil consumption worldwide was used for petrochemical purposes.12 When the use 
of crude oil as energy feedstock is limited by the development of alternative energy sources, 
there also have to be alternative ways to produce the chemicals that we currently know as 
petrochemicals. Having alternative ways to produce these chemicals, such as lower olefins, 
from other sources than crude oil can play an important role in the change to a society that is 
less dependent on crude oil and other fossil sources. 

For sustainable production of lower olefins, a non-fossil carbon source is needed. A well-known 
example of a non-fossil carbon source is biomass. The CO2 that is released into the atmosphere 
when using biomass is CO2 that was recently extracted from the atmosphere by the biomass 
crops, meaning that in principle no new CO2 is released into the atmosphere. In the past 
decades, progress has been made in methods to convert biomass into different products and 
chemicals. Some of these processes are based on making new, bio-derived products other than 
traditional oil-derived products. For example, bioplastics, such as polyhydroxyalkanoates 
(PHA) and polylactic acid (PLA), are produced from biomass as an alternative to petroleum-
based plastics.13,14 The fact that these materials can be produced directly from biomass sources 
is an advantage. Also, these biomass-derived materials can have properties, such as a certain 
degree of biodegradability, which are preferable compared to those of petrochemical products. 
A disadvantage, however, is that this kind of materials are often very dependent on a specific 
biomass feedstock. Also, new infrastructure has to be built, because new processes are used 
in the production of these materials. Another approach to produce materials from non-fossil 
sources is to integrate biomass conversion with the existing petrochemical infrastructure and 
processes and to produce known petrochemicals from a different feedstock.15 In this view, 
processes have been developed to thermally treat biomass, producing pyrolysis oil, or bio-oil. 
Pyrolysis oil has properties similar to crude oil, and chemicals can be produced with conversion 
processes that are similar to the processes currently used for crude oil.16–19 Another advantage 
is that the production of this bio-oil by pyrolysis of biomass is not a very specific process, and 
many different kinds of biomass can be used to produce bio-oil. Because it is not known what 
the main future feedstock for energy and chemicals will be, it is good to have processes that 
are not very dependent on specific feedstocks. 

Another route to produce petrochemicals from a wide variety of feedstocks, including 
renewables, is via a mixture of CO and H2, known as synthesis gas, or syngas. Because 
synthesis gas can be produced from virtually any carbon source, this option is versatile and not 
very dependent on the specific feedstock used.20 This means that processes for producing 
petrochemicals from synthesis gas can be developed independently of the specific carbon 
feedstock used for making synthesis gas. Different technologies exist to convert synthesis gas 
into hydrocarbons. One of the oldest and probably the most well-known process to produce 



General Introduction 

9 

chemicals from syngas is Fischer-Tropsch Synthesis (FTS). In this process, developed in 
Germany in the 1920s, synthesis gas is converted into hydrocarbons using supported metal 
catalysts. During the Second World War, this process was used in Germany to produce fuels 
from coal, because coal was available in Germany, whereas oil was difficult to obtain at that 
time. Depending on the catalyst and conditions, FTS can be used to produce olefins, in which 
case it is referred to as Fischer-Tropsch-to-Olefins (FTO).21–23 

 

Figure 1.1. Schematic of (red) traditional and alternative methods to produce olefins. 

In order to produce hydrocarbons from synthesis gas, synthesis gas can also be converted into 
methanol,20 after which Methanol-to-Hydrocarbons (MTH) processes are used to produce 
petrochemicals. When the main products of an MTH process are olefins, the process is referred 
to as a Methanol-to-Olefins (MTO) process.24–26 MTH and MTO processes are catalyzed by 
zeolite or zeotype catalysts, and the product selectivity can be tuned into various directions. 
This makes these catalytic processes interesting for the production of on-demand propylene, 
and olefins in general. 

When non-fossil carbon sources are used for the production of methanol, MTO processes can 
contribute to a more sustainable future. George Olah, who received the Nobel prize in 
chemistry in 1994 for his contribution to carbocation chemistry, advocated a so-called 
methanol economy for a more sustainable future. In this methanol economy, methanol is 
envisaged to be the main feedstock used for energy purposes, such as combustion engines and 
fuel cells, but also as a basic chemical for the production of many other chemicals.27–29 In that 
way, methanol would perform a similar role to that of crude oil in the current economy. As for 
all processes that are based on synthesis gas as a carbon source, it is very important that non-
fossil carbon sources are used to produce synthesis gas, in order to contribute to a sustainable 
solution. Instead, when synthesis gas is produced from fossil sources, such as natural gas or 
coal, CO2 concentrations in the earth’s atmosphere will continue to rise. In George Olah’s 
methanol economy, CO2 that is released from industrial processes, for instance, during the 
combustion of waste, is envisaged to be used for the production of synthesis gas, which, in 
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turn, is used to produce methanol. In this way, no new CO2 is introduced into the atmosphere 
by using products and fuels that are derived from methanol. Since 2012, a CO2-to-renewable-
methanol plant has been running in Iceland, producing 4 kton of methanol per year.29 MTO 
processes can play an important role in such a methanol economy. In this PhD thesis, the MTO 
process and the zeolite-based catalysts used in this catalytic process are studied using various 
analytical and spectroscopic techniques. 

1.2 Methanol-to-Olefins 

1.2.1 History 
The Methanol-to-Hydrocarbons (MTH) process was discovered by researchers at Mobil in the 
1970s. They discovered that methanol could be converted over zeolite ZSM-5 at high 
temperatures, to yield a mixture of hydrocarbons, including lower olefins, paraffins, and 
aromatics.30,31 It is no coincidence that this process was developed shortly after the discovery 
of zeolite ZSM-5,32 since its acidic and porous properties are key factors in the MTH process. 
Around the time that the MTH process was developed, the 1970s oil crises resulted in very 
high crude oil prices. Therefore, since the production of methanol from other carbon sources, 
such as coal, was already an established technique, it was proposed that the MTH process 
could be used as an alternative way to produce hydrocarbon fuels instead of oil refining. Mobil 
further optimized the MTH process in order to yield a product mixture with similar properties 
to gasoline, and the process was called the Methanol-to-Gasoline (MTG) process. By 1985, a 
commercial MTG plant was operational in New Zealand, producing 14500 barrels of gasoline 
per day, using zeolite ZSM-5 in a fixed bed as catalyst and natural gas as carbon source.33 
However, soon after the opening of the MTG plant, crude oil prices became lower, eventually 
leading to the shutdown of the MTG plant in 1997. In addition to Mobil’s MTG process, there 
are a number of other commercial MTH processes based on zeolite ZSM-5 as a catalyst, such 
as the Topsøe Integrated Gasoline Synthesis (TIGAS) process of Haldor Topsøe, the 
Methanol-to-Propylene (MTP) process of Lurgi/Air Liquide, and the Syngas-to-Fuel (STF) 
process of CAC Chemnitz. Since 2009, driven by high crude oil prices, several commercial 
MTH units based on zeolite ZSM-5 catalysts have been realized and announced in China and 
the USA, as well as demonstration and semi-commercial units in the USA and Germany. 

In the 1980s, a new class of porous materials called SAPO or zeotype materials, with 
properties similar to zeolites, was discovered.34 Similar to the development of the first MTH 
process shortly after the discovery of zeolite ZSM-5, a new MTH process was developed by 
UOP/INEOS a few years after the discovery of these SAPO materials. This new MTH process, 
using zeotype SAPO-34 as catalyst in a fluidized bed reactor, was optimized for high selectivity 
toward lower olefins and was called the Methanol-to-Olefins (MTO) process.35,36 In 2009, a 
semi-commercial demonstration unit of the UOP/INEOS MTO process was built in Belgium, 
combined with Total’s Olefin Cracking Process in order to further improve olefin selectivity. 
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At the Dalian Institute of Chemical Physics, a similar process to convert methanol or dimethyl 
ether (DME) into olefins using a SAPO-34 catalyst, called the DMTO process, was developed. 
In 2010 and 2013, the first commercial DMTO and MTO plants, respectively, were realized in 
China. The term MTO is currently not only used to describe the UOP/INEOS MTO process, 
but also used as a general term for MTH processes optimized for high olefin selectivity. It is 
noteworthy that all commercial MTH and MTO plants that have been realized so far use fossil 
fuels, such as coal or natural gas, as feedstock. When this is the case, MTH processes provide 
an alternative method for the production of petrochemicals, but not a sustainable alternative 
from an environmental perspective.26,36 Since MTH processes are alternatives to petrochemical 
processes, their development is very dependent on the crude oil price. In Figure 1.2, a timeline 
is shown, indicating the key moments in MTH and MTO development, related to the price of 
crude oil. 

 

Figure 1.2. Timeline showing the development of (top) MTH processes based on zeolite 
ZSM-5, and (bottom) MTO processes based on SAPO-34 catalysts. In the background, the 
crude oil price is shown in brown, indicating that development of commercial MTH processes 
can be related to crude oil price. 

1.2.2 Zeolite and Zeotype Catalysts 
As mentioned above, zeolite and zeotype materials are used as catalysts in MTH processes. 
Zeolites are crystalline silicoaluminate materials containing micropores with a very well-
defined pore size. The zeolite framework can be viewed as a SiO2 framework built from SiO4 
tetrahedra, in which some Si atoms are replaced by Al atoms, and every oxygen atom is 
connected to two Si or Al atoms. An all-silica framework is neutrally charged, but when Si 
atoms, which have a charge of 4+, are replaced by Al atoms, which have a charge of 3+, the 
resulting material is negatively charged. The negative charge of the zeolite framework is 
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compensated by extra-framework cations. When H+ is used as cation, an OH-group is formed, 
which acts as a Brønsted acid site, as can be seen in Figure 1.3. 

Similar framework structures can also be built from other atoms, and these materials are called 
zeotype materials. Aluminophosphate (AlPO) materials are zeotype materials built from AlO4 
and PO4 tetrahedra with a ratio of Al/P = 1, which results in a neutral framework. Both Al and 
P atoms can be replaced by Si atoms, resulting in a silicoaluminophosphate (SAPO) 
framework. When a P atom with a charge of 5+ is replaced by Si with a charge of 4+, the 
framework becomes negatively charged, and, similarly to silicoaluminate materials, the 
negative charge can be compensated by a proton, resulting in a Brønsted acid site. 

 

Figure 1.3. Brønsted acid sites in (a) zeolite silicoaluminate materials, and (b) zeotype 
silicoaluminophosphate materials. 

The Brønsted acidity of zeolite and zeotype materials provides the catalytic activity for many 
different catalytic processes. Their well-defined micropores with dimensions in the same range 
as molecular dimensions make zeolites very shape-selective catalysts. Zeolites can also be used 
as support material for metal catalysts, combining the porous structure of the zeolite with the 
catalytic activity of the metal, or in some cases even as a bifunctional catalyst, combining the 
activity of the metal catalyst with the zeolite Brønsted acidity. Furthermore, zeolite and 
zeotype materials have excellent hydrothermal stability, making them able to catalyze 
processes at high temperatures for a long time with little irreversible deactivation. In the Fluid 
Catalytic Cracking (FCC) process, one of the most important petroleum conversion processes, 
zeolite domains in the catalyst are used to provide cracking activity and shape selectivity.37 
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Table 1.1. Overview of zeolite structures studied in this PhD thesis. 

Medium-pore frameworks 
MFI (ZSM-5) 

3-D pore structure, straight pores (5.1 x 5.5 Å2) and zig-zag pores (5.3 x 5.6 Å2) 

 

Small-pore frameworks 
CHA (SAPO-34, SSZ-13) DDR (Sigma-1, ZSM-58) LEV (SAPO-35, Nu-3) 

3-D pore structure, cages 
interconnected by windows 
(3.8 x 3.8 Å2) 

2-D pore structure, cages 
interconnected by windows 
(3.6 x 4.4 Å2) 

2-D pore structure, cages 
interconnected by windows 
(3.8 x 4.4 Å2) 

   

 

There are many different zeolite frameworks, which all have a different pore structure, and 
some of these zeolite structures occur naturally. The first synthetic zeolite materials were 
made toward the end of the 1960s. Over the years, many new zeolite frameworks have been 
discovered, and as of now, there are 235 known framework structures, which are all identified 
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by a unique three-letter code.38 However, only a relatively small number of these zeolite 
frameworks are used in catalytic processes. The zeolites that are used the most in catalytic 
processes are sometimes referred to as the “big five” zeolites: zeolite Y (FAU), ZSM-5 (MFI), 
mordenite (MOR), ferrierite (FER), and zeolite beta (BEA).39,40 A distinction can be made 
between large-pore, medium-pore, and small-pore zeolite frameworks. In small-pore zeolites, 
the pore dimensions are limited by eight-membered rings of metal atoms, which results in 
pores with a maximum diameter of ca. 4 Å. Medium-pore zeolites are limited by ten-
membered rings, resulting in pores with diameters between 4 and 6 Å. Large-pore zeolites are 
limited by twelve-membered rings or larger, resulting in pore diameters > 6 Å. The big five 
zeolites all have medium or large pores. However, more recently, small-pore zeolites are 
increasingly being applied for catalysis, most notably zeolites with the CHA topology, e.g., 
SAPO-34. 

As discussed above, for commercial MTH processes, zeolite ZSM-5 (MFI structure) and 
zeotype SAPO-34 (CHA structure) are used as catalyst materials. Medium-pore MFI catalysts 
can be used to produce various different hydrocarbons, with sizes ranging from small olefins 
to small aromatic molecules. Processes based on small-pore CHA catalysts, however, are 
always optimized for selectivity toward lower olefins, because the pore structure of CHA does 
not allow larger products to diffuse through the pores. In Table 1.1, the zeolite framework 
structures that are investigated in this PhD thesis are shown. Apart from the medium-pore 
MFI framework and the small-pore CHA framework, two other small-pore zeolite frameworks 
are used in this work, i.e., DDR and LEV.  

1.2.3 Methanol-to-Hydrocarbons Mechanism 
In the Methanol-to-Hydrocarbons (MTH) process, hydrocarbons are produced from methanol 
over acidic zeolite catalysts at temperatures above 300 °C. The overall reaction equation for 
MTH processes is as follows:  

	
∆	 	 	 	 /

 

where (CH2)n stands for a typical mixture of aromatics, olefins, and paraffins. The exact 
enthalpy of reaction depends on the product distribution. 

Over the years, there has been much discussion on the exact mechanism of MTH processes. 
In the early days of MTH, direct mechanisms were proposed. However, the activation energies 
for the formation of C-C bonds with direct reaction mechanisms were shown to be relatively 
high, making it unlikely that direct mechanisms are responsible for the majority of the 
hydrocarbon products formed.41 Although direct reaction mechanisms are not considered to 
be prevailing the during MTH processes, they are still studied because of their role in the 
beginning of the reaction, when the first hydrocarbon species are formed.42–45 
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Since the beginning of this century, the most widely accepted mechanism for MTH processes 
is the hydrocarbon pool (HP) mechanism. In this mechanism, the active sites for the production 
of hydrocarbons are a combination of Brønsted acid sites and a pool of retained hydrocarbon 
species, which can be either neutral or charged by the zeolite framework.46 The retained 
hydrocarbon species are alkylated by the methanol feed, and subsequently, olefins are formed 
by dealkylation of these species. The nature of this hydrocarbon pool depends on the type of 
zeolite framework, because the size and shape of the zeolite pores dictate which hydrocarbon 
pool species fit inside the pores. Consequently, the detailed reaction mechanism over medium-
pore zeolites, such as MFI, differs from the mechanism for small-pore zeolites, such as CHA.26 
In Figure 1.4, an early version of the hydrocarbon pool, as proposed by Dahl and Kolboe is 
shown, in which the nature of the hydrocarbon pool was still largely unknown. 

 

Figure 1.4. Early version of the hydrocarbon pool mechanism. Adapted from Dahl and 
Kolboe.47 

More recently, it was discovered that the formation of different reaction products was 
mechanistically separated, which led to the description of the hydrocarbon pool method as a 
dual-cycle mechanism. During MTH processes, a cycle based on alkene intermediates that are 
alkylated by methanol and subsequently dealkylated mainly yields propylene and larger 
alkenes, whereas a cycle based on aromatic intermediates that are alkylated by methanol 
mainly yields ethylene and small aromatics as products, as can be seen in Figure 1.5.26,48 The 
dual-cycle mechanism was proposed for MTH processes with zeolite ZSM-5 as catalyst, but 
similar mechanisms have been proposed to apply to other zeolite catalysts as well. In order to 
control product selectivity, efforts have been made to influence the prevalence of the two 
different cycles relative to each other. For instance, to increase selectivity toward lower olefins 
and especially propylene, the alkene cycle should be promoted. However, there are more ways 
to influence product selectivity, which will be discussed in the following section. 
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Figure 1.5. Dual-cycle mechanism proposed for MTH over zeolite ZSM-5 catalysts. 
Reproduced from Olsbye et al.26 

1.2.4 Product Selectivity 
In the current industry, where feedstocks and relative demands of different olefins are 
changing, being able to control product selectivity is an important asset for a process used for 
producing olefins. One of the approaches mentioned above to change product selectivity is to 
use the shape selectivity that comes from the crystalline micropore structure of the zeolite 
catalysts. Because zeolite pore sizes are in the same range as the size of small petrochemicals, 
the exact dimensions of the zeolite pores and cages determine which hydrocarbons can be 
formed inside the pores, and which hydrocarbons can exit the pores as products. ZSM-5 
catalysts with the MFI structure contain ten-ring pores, through which small aromatic 
hydrocarbon species that are formed inside the zeolite can exit as a product. This results in a 
gasoline-like product mixture containing olefins, small aromatics, and paraffins when zeolite 
ZSM-5 is used as catalyst for the MTH process. Zeolite or zeotype materials with the CHA 
topology, such as SAPO-34, have a pore network consisting of large cages, interconnected by 
small eight-ring windows. Because larger species that are formed within the zeolite cages, 
such as small aromatics, cannot exit the catalyst through the eight-ring windows, these CHA 
materials are very selective toward lower olefins. 

However, shape selectivity is not the only way to control product selectivity. The product 
selectivity of MTH processes can also be controlled by changing the catalyst properties, such 
as acidity, or by changing reaction conditions. Reaction conditions that have shown to increase 
olefin selectivity over zeolite H-ZSM-5 are low methanol pressures and high reaction 
temperatures.26,49,50 Changing the acid strength and acid site density by varying the Si/Al ratio 
is often used in order to influence lifetime and selectivity of the catalyst.11,51 Furthermore, 
many other elements have been added to or incorporated into the zeolite structure, in order 
to control product selectivity and catalyst lifetime. Phosphorous-modification of ZSM-5 has 
been shown to increase propylene selectivity and has a positive effect on catalyst lifetime 
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during MTO.52,53 Introducing alkaline earth metals, such as Mg and Ca, into the zeolite 
material has also been shown to increase propylene selectivity and lifetime of the catalyst. 
However, the exact origin of these effects is still debated.54–61  

1.2.5 Catalyst Deactivation 
As with all catalytic processes, zeolite catalysts for the MTO process deactivate after a certain 
period of time. The main cause for deactivation is deposition of carbonaceous species, or coke, 
onto the zeolite. These deposits block access to the active sites. Deactivation of the zeolite 
catalyst by formation of coke is a reversible process, because coked catalysts can be 
regenerated by burning off the coke at temperatures above 500 °C in the presence of 
oxygen.42 On a much longer timescale compared to the deactivation by coke deposition, 
destruction of the zeolite material leads to irreversible deactivation. Irreversible deactivation 
is typically caused by dealumination of the zeolite, which leads to a reduction of Brønsted 
acidity and therefore to deactivation of the catalyst.62 

The amount and nature of coke deposits can be characterized using a wide variety of analytical 
techniques.63 To determine the amount of coke, thermogravimetric techniques, such as 
thermogravimetric analysis (TGA) and Tapered-Element Oscillation Microbalance (TEOM), 
can be applied.64 In order to obtain more information on the chemical composition of the 
carbonaceous deposits, a variety of spectroscopic techniques can be applied, such as Nuclear 
Magnetic Resonance (NMR),65 Raman spectroscopy,66 infrared (IR) spectroscopy,67,68 UV–vis 
spectroscopy,68–74 and X-ray spectroscopy.75,76 In addition to coke characterization, analyzing 
the catalyst material itself is important to get more insight into how the catalyst material is 
affected by coke formation and other deactivation processes. To study changes in crystallinity 
of zeolites during the reaction, X-ray diffraction can be used.77–82 Physisorption techniques can 
be applied to detect changes in porosity, surface area, and pore volume of the zeolite 
materials. Spectroscopic techniques, such as 29Si, 27Al, or 31P NMR, and FT-IR spectroscopy, 
can be applied to detect chemical changes in the zeolite structure.83 

Traditionally, these characterization techniques are applied before the reaction or afterwards, 
when the catalyst is deactivated. However, coke formation during MTO has an important role 
in the overall reaction mechanism. Hydrocarbon pool species that are actively producing 
olefins can also act as coke precursor molecules. Therefore, in addition to analyzing the 
amount and nature of coke before and after reaction, it is important to also measure the rate 
and chemistry of coke formation during the reaction. By using the above-mentioned 
characterization techniques in situ, i.e., under more realistic reaction conditions, or under 
operando conditions, i.e., while the MTO process is running, more information can be 
extracted about the mechanism of coke formation, and its relation to the overall catalytic 
performance of the catalyst material. This information can be used in order to prevent or 
control coke formation and improve catalyst lifetime. 
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In previous work from our group, in situ UV–vis and fluorescence microspectroscopy were used 
to get more insight in the accumulation of coke on individual zeolite crystals, showing that 
coke accumulates during the reaction and that the formation of coke starts at the outside of 
zeolite crystals.70,74,84–86 More recently, using Atom Probe Tomography (APT), it was shown 
that coke preferably forms in regions of higher Al content, i.e., higher acid site density, within 
a zeolite crystal.87 Operando IR and UV–vis spectroscopy have been used to identify 
deactivating species and to relate the formation of specific species to the stage of the 
reaction.68,71,73,88 

Although MTO processes are already commercially applied and research in the past decades 
has answered many questions about the MTO mechanism, some scientific and technological 
challenges still remain. For instance, it is known that smaller aromatics can act as active species 
in the dual-cycle mechanism, and that coke usually consists of large polyaromatic structures. 
However, the boundary between active and deactivating species, or the point at which an 
active species becomes deactivating is not very clear. Furthermore, as mentioned before, many 
different zeolite modifications are applied in order to achieve better selectivities and catalyst 
lifetime. Often, however, the exact cause for the improved catalyst properties is not known. 
A better understanding of deactivation processes and the effect of modification procedures 
will ultimately give more control in designing and developing better catalysts for MTO. 

1.3 Scope of This PhD Thesis 

The scope of this PhD thesis is to investigate zeolite-based catalysts used for the Methanol-
to-Olefins (MTO) process under true operando conditions. In this way, more insight into the 
mechanism and deactivation of the MTO process can be obtained. The focus lies on 
investigating the nature and evolution of hydrocarbon species that are retained on the catalyst 
under operando conditions, i.e., during the MTO process, and linking the formation and 
evolution of these retained species to activity and deactivation. Zeolite catalysts that show 
high selectivity toward lower olefins, and specifically toward propylene, are studied. These are 
catalysts that could be used in MTO processes aiming to selectively produce lower olefins from 
other sources than crude oil. This PhD thesis is divided into two parts, discussing two different 
approaches for zeolite catalyst designs with a high selectivity toward lower olefins during the 
MTO process. 

In Part I, three distinct small-pore zeolite frameworks are used in the MTO process, using 
shape selectivity to optimize selectivity toward lower olefins. In Chapter 2, three small-pore 
zeolite frameworks, i.e., CHA, DDR, and LEV, are compared during methanol conversion at 
different reaction temperatures. Using operando UV–vis spectroscopy, the hydrocarbon 
species that are retained on the zeolite during the reaction are studied, in order to understand 
the differences in reaction mechanism and deactivation between the different zeolite 
frameworks, caused by small differences in pore dimensions. In Chapter 3, the same three 
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zeolite frameworks are compared. In addition to comparing the nature and evolution of the 
retained hydrocarbon species during the reaction, the effect of these hydrocarbon pool species 
on the zeolite lattice is also examined. Using operando X-ray diffraction, the expansion of the 
zeolite caused by retained hydrocarbons is studied. 

In Part II, zeolites with the medium-pore MFI topology are studied. Instead of shape selectivity 
in order to achieve high selectivity toward olefins, modification of the catalyst material is used. 
In Chapter 4, H-ZSM-5 and magnesium-modified ZSM-5 are compared in the MTO process. 
Using operando UV–vis spectroscopy, the nature and evolution of retained hydrocarbon 
species are followed, and compared for the two catalyst materials. Furthermore, using a setup 
with multiple spectrometers, spatiotemporal differences in the formation of retained 
hydrocarbons along the reactor bed are studied. 

In Chapter 5, the main findings and conclusions of this PhD thesis are summarized, and the 
future perspectives of MTO processes and MTO research are discussed.  
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Chapter 2 

Insights into the Activity and 
Deactivation of the Methanol-to-Olefins 
Process over Different Small-Pore 
Zeolites As Studied with Operando UV–
vis Spectroscopy 

Abstract 

The nature and evolution of the hydrocarbon pool (HP) species during the Methanol-to-
Olefins (MTO) process for three small-pore zeolite catalysts with a different framework 
consisting of large cages interconnected by small eight-ring windows, CHA, DDR, and LEV, 
were studied at reaction temperatures between 350 and 450 °C using a combination of 
operando UV–vis spectroscopy and online gas chromatography. It was found that small 
differences in cage size, shape, and pore structure of the zeolite frameworks result in the 
generation of different hydrocarbon pool species. More specifically, it was found that the large 
cage of CHA results in the formation of a wide variety of hydrocarbon pool species, mostly 
alkylated benzenes and naphthalenes. In the DDR cage, 1-methylnaphthalene is preferentially 
formed, while the small LEV cage generally contains fewer hydrocarbon pool species. The 
nature and evolution of these hydrocarbon pool species were linked with the stage of the 
reaction using multivariate analysis of the operando UV–vis spectra. In the 3-D pore network 
of CHA, the reaction temperature has only a minor effect on the performance of the MTO 
catalyst. However, for the 2-D pore networks of DDR and LEV, an increase in the applied 
reaction temperature resulted in a dramatic increase in catalytic activity. For all zeolites studied 
in this chapter, the role of the hydrocarbon species changes with reaction temperature. This 
effect is most clear in DDR, in which diamantane and 1-methylnaphthalene are deactivating 
species at a reaction temperature of 350 °C, whereas at higher temperatures diamantane 
formation is not observed and 1-methylnaphthalene is an active species. This results in a 
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different amount and nature of coke species in the deactivated catalyst, depending on zeolite 
framework and reaction temperature. 

2.1 Introduction 

Lower olefins (C2 – C4) are important basic chemicals used in many applications, such as the 
catalytic production of various plastics, including high and low density polyethylene (HDPE, 
LLDPE) and polypropylene (PP).1 Traditionally, these lower olefins are produced from crude 
oil fractions.2 However, in view of a more sustainable future and the depletion of crude oil 
reserves, alternative sources of energy and materials have to be developed. The production of 
fuels and lower olefins from sources other than crude oil, for example, via methanol, can play 
an important role in the change to a society that is less dependent on crude oil. This process 
is called the Methanol-to-Hydrocarbon (MTH) process. Methanol can be synthesized from 
synthesis gas, which can be produced from virtually any carbon source. This means that not 
only coal and natural gas can be used in the MTH process, but also more sustainable resources, 
such as biomass and waste. As explained in Chapter 1, the MTH process is catalyzed by zeolite 
or zeotype catalysts, which contain Brønsted acid sites that provide the catalytic activity. 
Zeolites have a well-defined micropore structure, and the pore dimensions of these materials 
are important in determining the final product distribution. When the main products of the 
MTH process are lower olefins, the process is referred to as Methanol-to-Olefins (MTO).3 
Zeolite frameworks with medium-sized pores, such as MFI (i.e., ZSM-5), generally yield 
products in the gasoline range, but the selectivity toward lower olefins can be increased by 
tuning the properties of the catalyst and the reaction conditions.3–5 Small-pore frameworks, 
such as CHA (i.e., SAPO-34 and SSZ-13), are very selective toward the formation of lower 
olefins, because larger organics that are formed inside the zeolite cannot exit as reaction 
products. Recently, besides the CHA framework, other small-pore zeolites, such as LEV, DDR, 
AEI, RHO, KFI, ITH and AFX, have also been identified as interesting candidates for the MTO 
process.6–14 Small differences in the framework topology of these small-pore zeolites can have 
a large effect on both product selectivity and the intermediate species involved in the MTO 
process.6,15,16 For instance, DDR catalysts exhibit a high selectivity toward ethylene and 
propylene over C2 and C3 paraffins due to their pore structure.7,17 

Since the beginning of this century, the most widely accepted mechanism for MTO processes 
is the hydrocarbon pool (HP) mechanism.3,18 In this mechanism, the active site for the 
production of olefins is the combination of a Brønsted acid site and a pool of retained 
hydrocarbon species, which can be either neutral or charged by the zeolite framework. 
However, the exact nature of the hydrocarbon pool and detailed reaction mechanism are still 
the subject of debate, and depend on the type of zeolite framework, i.e., the exact mechanism 
for MTO over medium-pore zeolites, such as MFI, differs from the mechanism for small-pore 
zeolites, such as CHA.5,19–23 The main reason for deactivation of MTO catalysts is the formation 
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of carbonaceous deposits, or coke, during the reaction. These carbonaceous deposits can 
originate from hydrocarbon pool species which are not active in producing olefins anymore, or 
they can be formed at the external surface of the zeolite crystals. Therefore, a distinction can 
be made between deactivation caused by filling all zeolite pores with carbonaceous deposits, 
and by coke located at the external surface of the zeolite, which prevents access to the zeolite 
pores.3,5,23,24 

In situ and operando spectroscopy methods, such as UV–vis, IR, fluorescence, and X-ray 
spectroscopy, are very useful tools for following the formation of these hydrocarbon pool 
species inside zeolite materials during the conversion of methanol or other reactants. This can 
lead to a better understanding of the mechanism and deactivation of zeolite-based 
catalysts.3,25–28 The hydrocarbon pool consists of volatile species, such as olefins and (poly)enyl 
species, as well as neutral and charged aromatic structures, which absorb ultraviolet and visible 
light. The species that are retained and accumulate inside the zeolite can be followed 
especially well with spectroscopic methods. Previously, UV–vis spectroscopy has been applied 
to follow the formation of coke during different catalytic reactions including MTO, both on 
bulk samples29–31 and on the individual particle level.32,33 Besides coke deposits, MTO 
intermediates have also been studied with in situ UV–vis spectroscopy, relating the UV–vis 
spectra of the catalyst material to the stage of the reaction.22,25,29,31,34–38 

In this chapter, operando UV–vis spectroscopy (i.e., UV–vis spectroscopy combined with online 
product analysis), as well as chemical analysis of the carbonaceous deposits that are formed 
during the conversion of methanol over small-pore zeolites, were applied to gain more insight 
into the MTO mechanism as well as into the evolution of the hydrocarbon pool. More 
specifically, a comparison was made between three different zeolite frameworks that consist 
of large cages that are interconnected by eight-ring windows, i.e., CHA (zeolite SSZ-13), DDR 
(zeolite Sigma-1), and LEV (zeolite Nu-3). The dimensions and shapes of these zeolites and 
their cages are shown in Table 2.1. By comparing the aluminosilicate versions of the selected 
zeolite frameworks, the acid strength of the materials was kept constant, in order to make the 
comparison based on the differences in framework structure as relevant as possible. 

2.2 Experimental 

2.2.1 Materials and Their Synthesis 
The synthesis procedures of the zeolites under study were taken from existing recipes with 
some modifications from the open literature.39–42 In all cases, Ludox HS-40 was used as silica 
source and NaAlO2 as alumina source. All chemicals were purchased from Sigma-Aldrich 
unless specified otherwise and were used without any further purification. 

Zeolite SSZ-13 with CHA topology was synthesized according to Zhu et al.39 using N,N,N-
trimethyl-1-adamantammonium hydroxide (TMAdaOH) provided by SACHEM Inc. as 
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structure directing agent (SDA) and gel composition TMAdaOH/NaOH/SiO2/Al2O3/H2O = 
20:20:102.8:2.2:4400. At first, 25 % of TMAdaOH solution was mixed with a solution of 
0.077	g of sodium aluminate and 0.32 g of sodium hydroxide in 8.51 g of deionized water. 
When the solution became clear, 6.95 g of Ludox HS-40 and 17.26 g of deionized water were 
added and kept for aging for 4 h under constant stirring. The obtained mixture was transferred 
to autoclaves and subjected to hydrothermal synthesis at 160 °C for 120 h. 

Zeolite Sigma-1 with DDR topology was synthesized as described in Stewart’s patent43 using 
1-adamantylamine (ADA) as SDA and gel composition of ADA/Na2O/SiO2/Al2O3/H2O = 
20:3:60:1:2400. Crystals were obtained via hydrothermal synthesis of the gel in an autoclave 
at 180 °C for 144 h. The detailed synthesis procedures can be found elsewhere.17,44 

Zeolite Nu-3 with LEV topology was also synthesized according to Stewart’s patent41 using 
ADA as SDA and a gel composition of ADA/Na2O/SiO2/Al2O3/H2O = 20:3.5:60:3.5:2400. In a 
typical synthesis, 10.66 g of Ludox HS-40 was mixed with 3.6 g of ADA and 30.4 g of 
deionized water and stirred for 15 min followed by the addition of 0.67 g of sodium aluminate 
dissolved in 14.64 g of deionized water. The obtained mixture was aged for another 30 min 
and then transferred to autoclaves and subjected to hydrothermal synthesis at 200 °C for 
160	h. 

The obtained zeolite crystals were thoroughly washed with deionized water and dried 
overnight. All three zeolite materials obtained by the above-described recipes were further 
subjected to ball-milling following the exact methodology as described elsewhere.17 
Subsequent syntheses of zeolites with CHA, DDR, and LEV topology were performed by seed-
assisted growth using the ball-milled crystals with corresponding topology as seed solution 
(0.1 wt%). The amount of Al in each gel composition was modified in such a way to obtain 
the desired Si/Al ratio, whereas the synthesis time was reduced to 16 h. The as-synthesized 
crystals were calcined for 10 h at 650 °C independently of the zeolite topology and were 
converted to their protonic forms by triple ion-exchange in aqueous NH4NO3 solution (1 M, 
80 °C, 2 h, 100 mL per gram of zeolite) followed by calcination at 550 °C. 

The methanol, HPLC grade (99.99 % pure), used for catalytic testing was obtained from Acros 
Organics. 

2.2.2 Materials Characterization 
Temperature-programmed desorption of NH3 (NH3-TPD) was performed on a Micromeritics 
Autochem II 2920 equipped with a TCD detector. Before adsorption of NH3 at 100 °C, ca. 
100 mg of zeolite was heated to 600 °C in N2 flow for 1 h. After that, the sample was flushed 
with N2 for 1 h at 100 °C to remove physisorbed NH3. Subsequently, temperature-
programmed desorption of the adsorbed NH3 was performed at a rate of 5 °C min-1 to 600	°C. 

CO adsorption followed by IR spectroscopy was performed on self-supporting catalyst wafers 
of ca. 15 mg, which were placed in a vacuum cell. After heating the wafer in vacuum for 1 h 
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at 400 °C, the cell was cooled to -196 °C using liquid N2. After that, the CO pressure was 
gradually increased to ca. 10 mbar and IR spectra were recorded with a PerkinElmer 2000 
FT-IR spectrometer. 

To determine the Si/Al ratio of the zeolites, the samples were digested in an aqueous mixture 
of 1 % HF and 1.25 % H2SO4. Subsequently, elemental analysis was done by inductively 
coupled plasma-optical emission spectrometry (ICP-OES), on a PerkinElmer Optima 4300 DV 
instrument. 

2.2.3 Operando UV–vis Spectroscopy 
Catalytic testing was performed using 50 mg of catalyst in a quartz rectangular fixed bed 
reactor (ID = 6 mm × 3 mm) with a weight hourly space velocity (WHSV) of 1 g g-1 h-1. A sieve 
fraction of 0.2 – 0.4 mm zeolite particles was used, and the resulting bed length was ca. 5 mm. 
A He flow with a methanol saturation of ca. 13 % was obtained by flowing He as carrier gas 
through a saturator containing methanol at 20 °C. Operando UV–vis spectra were obtained 
using an AvaSpec 2048L spectrometer connected to a high-temperature UV–vis optical fiber 
probe, which was used to collect spectra in reflection mode. Online analysis of the reactant 
and reaction products was performed using an Interscience Compact GC, equipped with an 
Rtx-wax and Rtx-1 column in series and an Rtx-1, Rt-TCEP and Al2O3/Na2SO4 column in 
series, both connected to an FID detector. Details of the experimental setup can be found in 
earlier papers of our group.29,45–47 

Methanol conversion was calculated as follows: 

	  

The yield of the hydrocarbons was based on carbon atoms and calculated using 

 

2.2.4 Characterization of Retained Hydrocarbons 
Hydrocarbons trapped inside the catalyst material after catalytic testing were analyzed by 
dissolving the zeolite framework and extracting the hydrocarbons using CH2Cl2. Typically, 
15	mg of spent catalyst was dissolved in 1 mL of a 45 % HF-solution in a Teflon container. 
The organic compounds were extracted from the water phase two times by the addition of 
1	mL CH2Cl2. Analysis of the extracted phase was performed on a Shimadzu GCMS-QP2010 
GC/MS system, equipped with an Agilent VF-5 ms column. 

To quantify the amount of coke formed during methanol conversion, thermogravimetric 
analysis (TGA) was performed on the spent catalyst samples. Ca. 10 mg of spent catalyst was 
heated in O2 flow to 800 °C to burn off the carbonaceous deposits, after drying in N2 flow for 
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1 h at 150 °C. The weight loss during this process was recorded using a PerkinElmer Pyris 1 
TGA attached to a mass spectrometer. 

2.3 Results and Discussion 

2.3.1 Bulk Characterization 
Table 2.1 summarizes the bulk characterization data of the zeolite materials under study. The 
crystal size of the three samples was determined by SEM, as shown in Figure 2.1a – c, and 
was typically between 200 and 800 nm. The Si/Al ratio of the material was measured using 
ICP-OES. The acidity of the different catalyst materials was assessed with NH3-TPD and by 
IR spectroscopy using CO as a probe molecule. The NH3 desorption curves of all of the samples 
show two peaks, one low-temperature peak at 167 °C and one high-temperature peak above 
400 °C, corresponding to weak and strong acid sites, respectively (Figure 2.1d).48 The total 
amount of acid sites was obtained by integrating the area under the desorption curves and 
corresponds well to the amount of Brønsted acid sites calculated from the Si/Al ratio of the 
catalyst (Table 2.1). The Si/Al ratio is lower for DDR and LEV than for CHA, resulting in a 
higher concentration of accessible Brønsted acid sites. However, since the number of acid sites 
per cage is still well below 1, the chance that a cage contains more than one acid site is low, 
so this is not expected to change the mechanism of the reaction. The temperature of the high-
temperature desorption peak is slightly lower for DDR than for the other two framework 
structures (i.e., 405 vs. 435 and 425 °C, see Table 2.1 and Figure 2.1d), which could indicate 
that the strength of the Brønsted acid sites in DDR is lower than in the other two zeolites. To 
verify this, the Brønsted acid strength was determined by performing CO adsorption at low 
temperatures, followed by IR spectroscopy (Figure 2.1e – g). The shift of the IR peak 
originating from OH-vibrations of Brønsted acid sites upon adsorption of CO, which is 
measured under equilibrium conditions, gives a more precise indication of the acid strength.49 
The measurements reveal a very similar acid strength for the three zeolite frameworks under 
study. On the basis of the above-discussed measurements, we can conclude that, for the 
purpose of this work, a comparison of the different zeolite frameworks based on their 
structural differences (i.e., their pore structure and cage size), the amount and strength of acid 
sites of the different frameworks show a good enough similarity. 



Insights into Activity and Deactivation of the MTO Process over Different Small-Pore Zeolites 

31 

 
Figure 2.1. SEM micrographs of (a) CHA, (b) DDR, and (c) LEV crystallites; (d) NH3-TPD 
profiles of CHA (black), DDR (red), and LEV (blue); FT-IR spectra of (e) CHA, (f) DDR, and 
(g) LEV zeolites before (black) and after (red) adsorption of CO. 
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Table 2.1. Framework Properties and Acidity of the Zeolite Materials under Investigation. 

 

 

CHA DDR LEV 

Cage dimensions (Å2)50 

   

Window dimensions 
(Å2)50 

3.8 x 3.8 3.6 x 4.4 3.8 x 4.4 

Crystal shape cubic platelet cuboid 

Pore structure (2-D/3-D) 3-D 2-D 2-D 

Si/Al ratio (measured 
with ICP/theoretical) 

59/60 50/30 n.d./30 

Amount of acid sites 
(mmol NH3/g cat.) 

0.29 0.34 0.80 

Acid sites per cage 0.20 0.39 0.41 

NH3-TPD peak 1 (°C) 167 167 167 

NH3-TPD peak 2 (°C) 435 405 425 

IR shift of Brønsted OH-
peak upon CO 
adsorption (cm-1) 

315 316 307 

 

2.3.2 Catalytic Performance 
The catalytic activity of the different zeolite materials for the conversion of methanol into 
olefins was tested at three different reaction temperatures: 350, 400, and 450 °C. The 
conversion of methanol and formation of products were monitored using online GC analysis 
and are discussed in this section, whereas the formation of the hydrocarbon species inside the 
zeolite crystals was analyzed using operando UV–vis spectroscopy. The latter will be discussed 
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in a later section. However, it is important to stress that both types of measurements were 
done in the same experimental setup and at the same time; in other words, the reported 
experiments are performed under true operando spectroscopy conditions. 

During the experiment, all catalyst materials exhibit a short induction period, followed by a 
period in which 100 % of the methanol is converted. During this phase, methanol is converted 
into the main products: ethylene, propylene, and butylene. In addition, small amounts of 
dimethyl ether (DME), C5 olefins, and paraffins are formed. Methanol conversion and yields 
of C2 – C4 olefins are shown in Figure 2.2. The maximum total yield of C2 – C4 olefins follows 
the order: CHA > DDR > LEV. For LEV, the total yield of C2 – C4 olefins is lower compared to 
the other two frameworks, and the other products are mainly C5 olefins and DME. Small 
amounts of paraffins, mainly methane and propane, are formed for all frameworks and their 
yields are presented in Figure 2.3. The sum of these products during 100 % conversion of 
methanol < 1. This is because larger products, such as aromatics, that are unable to leave the 
material because of the size of the eight-ring windows, are retained inside the zeolite. In 
general, the formation of propylene stays relatively constant with increasing time-on-stream 
and with reaction temperature during the period of 100 % conversion. However, the formation 
of ethylene increases with increasing reaction temperature and also with increasing time-on-
stream. Simultaneously, the butylene yield decreases with increasing time-on-stream. After 
this period, the activity drops quickly. At that point, we observe that the remaining conversion 
of methanol is toward the production of DME. Since DME is often used as a reactant in the 
MTO process, the catalyst is not considered active anymore when DME is the main product 
formed. 

We defined the start of deactivation as the point where methanol conversion drops below 
90	%. The amount of methanol that is converted before deactivation, which is summarized in 
Table 2.2, is higher for CHA than for DDR and LEV. A combination of different factors can 
explain the higher stability of CHA. First of all, CHA has the highest volume of cages per gram 
of material, which results in a longer active period before all pores of the material are filled 
with deactivating species.51 Also, CHA contains fewer acid sites per cage, which is known to 
have a beneficial effect on the lifetime of zeolite MTO catalysts.3,52 Finally, the 3-D pore 
structure of CHA leads to less diffusion limitations, which makes it easier for both methanol 
and products to diffuse through the crystals and results in a higher stability against pore 
blockage. Furthermore, the catalytic stability of DDR and LEV increases at higher reaction 
temperatures, whereas for CHA the stability is relatively independent of the reaction 
temperature. This indicates that the mechanism of deactivation is different for the different 
zeolite frameworks and at different reaction temperatures. 
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Figure 2.2. Catalytic performance and yields of C2 – C4 olefins during the conversion of 
methanol for (a) CHA, (b) DDR, and (c) LEV zeolites at a reaction temperature of 350, 400, 
and 450 °C at a WHSV of 1 h-1. 

 
Figure 2.3. Yields of methane and propane during MTO for (a) CHA, (b) DDR, and (c) LEV 
zeolites at reaction temperatures of 350, 400, and 450 °C. 
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Table 2.2. Catalytic Performance of the Different Zeolite Framework Structures in the 
Methanol-to-Olefins (MTO) Process and Related Coke Amount of the Spent Catalyst Sample, 
Measured with Thermogravimetric Analysis (TGA). 

  g MeOH / g cat. converted*  coke level of spent catalyst (wt%) 

T (°C) CHA DDR LEV CHA DDR LEV 

350 6.2 0.6 0.7 20.6 9.3 13.4 

400 7.0 1.8 1.7 19.7 11.5 15.0 

450 6.1 3.1 2.3 16.9 11.6 14.3 

* Until deactivation, i.e., methanol conversion below 90 %. 

2.3.3 Analysis of the Retained Hydrocarbons 
To quantify the amount of coke formed in the zeolite catalysts, the spent catalyst samples 
were analyzed using thermogravimetric analysis (TGA) after removing them from the 
operando spectroscopy reactor setup. In an O2 flow, the spent samples were heated to 800	°C, 
resulting in the combustion of the retained hydrocarbon species. The total weight loss during 
this process is summarized in Table 2.2 and was used to measure to what extent the pores of 
the spent zeolite catalyst were filled. The maximum amount of carbonaceous deposits that 
can fit inside the pores of the three zeolite frameworks was calculated, assuming that a single 
DDR cage can accommodate two benzene molecules or one heavily branched coke molecule.7 
The cage volumes were calculated considering the cages as cylinders, with the dimensions 
reported in Table 2.1. Based on this, the maximum amount of coke is ca. 17 wt% for CHA, 
ca. 12 wt% for DDR and ca. 15 wt% for LEV.50 Since the amount of coke in the deactivated 
catalyst samples of CHA for reaction temperatures of 350 and 400 °C is more than the amount 
that can fit inside the cages, it means that external coke also has to be present. This is 
supported by the high intensity of the IR-band at 3735 cm-1 for the CHA sample, indicating 
that more external acidity is present in CHA than in the other two frameworks, causing the 
formation of external coke. The fact that more external coke is usually observed at higher 
reaction temperatures makes it likely that external coke will also play a role at a reaction 
temperature of 450 °C. When external coke is also present in the CHA sample used for MTO 
at 450 °C, it means that the pores of the catalyst are less filled than the samples used at 350 
and 400 °C. For the DDR and LEV zeolites, the amount of coke determined by TGA does not 
exceed the maximum amount that can be contained inside the cages. However, the presence 
of external coke cannot be ruled out. The pores of the DDR and LEV catalysts are completely 
filled with carbonaceous deposits at reaction temperatures of 400 and 450 °C, whereas at a 
reaction temperature of 350 °C, the pores of the catalyst are not completely filled. In the cases 
where all pores are filled, it is likely to be the reason for deactivation of the catalyst, because 
it is impossible for methanol and the products to diffuse through the pores. In the cases where 
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not all pores are filled, the reason for deactivation is assumed to be pore blockage, either by 
species in the outer regions of the catalyst particles, or by external coke. 

Identification of the hydrocarbons inside of the deactivated catalyst was performed by the 
dissolution of the spent zeolite samples in a concentrated HF solution, which allows the 
trapped hydrocarbon species to be analyzed. After dissolution of the framework, the 
hydrocarbons were extracted using dichloromethane (DCM) and GC/MS analysis of the 
solution was performed to give more insight in the chemical nature of the hydrocarbon pool 
species. With this method, only the soluble fraction of the coke can be analyzed. Large coke 
species, such as the coke that forms at the outside of the zeolite, are not soluble in DCM and 
will not be extracted.53,54 The chromatograms are shown in Figure 2.4. Identification of most 
species was done using a library of mass spectra. However, to confirm the presence of 
1-methylnaphthalene and diamantane, reference materials were used, which confirmed that 
these species were indeed present. 

 
Figure 2.4. GC/MS results for the extracted species in (a) CHA, (b) DDR, and (c) LEV. 

For CHA, the chromatograms show a broad distribution of species ranging from methylated 
benzenes to methylated naphthalenes and pyrene. At higher reaction temperatures, the 
average number of methyl groups on methylated naphthalenes is higher compared to the 
amount of methyl groups at lower reaction temperatures. 

For DDR, the main species in the extracted hydrocarbons are alkylated naphthalenic species. 
At 400 and 450 °C, the most abundant peak in the GC/MS spectrum is from 
1-methylnaphthalene. At 350 °C, the presence of diamantane is also observed in DDR. This 
is in agreement with previous studies in which similar diamondoid species have been reported 
during the conversion of methanol at low temperatures.55 The resemblance between 
diamantane and 1-adamantylamine, the SDA used in the synthesis of Sigma-1 DDR zeolites, 
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is most likely the reason for the stability of these diamantane molecules in the DDR cages at 
low reaction temperatures. To ensure that the diamantane found in DDR was not formed from 
residual SDA, a fresh DDR sample was also dissolved in HF, but neither diamantane nor 
1-adamantylamine was found. 

For LEV, at reaction temperatures of 400 and 450 °C, mainly naphthalene was present in the 
spent catalyst and almost no larger species were detected. Comparing the size of the LEV 
cage with the size of methylated naphthalene species, it is very likely that methylated 
naphthalenes do not fit inside the LEV cages.31 For the sample that catalyzed the reaction at 
350 °C, almost no naphthalene was extracted from the spent catalyst, but methylated 
benzenes were present. This indicates that the deactivation of LEV at this reaction 
temperature might be caused by methylated benzene species. 

2.3.4 Operando UV–vis Spectroscopy 
Operando UV–vis spectroscopy was used to follow the formation of hydrocarbon species inside 
the zeolite catalyst. The operando UV–vis spectra during the conversion of methanol over 
CHA, DDR, and LEV are shown in Figure 2.5. In all experiments, an increase in absorbance 
with increasing time-on-stream is observed. This indicates that, during the conversion of 
methanol, hydrocarbon species accumulate in the zeolite. In the first few spectra, while the 
first hydrocarbon species are formed inside the zeolite, the absorbance increases quickly and 
distinct absorption bands are visible. After this first period, the increase in absorbance slows 
down, and the absorption bands become broader. In all experiments, in addition to the 
formation of absorption bands, an increase in absorbance over the whole range of 
wavenumbers is observed with increasing time-on-stream. This general darkening of the 
zeolite is most likely caused by the formation of larger carbonaceous deposits on the outer 
surface of the zeolite crystals due to external acidity of the zeolites. 

On the basis of literature results, combined with the previously described GC/MS analysis of 
the retained species, assignments for the UV–vis absorbance bands were made, which are 
shown in Figure 2.6.22,29,34,37,56 In the UV region (i.e., above 35000 cm-1) neutral aromatic 
species absorb light, whereas at lower wavenumbers, absorption bands are assigned to 
conjugated carbocations, including protonated aromatics. With increasing size of the 
conjugated carbocations, the absorption band occurs at lower wavenumbers. Neutral and 
charged polyaromatic species absorb at wavenumbers below 23000 cm-1. 
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Figure 2.5. Operando UV–vis spectra during the conversion of methanol at 350, 400, and 
450	°C over (a) CHA, (b) DDR, and (c) LEV zeolite. Red spectra indicate deactivation, i.e., 
methanol conversion lower than 90 %. 

 
Figure 2.6. Overview of the UV–vis bands and related assignments of relevance to the 
Methanol-to-Hydrocarbon reaction over zeolite-based materials. 

For CHA, the reaction starts with the formation of bands around 34000 and 26000 cm-1, 
because of monoenyl species and charged polyalkylated benzene species. This is followed by 
the growth of bands around 30500 and 23000 cm-1, because of charged monoenyl or 
cyclopentenyl species and charged naphthalene species. After that, bands around 36000 and 
25000 cm-1 are formed, indicating that there are both neutral and charged aromatics present, 
which keep growing until the end of the reaction. These bands correspond well with the 
intermediates known from the hydrocarbon pool mechanism. 

During the conversion of methanol over DDR, bands at 34000 and at 26000 cm-1 are visible 
in the beginning of the reaction at all reaction temperatures, similar to the beginning of the 
reaction in CHA. After a short period, bands at 36000 and 25000 cm-1 are formed, which keep 
growing until the end of the reaction. The band around 25000 cm-1 has a remarkably sharp 
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shoulder around 24800 cm-1, which indicates that there is a narrow distribution of hydrocarbon 
species contributing to this band. Using the GC/MS analysis of the retained species described 
above, this feature was assigned to charged 1-methylnaphthalene, which is clearly formed 
preferentially in the DDR cage. At a reaction temperature of 350 °C, the formation of 
1-methylnaphthalene indicates the start of the deactivation of the catalyst, while at 400 and 
450	°C, the catalyst remains active when this species is formed. 

The development of spectral features in the LEV zeolite starts similar to the operando UV–vis 
spectra of CHA and DDR, with the formation of absorption bands related to monoenyl species 
and alkylated benzene. However, later in the reaction, the intensity of the absorption bands 
stays much lower, and the shape of the feature around 25000 cm-1 is much less pronounced. 
This makes specific spectral assignments of the observed features challenging. Similarly to 
DDR, the formation of a sharp feature at 24800 cm-1 in LEV is correlated with deactivation at 
a reaction temperature of 350 °C, but not at higher reaction temperatures. 

The fact that the exact shape of the operando UV–vis spectra differs significantly between the 
different zeolites means that, although all three zeolites consist of relatively large cages that 
are interconnected by eight-ring windows, different retained hydrocarbons are present during 
MTO, which is a result of the difference in the size and shape of the cages, since the other 
properties of the samples are very comparable. For CHA, the absorbance in the entire spectral 
region is much higher than for DDR and LEV, and the spectral features are broader. This 
indicates that the CHA zeolite contains more retained hydrocarbons and also a broader 
distribution of species than DDR and LEV. This corresponds well with the observations in the 
GC/MS and TGA analysis of the retained hydrocarbons. 

2.3.5 Deconvolution of UV–vis Spectra and Chemometrics 
In order to get more specific information on the band positions from the broad and often 
convoluted bands in the operando UV–vis spectra, for every experiment five spectra were 
selected for deconvolution (i.e., one during the induction period, two during the active period 
and two during deactivation). The broad bands in these spectra were deconvoluted by fitting 
the spectrum with Gaussian curves using the program Fityk.57 The deconvolution was 
performed by manually choosing a set of Gaussians as a first estimate, and fitting these 
Gaussians to the experimental data. In some cases, peak widths and positions were fixed 
manually in order to avoid too broad bands (i.e., FWHM > 10000 cm-1) to appear in the 
deconvolutions. The operando spectra that were selected for deconvolution were always taken 
at the same time in the reaction. The first spectrum of each experiment was used, as well as 
the first spectrum where the catalyst was deactivated (i.e., methanol conversion < 90 %). The 

three spectra in between were taken at ,  and	  of the time before deactivation. As 

mentioned before, an increase in absorbance over the complete range of wavenumbers was 
observed for all experiments, indicating the formation of extended coke deposits located at 
the external surface of the material. To improve the quality of the deconvolutions, this general 
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darkening was removed from the spectrum by the subtraction of the absorbance value at 
12500 cm-1 as a baseline. The deconvoluted UV–vis spectra are presented in Figures 2.7 – 2.9. 

During methanol conversion over the CHA zeolite, a band between 24400 and 25800 cm-1 is 
present at all temperatures and during all phases of the reaction (green Gaussian). This band 
has been assigned to highly methylated benzene carbocations, which are active species in the 
MTO process.31,34,58 These species are also observed in the GC/MS of the retained 
hydrocarbons. Also, a band between 15500 and 17500 cm-1 is observed in all experiments 
(blue Gaussian), indicating the presence of polyaromatic species.29,31,34,37,59,60 The region 
between 28000 and 40000 cm-1 is very convoluted and contains almost no features, which 
makes it impossible to deconvolute it very accurately. The region is a convolution of at least 
three bands, caused by the presence of neutral aromatics and monoenyl, dienyl, and 
cyclopentenyl carbocations.22,56,61,62 

For DDR, the operando UV–vis spectra are dominated by a sharp band around 25000 cm-1. 
This band is a convolution of a band between 25500 and 26000 cm-1 (green Gaussian), which 
originates from methylated benzene carbocations, and a very sharp band around 24500 – 
24800 cm-1 (orange Gaussian). Based on the dominant presence of this band in the UV–vis 
region of the spectrum and the large amount of 1-methylnaphthalene in the GC/MS of the 
retained material, we assign this UV–vis feature to charged 1-methylnaphthalene, as described 
before. Diamantane, which according to GC/MS is also present in the catalyst at low 
temperatures, absorbs light in the deep-UV region around 51600 cm-1, so this will not be visible 
with the UV–vis spectrometer used for this work.63 The band at 20000 cm-1 (blue Gaussian) is 
due to polyaromatics, and in the case of DDR, the features in the region between 28000 and 
40000 cm-1 are a convolution of at least two absorption bands: a small band around 31000 cm-1 
from monoenyl or charged cyclopentenyl species and a large band around 36000 cm-1 from 
neutral aromatic species. 

In LEV, the band around 26000 cm-1 (green Gaussian) is also present and at reaction 
temperatures of 400 and 450 °C, the sharp feature around 24600 cm-1 (orange Gaussian) 
indicating the presence of 1-methylnaphthalene is also found, but the absorbance and the 
contribution to the overall spectrum is much lower than that for DDR. The band below 
30000	cm-1 is very convoluted and has contributions from naphthalenic and polyaromatic 
species. These species most likely reside outside the zeolite crystal, because they do not fit 
inside the LEV cages. 
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Figure 2.7. Deconvoluted operando UV–vis spectra for the MTO reaction over CHA zeolite at 
a reaction temperature of (a) 350 °C, (b) 400 °C, and (c) 450 °C. Black markers represent 
experimental data points. The red line represents the sum of all Gaussians. Colors of individual 
Gaussian functions are indicated in the text. 
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Figure 2.8. Deconvoluted operando UV–vis spectra for the MTO reaction over DDR zeolite at 
a reaction temperature of (a) 350 °C, (b) 400 °C, and (c) 450 °C. Black markers represent 
experimental data points. The red line represents the sum of all Gaussians. Colors of individual 
Gaussian functions are indicated in the text. 
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Figure 2.9. Deconvoluted operando UV–vis spectra for the MTO reaction over LEV zeolite at 
a reaction temperature of (a) 350 °C, (b) 400 °C, and (c) 450 °C. Black markers represent 
experimental data points. The red line represents the sum of all Gaussians. Colors of individual 
Gaussian functions are indicated in the text. 
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In order to study the kinetic evolution of the retained hydrocarbons inside the zeolites in more 
detail, the time evolution of the operando UV–vis spectra was analyzed using Multivariate 
Curve Resolution (MCR). This chemometric analysis was performed using the MCR-ALS 
toolbox,64 which performs a deconvolution of the data matrix of the complete time series of 
UV–vis spectra into contributions of pure components. These components are not necessarily 
pure chemical phases or species. Similar to Principal Component Analysis (PCA), MCR 
provides a decomposition that maximizes the explained variance in the data, but allows 
defining constraints for the obtained components. The constraints can then be chosen to be 
physically or chemically meaningful, such as non-negativity and unimodality of the obtained 
components (a component here means a set of UV–vis spectral features that show the same 
time behavior). Using this method and the terminology typically used in PCA, the time series 
of the operando UV–vis spectra was split into two parts: components, i.e., UV–vis spectral 
features that follow the same kinetics during the reaction, and the contributions of these 
components versus time. An initial estimate of the contributions was made using Evolving 
Factor Analysis.64 Because it is unlikely that a group of species that has disappeared during the 
reaction reappears later in the reaction, a unimodality constraint was imposed on the 
contributions of components over time. Also, a non-negativity constraint was applied. As in 
PCA, summing up all components multiplied by their corresponding contributions results in a 
reconstruction of the original operando UV–vis spectra. The number of components needed 
to describe the original data set to a specific precision can be checked by inspecting the 
cumulative variance explained (CVE) by the chosen components. For an accurate 
reconstruction of the original spectra (CVE > 99.9 %), three components were needed in most 
cases. 

The components and contributions for CHA, DDR, and LEV are shown in Figures 2.10 – 2.12. 
The time behavior of the contributions is similar for all experiments. At the beginning of the 
reaction, when the methanol conversion is almost immediately 100 %, there is an immediate 
formation of absorbing species, which is represented by the blue component. After some time, 
while the catalyst remains active, a second group of spectral features, represented by the black 
component becomes dominant in the operando UV–vis spectra. With increasing time-on-
stream, the spectral features represented by the red component increase until the catalyst 
starts deactivating. At the moment that the catalyst is fully deactivated, the overall UV–vis 
spectrum is almost identical to the red component. Because the UV–vis spectra are an average 
over the whole catalyst bed and since some species can be present during the entire reaction, 
the different components can have some overlap. However, there are clear differences 
between the components that can be used in combination with their contributions to describe 
the evolution of the retained hydrocarbon pool species over time. 
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Figure 2.10. (left) MCR-ALS components and (right) their respective contributions to the 
overall operando UV–vis spectra vs. time for the conversion of methanol over CHA zeolite at 
a reaction temperature of (a) 350 °C, (b) 400 °C, and (c) 450 °C. The colors of the contribution 
plots correspond to the colors of the components. 
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Figure 2.11. (left) MCR-ALS components and (right) their respective contributions to the 
overall operando UV–vis spectra vs. time for the conversion of methanol over DDR zeolite at 
a reaction temperature of (a) 350 °C, (b) 400 °C, and (c) 450 °C. The colors of the contribution 
plots correspond to the colors of the components. 
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Figure 2.12. (left) MCR-ALS components and (right) their respective contributions to the 
overall operando UV–vis spectra vs. time for the conversion of methanol over LEV zeolite at a 
reaction temperature of (a) 350 °C, (b) 400 °C, and (c) 450 °C. The colors of the contribution 
plots correspond to the colors of the components. 

In the case of CHA, at reaction temperatures of 350 and 400 °C, the blue component that is 
dominant in the beginning of the reaction contains two bands around 35000 and 25000 cm-1, 
which can be assigned to monoenyl carbocations and alkylated benzene carbocations, 
respectively. These are species that can be correlated with the formation of the hydrocarbon 
pool inside the zeolite, i.e., the induction period. At a reaction temperature of 450 °C, only 
two components were enough to reconstruct the original spectra (CVE > 99.9 %), which 
behave similarly in time to the black and red components at lower temperatures. This indicates 
that at this reaction temperature, the induction period species develop into the active species 
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faster. The broad feature around 25000 cm-1 is visible in the black component at a reaction 
temperature of 450 °C, which is dominant during the active period, whereas at reaction 
temperatures of 350 and 400 °C, this feature is part of the red component, which is correlated 
with deactivation. 

For DDR at all reaction temperatures, the blue component that is dominant in the beginning 
of the reaction mainly contains a band at 34000 cm-1, which can be assigned to monoenyl 
carbocations. These monoenyl species can be correlated with the formation of the 
hydrocarbon pool inside the zeolite, i.e., the induction period. The black component is present 
during the active period of the reaction. It consists of a broad spectral feature below 
35000	cm-1, from neutral HP species, and it has sharper features around 20000 cm-1. At 400 
and 450 °C, a sharp feature at 24500 – 24800 cm-1 ascribed to 1-methylnaphthalene is visible 
in the black component during the active period of the reaction, indicating that 
1-methylnaphthalene acts as an active species in the MTO process at these reaction 
temperatures. Methylated naphthalenes have been shown to be active species for MTO in 
various other studies, both experimental and theoretical.65–67 At 350 °C, this feature is present 
in the red component, which means that 1-methylnaphthalene is a deactivating species at 
350	°C, in contrast to its role at higher reaction temperatures. The red components for the 
reaction temperatures of 400 and 450 °C contain very similar spectral features, but at the 
higher reaction temperature it grows faster. 

In the case of LEV, the different components are less well-resolved than those for the other 
two zeolite materials, making it challenging to observe a general trend with changing of the 
reaction temperature. This is likely caused by the high degree of convolution and lack of clear 
features in the operando UV–vis spectra. However, the general trend in the contributions of 
the different components with time-on-stream is similar to the other zeolite frameworks. 

2.3.6 Proposed Deactivation Mechanism 
Using the kinetics of the formation of different species described by the chemometric analysis, 
it is possible to follow the evolution of the retained hydrocarbon pool species using operando 
UV–vis spectroscopy. The three distinct components represent the species that are 
predominant during the three stages of the MTO process, which are schematically drawn in 
Figure 2.13: 

Stage I: Induction period 

Stage II: Active period 

Stage III: Deactivation 
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Figure 2.13. Proposed model to relate the different stages of the Methanol-to-Olefins (MTO) 
reaction to the observed chemometric trends. 

Combining this with the bulk chemical analysis of the deactivated catalysts, a deactivation 
model can be proposed for the three different zeolites at different reaction temperatures. 
Figure 2.14 shows a schematic overview of the deactivation by carbonaceous deposits in the 
different zeolite crystals after conversion of methanol at different reaction temperatures, 
based on the analysis of the coke by TGA and GC/MS, combined with the chemometric 
results. The squares represent individual zeolite crystals, and the colors indicate which species 
are present in the different regions of the crystal. 

TGA results for CHA catalysts show that at reaction temperatures of 350 and 400 °C, the 
deactivated catalyst contains both external coke and carbonaceous deposits inside all cages. 
At these reaction temperatures, the catalyst deactivates when the broad feature around 
25000	cm-1 becomes more dominant in the UV–vis spectrum, i.e., when all pores become filled 
with methylated naphthalene species. At a reaction temperature of 450 °C, a lower amount 
of carbonaceous deposits is detected in the deactivated catalyst using TGA. The feature around 
25000 cm-1 is part of the black component, which means that it represents active species rather 
than deactivating species. At this reaction temperature, deactivation of the catalyst is due to 
the formation of external coke. 
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Figure 2.14. Schematic of the type of deactivation by carbonaceous deposits throughout the 
different zeolite crystals at different reaction temperatures. 

At 350 °C, DDR deactivates when 1-methylnaphthalene is formed, which at that temperature 
is not active in performing the MTO reaction. Also, inactive diamantane species are formed. 
At the moment these species are formed, they block access to the center of the catalyst 
particle, which results in the catalyst particles not being completely filled with carbonaceous 
deposits when the catalyst is deactivated. The effect of the deactivation of catalysts by 
blockage of pores at the outside of the crystal has been observed as well in previous studies, 
in which large zeolite crystals were used for the MTO process.27,35,37 At reaction temperatures 
of 400 and 450 °C, 1-methylnaphthalene is an active species, and deactivation of the catalyst 
occurs when all of the cages of the zeolite are filled, preventing methanol and products to 
reach the active species to continue the conversion of methanol into olefins. Previous studies 
have shown that methylated naphthalenes can be active species in MTO, but with higher 
energy barriers than methylated benzene.67 The energy barriers for methylation and 
dealkylation of hydrocarbon pool species have a strong influence on the reaction rate in MTO 
and can have a different value in different zeolite frameworks.31,68 This could explain the effect 
of the applied reaction temperature on the activity of 1-methylnaphthalene, indicating that 
higher reaction temperatures are needed to make the methylation of 1-methylnaphthalene 
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and subsequent dealkylation possible. Another explanation for the dependence on reaction 
temperature is that diffusion is more difficult in the 2-D DDR pore network than in the 3-D 
CHA framework. 

The deactivation for LEV is similar to that of DDR. At 350 °C, the pores of the deactivated 
catalyst are not completely filled, while this is the case at 400 and 450 °C. Similarly to DDR, 
the dependence on reaction temperature is also expected to originate from high activation 
energies of some of the active species and the fact that diffusion is more difficult in the 2-D 
LEV pore network than in the 3-D CHA framework. Because the LEV cage is smaller than the 
cages of the other two frameworks, larger HP species do not fit in the LEV framework, which 
explains the faster deactivation and the smaller species found in GC/MS analysis of the 
extracted species. 

To verify whether species that are deactivating at a lower reaction temperature indeed become 
active at higher reaction temperatures, temperature-programmed experiments were 
performed. Methanol was converted at a reaction temperature of 350 °C until the start of 
deactivation, after which the reaction temperature was increased to 400 °C, and subsequently 
to 450 °C. The resulting activity data and UV–vis spectra are shown in Figures 2.15 – 2.17. It 
is visible that upon increasing the reaction temperature, activity is restored for a short period 
of time. This effect, called reanimation, has been observed before for MFI catalysts and occurs 
due to the dealkylation of aromatic species that were alkylated at lower reaction 
temperatures.5 The reanimation is most pronounced for the DDR zeolite when the reaction 
temperature is increased from 350 to 400 °C. For DDR, the reanimation period at 400 °C goes 
together with a large increase in absorbance in the UV–vis spectra. To a lesser extent this also 
holds for LEV, whereas the UV–vis spectra for CHA show only little change during the 
reanimation period. These results show that alkylated aromatics that are not active at low 
reaction temperatures can become active at higher reaction temperatures because the higher 
reaction temperature facilitates dealkylation reactions of these species. In the case of DDR 
and LEV, this also results in a more extensive filling of the zeolite pore network with 
carbonaceous deposits, especially when going from 350 to 400 °C, as can be seen from the 
large increase in UV–vis absorbance. 
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Figure 2.15. (a) Temperature program, methanol conversion, and yield of C2 – C4 olefins during 
the reanimation experiment over CHA, and (b) corresponding UV–vis spectra. 

 
Figure 2.16. (a) Temperature program, methanol conversion, and yield of C2 – C4 olefins during 
the reanimation experiment over DDR, and (b) corresponding UV–vis spectra. 
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Figure 2.17. (a) Temperature program, methanol conversion, and yield of C2 – C4 olefins during 
the reanimation experiment over LEV, and (b) corresponding UV–vis spectra. 

2.4 Conclusions 

Three zeolite frameworks, namely CHA, DDR, and LEV, consisting of large cages 
interconnected by eight-ring windows were compared in the MTO reaction. Using a 
combination of online product analysis and operando UV–vis spectroscopy during the reaction, 
along with bulk chemical analysis of the hydrocarbon deposits by GC/MS and TGA, 
mechanistic information was obtained. Although the pore structures of the three zeolite 
materials under comparison are similar in the way that they consist of large zeolite cages 
interconnected by eight-ring windows, it was shown that small differences in size and shape 
of the cages are responsible for a distinctly different nature of the hydrocarbon pool in the 
different frameworks. The results clearly show that in this way, the exact size and shape of 
the zeolite cages have a big influence on the mechanism and deactivation of catalysts during 
MTO. Additionally, the difference between the 2-D and 3-D pore networks also has a clear 
influence on catalyst deactivation. 

In order to describe the evolution of the operando UV–vis spectra and thus to understand the 
evolution of the retained hydrocarbon pool species during the reaction, the operando UV–vis 
spectra were analyzed using multivariate analysis, in which three components and the 
contribution of these components to the overall spectra were found to sufficiently describe 
the changes in the operando UV–vis spectra. The three obtained components represent the 
predominant spectral features during the induction period, active period, and the period where 
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the catalyst deactivates, respectively. By varying the reaction temperature, it could be 
established that whereas the nature of the retained hydrocarbons depends mainly on the 
framework, the role of certain HP species (active or deactivating) can change depending on 
the temperature of the reaction, which influences the deactivation mechanism. 

For CHA, at reaction temperatures of 350 and 400 °C, formation of external coke is observed, 
but deactivation occurs once all pores are filled with naphthalene species. At a reaction 
temperature of 450 °C, formation of external coke is also observed and the catalyst deactivates 
before all pores are filled with naphthalene species, indicating that at that reaction 
temperature deactivation is mainly caused by the external coke. 

The role of 1-methylnaphthalene in DDR is deactivating at 350 °C, but it acts as an active 
species at 400 and 450 °C, probably due to a high activation energy of the reaction pathway 
involving 1-methylnaphthalene as active species. This causes the DDR catalyst to deactivate 
upon formation of these naphthalenic species at 350 °C. Additionally, at this reaction 
temperature, diamantane is formed, which also contributes to the deactivation of the catalyst. 
These deactivating species form in the outer regions of the zeolite crystal, preventing access 
to the center of the catalyst particles. Because of that, the spent catalyst is not completely 
filled with carbonaceous deposits after performing the MTO process at 350 °C. At 400 and 
450 °C, when 1-methylnaphthalene is an active species, deactivation is caused by complete 
filling of the zeolite pores. 

A trend similar to that for DDR is observed in the deactivation of the LEV catalyst. Species 
that are deactivating and block the pores of the material at 350 °C, act as active species at 
400 and 450 °C, resulting in the complete filling of the pores of the deactivated material at 
the higher reaction temperatures. 
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Chapter 3 

Revealing Lattice Expansion of Small-
Pore Zeolite Catalysts during the 
Methanol-to-Olefins Process Using 
Combined Operando X-ray Diffraction 
and Operando UV–vis Spectroscopy 

Abstract 

In small-pore zeolite catalysts, where the size of the pores is limited by eight-ring windows, 
aromatic hydrocarbon pool molecules that are formed inside the zeolite during the Methanol-
to-Olefins (MTO) process cannot exit the pores and are retained inside the catalyst. 
Hydrocarbon species whose size is comparable to the size of the zeolite cage can cause the 
zeolite lattice to expand during the MTO process. In this chapter, the formation of retained 
hydrocarbon pool species during MTO at a reaction temperature of 400 °C was followed using 
operando UV–vis spectroscopy. During the same experiment, using operando X-ray diffraction 
(XRD), the expansion of the zeolite framework was assessed, and the activity of the catalyst 
was measured using online gas chromatography (GC). Three different small-pore zeolite 
frameworks, i.e., CHA, DDR, and LEV, were compared. It was shown using operando XRD 
that the formation of retained aromatic species causes the zeolite lattice of all three 
frameworks to expand. Because of the differences in the zeolite framework dimensions, the 
nature of the retained hydrocarbons as measured by operando UV–vis spectroscopy is different 
for each of the three zeolite frameworks. Consequently, the magnitude and direction of the 
zeolite lattice expansion as measured by operando XRD also depends on the specific 
combination of the hydrocarbon species and the zeolite framework. The catalyst with the CHA 
framework, i.e., H-SSZ-13, showed the biggest expansion: 0.9 % in the direction along the 
c-axis of the zeolite lattice. For all three zeolite frameworks, based on the combination of 
operando XRD and operando UV–vis spectroscopy, the hydrocarbon species that are likely to 
cause the expansion of the zeolite cages are presented; methylated naphthalene and pyrene 



Chapter 3 

60 

in CHA, 1-methylnaphthalene and phenalene in DDR, and methylated benzene and 
naphthalene in LEV. Filling of the zeolite cages and, as a consequence, the zeolite lattice 
expansion cause the deactivation of these small-pore zeolite catalysts during the MTO 
process. 

3.1 Introduction 

In the Methanol-to-Olefins process over zeolite catalysts, as discussed in the previous chapter, 
methanol reacts with a hydrocarbon pool inside the zeolite pores. This hydrocarbon pool 
consists of aromatic and olefinic hydrocarbons that can be neutral or charged by the zeolite 
framework, depending on which step of the reaction mechanism is taking place. These 
hydrocarbon pool species are methylated by the methanol feed, and subsequently dealkylated 
to form the main MTO products, i.e., lower olefins.1 Depending on their size, these 
hydrocarbon pool species can also leave the zeolite as products themselves. For example, small 
aromatics, such as methylated benzenes, can leave medium-pore zeolite frameworks, such as 
MFI, which have ten-ring pores with a pore diameter of ca. 5 Å. However, when small aromatic 
molecules are formed in small-pore zeolite frameworks, such as CHA, with eight-ring pores 
with a diameter < 4 Å, these molecules cannot exit the pores and are retained inside the zeolite 
pores. For this reason, during the MTO process over zeolite catalysts, hydrocarbons 
accumulate in the zeolites with increasing time-on-stream. These species can be active 
hydrocarbon pool species, that are being methylated by the methanol feed and subsequently 
dealkylated to form MTO products, but they can also grow into species that are not active in 
producing olefins anymore. These species inside the zeolite pores deactivate the catalyst by 
preventing access to the active species.2 In addition, hydrocarbons can also be deposited on 
the outer surface of the catalyst, where they can grow into large polyaromatic structures that 
also block the zeolite pores. Inactive hydrocarbons inside or outside the zeolite pores that 
deactivate the catalyst by preventing methanol from reaching the active sites, or by preventing 
products from leaving the zeolite pores are referred to as coke, and coke formation is the main 
reason for deactivation of MTO catalysts. Following the evolution of the hydrocarbon pool 
and the retained species is important for understanding the MTO process and deactivation of 
the catalyst. Accumulation of hydrocarbon species inside the zeolite catalyst can be 
investigated using operando spectroscopic techniques, such as nuclear magnetic resonance 
(NMR),3 Raman,4 infrared,5,6 and UV–vis spectroscopy.6–12 

Formation of hydrocarbon species inside the zeolite pores can cause the zeolite framework to 
expand. Zeolites are crystalline microporous materials, and when the zeolite framework 
expands because of the formation of hydrocarbon species that build up inside the cages, the 
lattice parameters of the crystalline zeolite change. This change in lattice parameters can be 
characterized using X-ray diffraction (XRD). It has been shown before using X-ray diffraction 
that the buildup of hydrocarbons inside the pores of the zeolite can cause the zeolite pore 
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network to expand. This phenomenon has been studied extensively by Wragg and co-workers. 
Primarily, lattice expansion caused by hydrocarbon formation in SAPO-34 catalysts (CHA 
framework) has been studied using a combination of ex situ laboratory XRD, as well as in situ 
synchrotron-based XRD.13–18 In addition to SAPO-34, change in lattice parameters of other 
small-pore SAPO-materials, such as SAPO-18 (AEI framework),14 as well as medium-pore 
zeolite materials including ZSM-22 (TON framework)19 and ZSM-5 (MFI framework), have 
been investigated.20 Wragg et al. observed that in zeotype SAPO-34 catalyst with CHA 
framework topology, bulky hydrocarbon species cause an expansion of the zeolite cages in the 
direction of the c-axis of ca. 2 – 3 % during the conversion of methanol to olefins at a reaction 
temperature of 440 – 500 °C, while the a- and b-axes showed almost no change.13,16 In a recent 
paper by Svelle et al., the deactivation of ZSM-5 catalysts during the Methanol-to-Gasoline 
(MTG) process was studied using a combination of XRD and other methods to characterize 
coke formation and deactivation, such as thermogravimetric analysis (TGA) and acidity 
characterization methods. Different types of ZSM-5 catalysts showed different 
expansion/contraction behavior, but using this combination of techniques, the authors were 
able to define a descriptor for the degree of deactivation of ZSM-5 based on the difference 
in length of the zeolite lattice a- and b-axes.21 This shows that the amount of lattice expansion 
or contraction caused by coke formation is dependent on the specific zeolite framework that 
is used as catalyst. In this study, the lattice expansion of three small-pore zeolite frameworks, 
i.e., CHA, DDR, and LEV, during the conversion of methanol is studied and related to the 
hydrocarbon species that are retained during MTO. 

In Chapter 2, we have investigated the nature and evolution of the hydrocarbon pool during 
the MTO process for the same three small-pore zeolites (CHA, DDR, and LEV) using UV–vis 
spectroscopy.10 We showed that small differences in size and shape of the cages of these 
small-pore zeolites result in a different nature and evolution of the hydrocarbon pool during 
MTO, and that this has implications on activity and deactivation of the three catalysts. 
Furthermore, by combining operando UV–vis spectroscopy with other characterization 
methods, such as GC/MS of extracted coke species and thermogravimetric analysis (TGA), it 
was shown that the main reason for deactivation of these small-pore zeolites is filling of the 
pores with hydrocarbon deposits, rather than the formation of coke on the external surface of 
the zeolites. 

In this chapter, we combine operando UV–vis spectroscopy to study the formation of 
hydrocarbon species during the MTO process with operando XRD to follow the expansion of 
the zeolite lattice. The operando XRD experiments are performed in a unique laboratory 
diffractometer setup equipped with a Mo X-ray source in order to obtain enough signal, 
without the need for synchrotron radiation. The setup combines operando XRD with operando 
UV–vis spectroscopy. Activity data is obtained at the same time using online gas 
chromatography (GC). Three small-pore zeolite frameworks, i.e., CHA, DDR, and LEV, are 
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compared. In this way, a link can be made between the accumulation of hydrocarbon pool 
species, expansion of the zeolite lattice, and MTO activity. 

3.2 Experimental 

3.2.1 Materials Synthesis and Characterization 
Synthesis of the zeolite catalysts with CHA (SSZ-13), DDR (Sigma-1), and LEV (Nu-3) 
topology was performed by seed-assisted growth using crystals with the corresponding 
topology as seeds (0.1 wt%) in order to reduce synthesis time. Synthesis of the seeds was 
based on existing recipes with some modifications from the open literature.22–25 Ludox HS-40 
was used as silica source and NaAlO2 was used as alumina source. The crystals that were 
synthesized by seed-assisted growth were calcined for 10 h at 650 °C, and subsequently 
converted into their protonic form by a triple ion-exchange in aqueous NH4NO3 solution (1 M, 
80 °C, 2 h, 100 mL per gram of zeolite), followed by a calcination at 550 °C. The zeolite 
samples used in this chapter are the same as studied in Chapter 2, and a more detailed 
description of the synthesis procedure can be found there.10 

As described in Chapter 2, the physical properties of the zeolites were characterized using 
SEM and ICP-OES, whereas the acidic properties were analyzed using NH3-TPD and CO 
adsorption followed by IR spectroscopy.10 

3.2.2 Combined Operando X-ray Diffraction and UV-vis Spectroscopy 
Using a combined operando XRD and operando UV–vis spectroscopy setup, the nature and 
evolution of the hydrocarbon pool were measured using operando UV–vis spectroscopy, and 
the resulting zeolite lattice expansion was measured using operando XRD. The experimental 
setup is built inside the case of a Bruker D8 Discover diffractometer, and a previous version 
of this experimental setup was described in an earlier paper from our goup.26 In that work, the 
operando XRD measurements were used in order to identify different crystalline phases 
during different stages of a catalytic reaction. However, in the current work, the setup was 
used to follow the change in crystal lattice parameters of a single crystalline phase during the 
reaction. A schematic of the setup is shown in Figure 3.1. MoKα radiation with a wavelength 
of 0.709 Å was used. The X-rays were focused on a quartz capillary (OD 1 mm, wall thickness 
0.01 mm) using a Göbel mirror. In this way, diffraction patterns of a catalyst bed inside the 
capillary with a bed length of ca. 20 mm were recorded. Photons were detected using an 
energy dispersive Lynxeye XE-T detector, making it possible to filter Kβ radiation from the 
signal. 
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Figure 3.1. Schematic of the combined operando X-ray diffraction and UV–vis setup, showing 
the X-ray diffractometer with the mounted capillary. In the middle of the capillary, the spot 
of the UV–vis light source can be seen (see inset). 

UV–vis spectra were recorded using a high-temperature UV–vis fiber optics probe, connected 
to an AvaSpec 2048L spectrometer and an AvaLight-DH-S-BAL light source. The spectra were 
measured in the middle of the catalyst bed, in a spot with a diameter of ca. 1 mm. This means 
that whereas the operando XRD patterns are an average over the complete catalyst bed, the 
operando UV–vis spectra are taken from a much smaller amount of catalyst, in the middle of 
the catalyst bed. 

The catalyst bed was heated using an infrared furnace, and the temperature was controlled 
using a thermocouple that was inserted into the capillary and into the catalyst bed. Gas flows 
were controlled using multiple mass flow controllers that are installed inside the 
diffractometer cabinet. Both low pressure and high pressure gas can be used, making the setup 
usable not only for the MTO process, but also for other processes, such as e.g. Fischer-Tropsch 
Synthesis (FTS)26 or Fischer-Tropsch-to-Olefins (FTO). 

Products were detected online using a Thermo Scientific TRACE 1300 Gas Chromatograph 
(GC) equipped with multiple columns and multiple FID and TCD detectors, in order to detect 
MTO products, as well as methanol and dimethyl ether. 

In a typical experiment, 8 mg of catalyst with aggregate size between 150 and 212 μm is 
loaded in the capillary, resulting in a bed length of ca. 20 mm. The capillary is placed into the 
setup, and heated to 450 °C in O2 with a rate of 5 °C min-1. The catalyst is kept at 450 °C 
under an O2 flow in order to burn off any possible hydrocarbon contamination present in the 
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zeolite before starting the reaction. After 1 h, the temperature is lowered to 400 °C with a 
rate of 5 °C min-1, and the flow is switched to He. Before methanol is introduced into the 
setup, an XRD pattern is recorded. Subsequently, methanol is introduced into the capillary at 
a WHSV of 3 gMeOH gcat.

-1 h-1 by flowing the He through a saturator that is kept at ca. 40 °C, 
resulting in a MeOH concentration of ca. 34 %. During the reaction, activity data is obtained 
using online GC, and operando XRD patterns and operando UV–vis spectra are recorded. After 
deactivation of the catalyst, the methanol saturator is closed and a final XRD pattern is 
recorded. 

In order to determine the zeolite lattice parameters from XRD patterns, Rietveld refinements 
were performed on full powder patterns using TOPAS academic V5, starting with framework 
positions from the IZA-SC Database of Zeolite Structures.27 The background was fitted with 
a 5-term Chebyshev function, as well as a 1/X background function to account for air scattering 
at low angles. The lattice parameters for the hexagonal unit cell and symmetry independent 
framework atom positions were refined. The peak shape was described using a pseudo-Voigt 
function, and the crystallite size broadening was described using a Lorentzian function. To 
account for the coke in the zeolite pores after the MTO process, carbon atoms were placed 
inside the zeolite cage, and their occupancies were refined. In order to assess whether 
observed lattice expansions were statistically significant, a paired t-test was performed. Using 
this statistical method, the means and standard deviations (n = 3) of the lattice parameters of 
the zeolite materials before reaction were compared to those after performing the MTO 
reaction. The p-value resulting from this t-test represents the probability that the changes in 
lattice parameters during the MTO process are not statistically significant. In this work, 
changes in lattice parameters with a p-value > 0.05 were considered as not statistically 
significant. 

3.3 Results 

3.3.1 Comparison of Zeolite Frameworks for the MTO Process: Previous 
Results 
In Chapter 2, the three small-pore zeolite frameworks, i.e., CHA, DDR, and LEV, were 
compared during the MTO process using operando UV–vis spectroscopy and online gas 
chromatography (GC), and a more detailed discussion of the comparison of the three zeolite 
frameworks during the MTO process can be found there.10 In this section, a summary of the 
results that are important for this chapter is given. An overview of the physical properties of 
the three zeolite materials is presented in Table 3.1. It can be seen that properties, such as 
crystallite size, acid site density and acid strength, are comparable for the three zeolite 
frameworks, meaning that the comparison of the materials is mainly based on the differences 
in framework structure. The main differences in framework properties are the size and shape 
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of the zeolite cages, as well as the dimensionality of pore structure (3-D for CHA, and 2-D for 
DDR and LEV). 

Using operando UV–vis spectroscopy during the MTO process, combined with GC/MS analysis 
of the retained hydrocarbons after the MTO process, it was shown that the differences in cage 
dimensions and pore structure between CHA, DDR, and LEV result in a different nature of 
retained hydrocarbons during MTO. In the CHA cage, the hydrocarbon species inside the 
zeolite cages are various methylated benzenes and naphthalenes, whereas in the smaller and 
less symmetric DDR cage, in addition to methylated benzenes, mainly one kind of methylated 
naphthalene, i.e., 1-methylnaphthalene, is present. In the LEV cage, the smallest of the three 
cages, naphthalene was found in the cages, but methylated naphthalenes are too large to fit 
inside. Furthermore, it was shown that the reaction temperature has an important influence 
on catalyst lifetime of the DDR and LEV framework, because some species that deactivate 
the catalyst by blocking the zeolite pores at lower reaction temperature (i.e., 350 °C) are 
methylated and dealkylated to form olefins at reaction temperatures of 400 and 450 °C. At 
reaction temperatures of 400 °C and higher, filling of all zeolite cages with hydrocarbon 
species is the main reason for deactivation of the catalyst.10 
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Table 3.1. Physical properties of the zeolite materials under study.10  

 

 

CHA DDR LEV 

Cage dimensions (Å2)27 6.7 x 10.9 7.1 x 9.4 6.5 x 7.5 

Window dimensions (Å2)27 3.8 x 3.8 3.6 x 4.4 3.8 x 4.4 

Crystal shape cubic platelet cuboid 

Pore structure (2-D/3-D) 3-D 2-D 2-D 

Si/Al ratio (measured with ICP/theoretical) 59/60 50/30 n.d./30 

Amount of acid sites (mmol NH3/g cat.) 0.29 0.34 0.80 

Acid sites per cage 0.20 0.39 0.41 

NH3-TPD peak 1 (°C) 167 167 167 

NH3-TPD peak 2 (°C) 435 405 425 

IR shift of Brønsted OH-peak upon CO adsorption 
(cm-1) 

315 316 307 

 

In UV–vis spectroscopy, the difference in nature of the retained hydrocarbons inside the 
zeolite pores could also be observed. For CHA, in which the largest variety of hydrocarbon 
species is present during MTO, the UV–vis spectra generally show broad, convoluted features 
and the spectrum is dominated by a large absorption band around 25000 cm-1, caused by 
charged alkylated benzenes and naphthalenes. For DDR, a smaller variety of hydrocarbon 
species result in sharper bands in UV–vis. The large absorption band around 25000 cm-1 is also 
present, and it has a sharp shoulder at 24800 cm-1, caused by the presence of 
1-methylnaphthalene. In the small LEV cage, the band around 25000 cm-1 is much smaller, 
because the methylated benzenes and naphthalenes do not fit inside the cage.10 

3.3.2 Combined Operando UV–vis Spectroscopy and X-ray Diffraction 
In our combined operando UV–vis spectroscopy and X-ray diffraction (XRD) setup, UV–vis 
spectra were taken from a spot in the middle of the catalyst bed, whereas XRD patterns were 
taken over the complete bed during the conversion of methanol. In Figures 3.2 – 3.4, an 
overview of the data obtained for the different zeolite frameworks on the combined operando 



Revealing Lattice Expansion of Small-Pore Zeolite Catalysts during the MTO Process 

67 

XRD and UV–vis setup is presented. In (a) and (b), operando UV–vis spectra are shown as a 
contour plot and as waterfall plot, respectively; (c) and (d) show contour and waterfall plots 
of the operando X-ray diffraction patterns; and in (e) and (f) the activity data is shown. In 
principle, all data is obtained in a single experiment. However, due to the long time interval 
between subsequent GC injections compared to the timescale of the MTO process before 
deactivation, the activity data was built from three identical experimental runs; i.e., the first 
GC injections were timed at t = 0 min, t = 7.5 min, and t = 15 min, respectively, and the three 
runs were combined in order to show activity data with a higher time resolution. Due to 
limitations of the experimental setup, the methanol concentration could not be lower than ca. 
34 %, and the space velocity could not be lowered further than a WHSV of 3 gMeOH gcat.

-1 h-1. 

For CHA, the activity data shows a period of methanol conversion > 90 %, and during this 
time, the main products are lower olefins. After that, the methanol conversion drops to below 
50 %, and the olefin yield also drops. At that moment, the remaining activity is mainly toward 
the formation of dimethyl ether (DME). This behavior is similar as observed before for this 
catalyst, but with a few differences.10 First of all, changes in the activity, such as the initial 
methanol conversion of 100 % and the fast deactivation appear to occur slower in this setup 
than in the setup used in Chapter 2. This is probably caused by the difference in reactor 
dimensions, as well as by the fact that the gas flows are low compared to the relatively large 
volume between the outlet of the reactor and the online GC analysis. Because of that, some 
mixing of the gases occurs, causing changes in activity to appear slower. In addition, the 
amount of methanol converted per gram of catalyst before deactivation is lower than in 
Chapter 2, this is probably caused by differences in reactor size and shape, and by the higher 
concentration of methanol used in this chapter. 
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Figure 3.2. Overview of data obtained from the combined operando XRD and operando UV–
vis setup for the CHA catalyst: (a) contour, and (b) waterfall plot of operando UV–vis spectra 
during the conversion of methanol; (c) contour, and (d) waterfall plot of operando X-ray 
diffraction patterns during the conversion of methanol; (e) methanol conversion, and (f) lower 
olefin yield measured using online GC. 

The development of UV–vis bands is very comparable to the development of UV–vis bands 
that we observed before.10 In the beginning of the reaction, UV–vis absorption bands are 
observed at 34000 and 26000 cm-1, corresponding to the MTO induction period, when the 
initial hydrocarbon pool is formed. Subsequently, bands at 30500 and 25000 cm-1 appear, 
which grow until the catalyst deactivates. The band with the highest intensity, around 
25000	cm-1, is caused by charged alkylated benzene and naphthalene species. Also, there is a 
broad increase in absorbance over the complete range of wavenumbers, due to the formation 
of extended coke species at the outside of the zeolite crystals. After ca. 30 min time-on-
stream, when the catalyst starts to deactivate, the UV–vis spectra remain almost identical with 
increasing time-on-stream. 

The first XRD pattern shown in Figure 3.2c and d was taken before reaction, while the catalyst 
was at a temperature of 400 °C, under He flow. Subsequent XRD patterns were recorded 
during the reaction. The time needed to record an XRD pattern with sufficient quality was ca. 
23 min, meaning that the second diffraction pattern was recorded during the first 23 min of 
reaction, etc. Because 23 min is long compared to the timescale of the MTO reaction under 
these conditions, it means that low-angle peaks of the full XRD patterns are taken at a 
different moment during the reaction compared to the high-angle peaks in the same pattern. 
For this reason, the XRD patterns recorded during the reaction were not used in order to 
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determine the zeolite lattice expansion. Instead, the XRD pattern before reaction and the 
XRD pattern recorded after deactivation of the catalyst were analyzed in order to determine 
the change in lattice parameters during reaction. All XRD patterns in Figure 3.2 correspond to 
the diffraction pattern of chabazite.27 Between the first XRD pattern (i.e., before reaction) 
and the subsequent XRD patterns, some peak shifts toward lower angles are observed, which 
are best seen in the contour plot in Figure 3.2c. A peak shift toward lower angles indicates an 
expansion of the zeolite lattice. In order to quantify this expansion, the XRD patterns before 
reaction and after deactivation of the catalyst were analyzed using Rietveld refinement. The 
Rietveld refinement was carried out on XRD patterns before and after reaction for three 
separate experiments, and the results were averaged. The averaged lattice parameters before 
and after reaction, as well as the relative expansions of the zeolite framework axes are 
presented in Table 3.2. From this, it is clear that the c-axis of the CHA lattice, which is aligned 
with the long side of the CHA cage, expands 0.9 % during the MTO process. There is also a 
slight expansion of 0.2 % observed along the a- and b-axes, but this expansion is not 
statistically significant. This means that the CHA cages expand in size during the MTO 
process, and that hydrocarbons that are formed inside the cages during the MTO process 
mainly elongate the cage. In previous studies, Wragg et al. observed an expansion of the 
zeolite cages of SAPO-34 (CHA framework) in the direction of the c-axis of ca. 2 – 3 % during 
MTO at a reaction temperature of 440 – 500 °C.13 The lower observed lattice expansion in 
our work is likely caused by the fact that we used the silicoaluminate counterpart of SAPO-34, 
i.e., SSZ-13 instead of SAPO-34, which was used by Wragg et al. AlPO4-based frameworks, 
such as SAPO-34, are known to have a more flexible structure than silicoaluminate 
frameworks.28 The possible species that are responsible for the observed expansion are 
discussed in section 3.4.1. While these results show the expansion of the zeolite lattice during 
MTO, it is based only on the XRD patterns before reaction and after deactivation. The time 
resolution of XRD is not sufficient to watch the zeolite expansion as it proceeds during the 
reaction, since the majority of the peak shift has already occurred while recording the first 
XRD pattern during reaction. Therefore, in order to follow the lattice expansion of the zeolite 
with increasing time-on-stream, the experiments were also performed while only measuring 
the peak shift of one XRD peak in order to increase time resolution. These results are 
discussed in section 3.3.3. 

For DDR, the UV–vis spectra, as well as the XRD patterns and activity data are shown in Figure 
3.3. The activity data and corresponding UV–vis spectra are very similar to Chapter 2.10 From 
the beginning of the reaction, there is high methanol conversion, and during this phase, 
propylene is the main product, followed by ethylene and butylenes. As observed before, 
deactivation occurs earlier for DDR than for CHA.  
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Figure 3.3. Overview of data obtained from the combined operando XRD and operando UV–
vis setup for the DDR catalyst: (a) contour, and (b) waterfall plot of operando UV–vis spectra 
during the conversion of methanol; (c) contour, and (d) waterfall plot of operando X-ray 
diffraction patterns during the conversion of methanol; (e) methanol conversion, and (f) lower 
olefin yield measured using online GC. 

In the UV–vis spectra of DDR, an absorption band around 34000 cm-1 is present in the 
beginning of the reaction. Subsequently, a band around 36000 cm-1 and an intense band 
around 25000 cm-1 with a sharp shoulder at 24800 cm-1 due to 1-methylnaphthalene are 
formed. The change in spectral features during the reaction appears more sudden compared 
to our previous results, because in this setup, spectra are taken from a smaller part of the 
catalyst bed, so there is less averaging over the catalyst bed.10 There is less increase in 
absorbance over the complete range of wavenumbers compared to CHA, indicating that a less 
wide variety of hydrocarbon species inside the zeolite cages is formed, as well as less external 
coke.  

The XRD patterns before and during the reaction are shown in Figure 3.3c – d, and correspond 
to the DDR framework.27 The lattice parameters of the XRD patterns before reaction and 
after deactivation, calculated with Rietveld refinement, and the corresponding lattice 
expansion are shown in Table 3.2. Whereas the CHA cage expanded mostly along the c-axis, 
i.e., in the longitudinal direction of the cage, the DDR lattice expands more along the a- and 
b-axes, i.e., in the direction of the width of the cage. The expansion along the c-axis of the 
DDR cage is 0.3 %, whereas the expansion along the a- and b-axes is 0.5 %. 

For the LEV catalyst, the operando UV–vis spectra and the operando XRD patterns, as well as 
the activity data of the MTO process at 400 °C are shown in Figure 3.4. A short period of high 
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methanol conversion is observed, during which olefins are formed, and the catalyst deactivates 
after a similar time-on-stream compared to DDR, as observed before.10 However, due to the 
sampling interval of the activity data compared to the time before deactivation, the absolute 
numbers of the activity data for LEV and DDR are not reliable. 

 
Figure 3.4. Overview of data obtained from the combined operando XRD and operando UV–
vis setup for the LEV catalyst: (a) contour, and (b) waterfall plot of operando UV–vis spectra 
during the conversion of methanol; (c) contour, and (d) waterfall plot of operando X-ray 
diffraction patterns during the conversion of methanol; (e) methanol conversion, and (f) lower 
olefin yield measured using online GC. 

The operando UV–vis spectra for LEV are similar to the spectra in Chapter 2.10 The band 
around 25000 cm-1 is much smaller than for the other two zeolite frameworks, indicating that 
less aromatics, such as methylated benzene and methylated naphthalene are present inside 
the small LEV cage during methanol conversion. 

The XRD patterns shown in Figure 3.4c – d correspond to the LEV topology.27 As shown in 
Table 3.2, the expansion of the zeolite lattice due to the formation of retained hydrocarbons 
in the LEV cages is 0.5 % along the c-axis, i.e., in the direction of the length of the cage. This 
means that the LEV cage, similarly to the CHA cage and in contrast to the DDR cage, becomes 
longer, but not wider during the MTO process. 



Chapter 3 

72 

Table 3.2. Zeolite unit cell parameters, calculated using Rietveld refinement of the XRD 
patterns before the MTO process and after deactivation at a reaction temperature of 400 °C, 
and corresponding expansion of the zeolite lattice. The data is averaged over three 
experiments and the 95 % confidence interval is given. 

before reaction 
 CHA DDR LEV 

a = b (Å)  13.54 ± 0.016 13.81 ± 0.03 13.04 ± 0.02 

c (Å)  14.75 ± 0.013 41.32 ± 0.06 22.66 ± 0.05 

volume (Å3)  2341 ± 7 6829 ± 34 3340 ± 18 

Rexp, Rwp  2.87, 7.01 3.28, 8.83 3.50, 6.73 

goodness of fit  2.44 2.70 1.92 

     

after reaction 
    

a = b (Å)  13.56 ± 0.04 13.88 ± 0.016 13.04 ± 0.016 

c (Å)  14.88 ± 0.06 41.43 ± 0.05 22.779 ± 0.009 

volume (Å3)  2370 ± 23 6914 ± 25 3357 ± 10 

Rexp, Rwp  3.17, 7.74 3.61, 9.54 3.82, 6.91 

goodness of fit  2.44 2.64 1.81 

   

Axis 
 Lattice expansion (%) 

a = b  0.2* 0.5 0.0* 

c  0.9 0.3 0.5 

* Expansion not significant, i.e., t-test p-value > 0.05 

3.3.3 Following a Single X-ray Diffraction Peak 
Under the conditions described above, i.e., with an XRD recording time of ca. 23 min, the 
XRD peaks shift so fast that the majority of the peak shift already occurs while recording the 
first full XRD pattern during reaction. While the full powder patterns obtained using this time 
resolution were used to describe the difference between the zeolite lattice parameters before 
the MTO process and after deactivation, as described in the previous section, this time 
resolution was not high enough to follow the changes in XRD peak positions during the MTO 
reaction. Therefore, the MTO experiments were performed under the same conditions, but 
instead of recording the complete XRD pattern, only one XRD peak was recorded. This 
reduced the measurement time for the XRD data to 5 min, making it possible to follow the 
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shift of a single XRD peak with increasing time-on-stream during the MTO process. The peaks 

whose shifts were most clearly visible were followed; i.e., 11.6 ° 2 (hkl = 104, hexagonal 

setting) for CHA, 9.1 ° 2 (hkl = 211) for DDR, and 14.9 ° 2 (a convolution of hkl = 134 and 
hkl = 042) for LEV, and the results are shown in Figure 3.5. 

 
Figure 3.5. Peak shift of single XRD peaks with increasing time-on-stream during the MTO 
reaction; (a) the 104 peak (hexagonal setting) for CHA, (b) the 211 peak for DDR, and (c) the 
132 and 042 peak for the LEV framework. 

For CHA, a clear peak shift toward lower diffraction angles during the MTO process is 
observed, which indicates a lattice expansion. Because the peak also shifts during 
measurement, the peaks in between the beginning and the end position are broader and have 
a lower intensity. The lattice expansion, i.e., the peak shift of CHA reaches its maximum after 
ca. 35 min time-on-stream, at the same moment that deactivation is observed in the activity 
data. For DDR, a gradual peak shift toward lower angles is also detected, and similarly to CHA, 
the maximum lattice expansion is reached at the moment that deactivation is observed, i.e., 
after 15 min time-on-stream. For LEV, the peak shift occurs less gradual, and the maximum 
peak shift, i.e., the maximum lattice expansion, is reached after ca. 15 min time-on-stream. 
This also corresponds to the time until deactivation for the LEV framework. 
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3.4 Discussion 

3.4.1 Hydrocarbon Species Responsible for Zeolite Lattice Expansion 

 
Figure 3.6. (b) Operando UV–vis spectra during methanol conversion over the CHA catalyst. 
(a) Hydrocarbon species corresponding to the UV–vis absorbance bands, i.e., 
tetramethylnaphthalene and pyrene, are compared to the size of the CHA cage. These are 
plausible hydrocarbon pool molecules causing the lattice expansion observed in XRD. 

Using the combination of operando UV–vis spectroscopy and operando XRD, we propose 
plausible species that are responsible for the expansion of the zeolite frameworks. As observed 
in previous studies, the nature of the retained hydrocarbons depends on the zeolite framework 
dimensions.10,29–31 These differences in nature of the retained species lead to differences 
between the operando UV–vis spectra of the three different zeolite frameworks. For instance, 
in the CHA framework, which has larger and more symmetric cages than DDR and LEV, a 
wider variety of hydrocarbon species fit inside the cages, resulting in broader features in the 
UV–vis spectra.10 In Figures 3.6 – 3.8, the operando UV–vis spectra during the MTO process 
are shown for the three different zeolite frameworks, which show the difference in nature of 
the hydrocarbon pool species between the three different zeolite frameworks. For each 
framework, two species are indicated in the figures that build up during the MTO process, and 
that have dimensions similar to the dimensions of the zeolite cages. These species are plausible 
candidates to cause the observed zeolite lattice expansion during the MTO process. 



Revealing Lattice Expansion of Small-Pore Zeolite Catalysts during the MTO Process 

75 

For CHA, we showed in Chapter 2 using GC/MS analysis of extracted hydrocarbons that 
methylated naphthalenes and larger aromatics, such as pyrene, were present inside the zeolite 
catalyst after the MTO process.10 Pyrene was also identified as a species responsible for unit 
cell expansion in SAPO-34 by Zokaie et al.16 Methylated naphthalenes contribute to the large 
UV–vis band around 25000 cm-1, whereas larger species, such as pyrene, contribute to the UV–
vis band around 17000 cm-1. In Figure 3.6, tetramethylnaphthalene and pyrene are compared 
to the CHA cage, illustrating that it is plausible that these species cause the unit cell expansion 
in the direction of the CHA c-axis. 

 
Figure 3.7. (b) Operando UV–vis spectra during methanol conversion over the DDR catalyst. 
(a) Hydrocarbon species corresponding to the UV–vis absorbance bands, i.e., 
1-methylnaphthalene and phenalene, are compared to the size of the DDR cage. These are 
plausible hydrocarbon pool molecules causing the lattice expansion observed in XRD. 

For DDR, we concluded before that 1-methylnaphthalene, which causes UV–vis absorbance 
at 24800 cm-1, is preferentially formed inside the DDR cage. Also, the presence of phenalene, 
which contributes to the UV–vis absorbance band around 20000 cm-1 is observed in DDR after 
the MTO process.10,32 Comparing the size and shape of 1-methylnaphthalene and phenalene 
to the DDR cage in Figure 3.7, it is likely that these molecules cause an expansion more in the 
width than in the length of the zeolite cage. 

For LEV, the UV–vis absorbance at 25000 cm-1 is much lower compared to CHA and DDR. 
Additionally, in previous studies, only small amounts of methylated benzenes and naphthalene 
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were extracted from the deactivated catalyst, but no methylated naphthalenes.10,29 Comparing 
the size of tetramethylbenzene and non-methylated naphthalene to the LEV cage in Figure 
3.8, it is plausible that these species cause an expansion of the zeolite framework mainly in 
the direction of the height of the cage. In the UV–vis spectra, there is also a clear absorbance 
band around 20000 cm-1 visible, which is usually assigned to charged aromatic hydrocarbons 
with more than two rings, such as phenalene in the case of DDR. However, since these species 
are not found in extracted species after the MTO process, this band is probably caused by 
larger species outside the zeolite pores in this case. 

 
Figure 3.8. (b) Operando UV–vis spectra during methanol conversion over the LEV catalyst. 
(a) Hydrocarbon species corresponding to the UV–vis absorbance bands, i.e. 
tetramethylbenzene and naphthalene, are compared to the size of the LEV cage. These are 
plausible hydrocarbon pool molecules causing the lattice expansion observed in XRD. 

3.4.2 Combined XRD Peak Shift and UV–vis Spectroscopy 
Two operando methods to follow the evolution of the hydrocarbon pool during the MTO 
process were combined. Using operando UV–vis spectroscopy, the nature and evolution of 
retained hydrocarbon species could be followed, while using operando X-ray diffraction, the 
effect of the formation of these hydrocarbon species on the zeolite lattice was studied. In 
Figures 3.9 – 3.11, plots are shown for the three different zeolite frameworks, combining 
MTO activity data with data from operando UV–vis spectroscopy and operando XRD. The 
methanol conversion on the left y-axis shows the active period with a high methanol 
conversion, followed by deactivation of the catalyst. The first right y-axis shows the peak 
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position of the XRD peaks that were discussed in section 3.3.3. The XRD peak shifts to lower 

2 values, indicating that the zeolite cages expand. As a measure for the amount of retained 
hydrocarbons inside the zeolite, the absorbance of the UV–vis bands discussed in the previous 
section, i.e., the UV–vis absorbance bands representing species that are possibly responsible 
for zeolite lattice expansion, are plotted on the second right y-axis. During the reaction, the 
absorbance increases, indicating the accumulation of these retained hydrocarbon species in 
the zeolite catalyst during the MTO process. It was observed before for these small-pore 
zeolite catalysts that deactivation of the catalyst is caused by filling of the zeolite pores with 
hydrocarbons, making it impossible for methanol and products to move through the zeolite 
crystals.10 

 
Figure 3.9. Combination plot for CHA, showing the relation between methanol conversion 
(left y-axis), corresponding lattice expansion (XRD peak position, first right y-axis), and 
amount of retained hydrocarbon species (UV–vis absorbance at 25000 and 16500 cm-1, second 
right y-axis). 

For CHA, as can be seen in Figure 3.9, the catalyst is active for ca. 30 min, and during this 

30	min, the XRD peak gradually shifts toward lower 2 values, indicating an expansion of the 
zeolite lattice. Once the maximum XRD peak shift is reached, deactivation of the catalyst is 
observed in the activity data. The XRD peak gradually shifting toward lower angles can 
indicate that the lattice slowly expands during the MTO process. However, the XRD pattern 
is an average of the entire reactor bed, so a gradual peak shift can also indicate that the lattice 
expansion is sudden, but proceeds slowly through the reactor bed. The operando UV–vis 
spectra are taken from a small spot in the middle of the reactor bed, and the absorbance of 
the bands around 25000 and 16500 cm-1, which represents the formation of the hydrocarbon 
pool species that are responsible for lattice expansion, increases for the first 15 min, after 
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which the increase in absorbance becomes slower. This indicates that the formation of 
carbonaceous deposits slows down after ca. 15 min time-on-stream, which is a sign for 
deactivation. The fact that deactivation in the middle of the bed is observed around half of the 
time before deactivation is observed in the activity data indicates that deactivation by coke 
formation proceeds through the reactor bed; only once the deactivation has reached the end 
of the catalyst bed, deactivation is observed in the activity data. This is the typical deactivation 
behavior during the MTO process in a fixed bed reactor.33,34 The combination of activity data 
with operando UV–vis spectroscopy and operando XRD shows that hydrocarbon formation 
that results in zeolite lattice expansion proceeds through the reactor bed, causing catalyst 
deactivation. Once this hydrocarbon formation and lattice expansion have reached the end of 
the reactor bed and there is no fresh catalyst left, deactivation is observed in the activity data. 

 
Figure 3.10. Combination plot for DDR, showing the relation between methanol conversion 
(left y-axis), corresponding lattice expansion (XRD peak position, first right y-axis), and 
amount of retained hydrocarbon species (UV–vis absorbance at 24800 and 20000 cm-1, second 
right y-axis). 

For DDR, a decrease in XRD peak position, i.e., zeolite lattice expansion, is observed during 
the time that the catalyst is active, as can be seen in Figure 3.10. Once the maximum XRD 
peak shift is reached, after ca. 15 min time-on-stream, deactivation of the catalyst is observed. 
Similarly to CHA, the UV–vis absorbance of the band around 20000 cm-1, assigned to 
phenalene, increases until ca. 7 min time-on-stream, around half of the time before 
deactivation is observed, after which the absorbance stays constant. However, the absorbance 
at 24800 cm-1, caused by 1-methylnaphthalene, keeps increasing after deactivation of the 
catalyst. This indicates that in the case of DDR, catalyst deactivation and zeolite lattice 
expansion are more likely to be caused by phenalene than by 1-methylnaphthalene. 
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For LEV, similarly to DDR, the maximum XRD peak shift toward lower 2 values, i.e., the 
maximum zeolite lattice expansion, occurs after ca. 15 min. At the same time, catalyst 
deactivation is observed in the activity data. The absorbance of the UV–vis band around 
25000	cm-1

, which represents hydrocarbon species responsible for zeolite lattice expansion, 
increases until ca. 7 min time-on-stream. After that, the increase in absorbance becomes much 
slower, indicating that the middle of the bed, where the UV–vis spectra are recorded, is 
deactivated. 

 

 
Figure 3.11. Combination plot for LEV, showing the relation between methanol conversion 
(left y-axis), corresponding lattice expansion (XRD peak position, first right y-axis), and 
amount of retained hydrocarbon species (UV–vis absorbance at 25000 cm-1, second right 
y-axis). 

3.5 Conclusions 

During the Methanol-to-Olefins (MTO) process at a reaction temperature of 400 °C over 
zeolite catalysts with CHA, DDR, and LEV topology, the formation and evolution of the 
retained hydrocarbon species were monitored using operando UV–vis spectroscopy, zeolite 
lattice expansion was monitored using X-ray diffraction, and activity data were measured using 
online gas chromatography during the same experiment. All three zeolite frameworks showed 
lattice expansion during the MTO process because of the accumulation of retained 
hydrocarbon species inside the zeolite pores. The difference in size and shape of the cages of 
the three zeolite frameworks results in different retained hydrocarbon species for each zeolite 
framework. More specifically, the species formed inside the zeolites during MTO that cause 
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zeolite lattice expansion are methylated naphthalene and pyrene in CHA, 
1-methylnaphthalene and phenalene in DDR, and methylated benzene and naphthalene in 
LEV. The interplay between these specific retained hydrocarbon species and the zeolite 
framework structures results in a lattice expansion of different magnitude and in different 
direction for each of the three zeolite frameworks. The largest expansion is observed for CHA, 
0.9 % in the direction of the c-axis. Furthermore, using this combination of operando UV–vis 
spectroscopy, operando X-ray diffraction and online activity measurements, it was shown that 
coke formation along the reactor bed, which causes zeolite lattice expansion, causes 
deactivation of the catalyst. This deactivation starts at the beginning of the reactor and 
progresses through the catalyst bed. Once this deactivation front reaches the end of the 
reactor, catalyst deactivation is observed. 
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Chapter 4 

Spatiotemporal Coke Formation over 
Zeolite ZSM-5 during the Methanol-to-
Olefins Process as Studied with 
Operando UV–vis Spectroscopy: A 
Comparison between H-ZSM-5 and Mg-
ZSM-5 

Abstract 

In this chapter, during the Methanol-to-Olefins (MTO) reaction, the formation of hydrocarbon 
pool species as well as the accumulation of coke and coke precursor molecules were monitored 
with operando UV–vis spectroscopy. Using three UV–vis probes at different positions along 
the reactor bed simultaneously, the formation of active species and coke along the reactor bed 
was measured. Two catalyst materials have been compared with this operando spectroscopy 
approach: H-ZSM-5 with a Si/Al ratio of 50, and the same zeolite material that was modified 
using magnesium. It was revealed using spatiotemporal UV–vis spectroscopy that for both 
H-ZSM-5 and Mg-ZSM-5, a coke front is formed in the beginning of the reactor bed, and this 
coke front travels through the catalyst bed. Once the coke front reaches the end of the bed, 
deactivation of the catalyst material is observed. The magnesium modification resulted in 
extended lifetime of the catalyst, as well as higher selectivity toward olefins compared to 
H-ZSM-5. Operando UV–vis spectroscopy data revealed that the increase in lifetime of the 
catalyst was accompanied by a slower progression of the coke front through the catalyst bed, 
and less formation of aromatic species, especially in the parts of the catalyst bed behind the 
methanol conversion zone, i.e., behind the coke front. Additional experiments where MTO 
products, i.e., ethylene and propylene, were fed to the reactor, showed that the formation of 
aromatic species behind the methanol conversion zone on H-ZSM-5 are the result of 
aromatization of the products of methanol conversion, such as ethylene and propylene. On 
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Mg-ZSM-5, however, ethylene and propylene were less reactive, resulting in less aromatics 
formation and a higher selectivity toward olefins. Based on these results, a distinction was 
made between primary coke, i.e., coke that forms due to the conversion of methanol into 
hydrocarbons, and secondary coke, i.e., coke that is formed when the MTO products, such as 
propylene and ethylene, undergo subsequent aromatization further in the reactor bed. The 
reason for the observed differences between H-ZSM-5 and Mg-ZSM-5 is that the Mg 
modification results in a decrease in the number of Brønsted acid sites, as well as the creation 
of Lewis acid sites. The decrease in Brønsted acid sites limits the formation of secondary coke 
that is caused by olefin aromatization. This in turn leads to the increased lifetime and higher 
observed olefin selectivity of Mg-ZSM-5 relative to H-ZSM-5. 

4.1 Introduction 

In the Methanol-to-Hydrocarbons (MTH) process, as discussed in Chapter 1, hydrocarbons are 
produced from methanol using a zeolite or zeotype catalyst. Over the years, there has been 
much discussion on the exact mechanism of MTH processes. In the early days of MTH, direct 
mechanisms were proposed, but more recently, the hydrocarbon pool mechanism became the 
most widely accepted reaction mechanism for MTH over zeolite ZSM-5. In this mechanism, 
methanol reacts with a pool of hydrocarbon species that are either neutral or charged by the 
zeolite framework.1 Direct mechanisms are still studied for their role in the early stages of the 
MTH process, when the initial hydrocarbon pool is built.2–4 For ZSM-5-based catalyst 
materials, the dual-cycle mechanism was proposed, which is a more specific version of the 
hydrocarbon pool mechanism. In this mechanism, two cycles that have different active species, 
i.e., the aromatic and the alkene cycle, both contribute to the overall product formation, 
depending on catalyst and conditions.5–9 In the aromatic cycle aromatic intermediates are 
alkylated by the methanol feed, and the main product due to dealkylation of these alkylated 
aromatics is ethylene. In the alkene cycle, however, olefinic intermediates are methylated into 
longer chains, and cracking of these longer alkenes results in product formation, mainly 
propylene and larger alkenes. 

During the MTH process, formation of coke results in deactivation of the catalyst material, 
either by filling the pores of the catalyst, or by forming a layer of coke on the outside, thereby 
blocking access to the active sites of the catalyst.10 Studying the nature and evolution of the 
hydrocarbon pool and the formation of coke species is important in order to understand the 
MTH reaction over zeolite catalysts. In situ and operando spectroscopic techniques, such as 
nuclear magnetic resonance (NMR),1 Raman,11 infrared,12,13 and UV–vis spectroscopy13–19 have 
been used to study active intermediates as well as the formation of coke species inside the 
zeolite during the reaction. The MTH process is an autocatalytic process, meaning that the 
initial products that are formed in the beginning of the reaction act as catalytic center for the 
reaction themselves. Because of this, most studies are performed at a methanol conversion of 
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100 %.10 It has been shown before that during MTH over ZSM-5 in a plug-flow reactor only a 
small part of the catalyst bed is needed to obtain a methanol conversion of 100 %. This means 
that in the beginning of the reaction, the remaining part of the catalyst bed does not see 
methanol, but only reaction products. When the first part of the catalyst bed deactivates due 
to coke formation, the next part of the bed is used to convert methanol. This “coke front” 
progresses through the bed until the entire catalyst bed is deactivated.10,20–22 However, not all 
MTH catalysts exhibit the same deactivation behavior along the reactor bed, and 
understanding these spatiotemporal processes is important for understanding deactivation of 
MTH catalysts.22 

The products of the MTH process over ZSM-5-based catalysts are olefins and gasoline-like 
products, including small aromatic molecules and paraffins. Currently, however, efforts are 
directed more toward the production of lower olefins, more specifically propylene.23,24 
Increasing lower olefin selectivity can be done using different approaches, one of which is 
choosing the pore structure of the zeolite catalyst. When small-pore zeolite frameworks with 
large cages, interconnected by small eight-ring windows, such as CHA, are used as catalyst, 
only aliphatic products are observed, since aromatics that are formed inside the zeolite 
framework are trapped and cannot exit through the eight-ring pores. Therefore, small-pore 
zeolites have a very high selectivity toward the formation of lower olefins, and in this case the 
process is called Methanol-to-Olefins (MTO). However, medium-pore zeolite frameworks 
with ten-ring pore systems, such as MFI, are generally more stable and more resistant against 
coking than small-pore zeolites. Therefore, other approaches than shape selectivity to increase 
lower olefin yields are also applied, including tuning reaction conditions. For instance, by 
converting methanol at low pressures and high temperatures over ZSM-5, olefins selectivity 
increases.5,25,26 Another approach that is often used is changing the properties of the catalyst 
materials. Tuning the acid strength and acid site density by varying Si/Al ratio is often used in 
order to influence lifetime and selectivity of the catalyst.24,27 Furthermore, many different 
post-synthetic modifications have been applied to influence catalyst lifetime and selectivity. 
Introducing alkaline earth metals, such as Ca and Mg, into the zeolite material has shown to 
have a large effect on increasing propylene selectivity and lifetime of the catalyst, although 
the exact origin of this effect is still debated.28–35 

In this chapter, the formation of active species and the accumulation of coke species inside 
the zeolite catalyst during the MTO process were monitored using operando UV–vis 
spectroscopy, while the methanol conversion and product formation were monitored with 
online gas chromatography (GC). We have compared a regular H-ZSM-5 sample with Si/Al 
ratio of 50 with the same sample that was modified using Mg. Using three UV–vis probes at 
different positions along the reactor bed simultaneously, the formation of active species and 
coke along the bed as well as the progression of the coke front through the catalyst bed could 
be measured. We will discuss this spatially resolved spectral information in view of the distinct 
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differences between these two zeolite samples, and by doing so gather new information on 
the hydrocarbon species involved in the formation of coke along the catalyst bed. 

4.2 Experimental 

4.2.1 Materials Synthesis and Characterization 
Two ZSM-5 zeolites with MFI topology were obtained from BASF SE (Ludwigshafen, 
Germany). One sample was in its protonic form, with a theoretical Si/Al ratio of 50. The other 
sample was obtained via spray impregnation of the aforementioned sample with a magnesium 
nitrate solution, as described in the patent of Gaab et al.36 

To study the morphology of the zeolite materials, scanning electron microscopy (SEM) was 
performed on the samples using an FEI XL 30 SFEG microscope operating at 15 kV with 
magnifications up to 600 kV. 

X-ray diffraction (XRD) patterns were obtained using a Bruker D8 Advance powder 
diffractometer system, equipped with a Lynxeye detector, using Co-Kα12 radiation 
(λ=1.79026	Å). XRD patterns were recorded from 5 – 60 ° 2θ with a step size of 0.1 ° 2θ. 

To determine the Si/Al ratio and the amount of magnesium in the zeolites, the samples were 
digested in an aqueous mixture of 1 % HF and 1.25 % H2SO4. Subsequently, elemental analysis 
was done by inductively coupled plasma optical emission spectrometry (ICP-OES), on a 
PerkinElmer Optima 4300 DV instrument. 

Ar physisorption measurements were performed to assess the zeolite porosity using a 
Micromeritics TriStar 3000 at a temperature of -196 °C. Before the measurement, the 
samples were dried under vacuum at 400 °C for 20 h. The micropore area and volume (Smicro 
and Vmicro) were determined using the t-plot method. 

Temperature-programmed desorption of NH3 (NH3-TPD) was performed to assess the amount 
of acid sites. NH3-TPD was performed on a Micromeritics Autochem II 2920 equipped with a 
TCD detector. Before the adsorption of NH3 at 200 °C, ca. 100 mg of zeolite was heated to 
600 °C in N2 flow for 1 h. After NH3 adsorption, the sample was flushed with N2 for 1 h at 
200 °C to remove physisorbed NH3. Subsequently, temperature-programmed desorption of 
the adsorbed NH3 was performed at a rate of 5 °C min-1 to 600 °C. 

Adsorption of CO followed by FT-IR spectroscopy was performed to obtain more information 
on the nature of acid sites. A self-supporting catalyst wafer was heated under vacuum to 
450	°C to remove adsorbed water. Subsequently, the vacuum cell was cooled down to -196	°C 
using liquid N2. The CO pressure was increased stepwise to ca. 1 mbar. FT-IR spectra were 
recorded using a PerkinElmer 2000 spectrometer in transmission mode. 

The methanol used for catalytic testing was obtained from Acros, HPLC grade (99.99 % pure). 
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4.2.2 Operando UV–vis Spectroscopy Along the Reactor Bed 

 
Figure 4.1. Schematic of the operando UV–vis spectroscopy reactor setup, including a 
photograph of the oven into which the three high-temperature UV–vis probes are inserted at 
three distinct positions along the reactor bed. On the left, the three UV-vis spectrometers are 
shown, showing the possibility to record UV-Vis spectra at different positions along the reactor 
bed simultaneously. Activity measurements are performed by online GC analysis. 

Combined operando UV–vis spectroscopy and online activity measurements were performed 
in a quartz, rectangular fixed bed reactor (ID 6 mm x 3 mm), with a weight hourly space 
velocity (WHSV) of 5 g g-1 h-1 at a reaction temperature of 500 °C. In all experiments 200 mg 
of catalyst was used, with a particle size of 0.2 – 0.4 mm, resulting in a bed height of ca. 
18	mm. A He flow with a methanol saturation of ca. 25 % was obtained by flowing He as 
carrier gas through a saturator containing methanol at ca. 37 °C. Operando UV–vis spectra 
were obtained at three positions along the reactor bed (at ca. 3, 9, and 15 mm) simultaneously, 
using three AvaSpec 2048L spectrometers, each connected to a high-temperature UV–vis 
optical fiber probe, which was used to collect spectra in reflection mode. Online analysis of 
the reactant and reaction products was performed using an Interscience Compact GC, 
equipped with an Rtx-wax and Rtx-1 column in series and an Rtx-1, Rt-TCEP and 
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Al2O3/Na2SO4 column in series, both connected to an FID detector. A schematic of the setup 
is shown in Figure 4.1, and further details on the operando set-up have been reported in earlier 
publications from our group.16,17,37 

Methanol conversion was calculated as follows: 

	  

The selectivity toward hydrocarbons was based on carbon atoms and calculated using: 

 

4.3 Results 

4.3.1 Materials Characterization 
The morphology of the two zeolite-based catalyst materials, i.e., H-ZSM-5 and Mg-ZSM-5, 
was studied using Scanning Electron Microscopy (SEM) and the results are shown in Figure 
4.2a – b. The zeolite crystals under study have a diameter of 100 – 200 nm and the morphology 
and crystal size do not change upon Mg treatment. ICP-OES analysis was used to determine 
the Si/Al ratio, as well as the amount of Mg in the samples. The results are summarized in 
Table 4.1. 

The zeolite materials were also analyzed using X-ray diffraction (XRD). Figure 4.2c shows the 
XRD patterns for the two different materials. From these XRD measurements, it is visible 
that the catalyst materials are pure zeolite ZSM-5 (MFI topology), and Mg modification does 
not induce any noticeable changes in the crystallinity of the samples. This indicates that Mg is 
most likely not in framework positions. 

The amount of acid sites of both zeolite materials was determined using temperature-
programmed desorption (TPD) of NH3; the normalized desorption curves are shown in Figure 
4.2d. The fresh zeolite H-ZSM-5 sample shows a desorption peak with a maximum around 
340 – 380 °C, which can be assigned to Brønsted acid sites. Upon magnesium modification, 
the area under the curve increases, indicating an overall increase in acid sites. At the same 
time, the maximum of the peak shifts to below 300 °C, indicating that the strength of acid 
sites decreases upon the Mg treatment. The total amount of acid sites is obtained by 
integrating the area under the desorption curves, and is presented in Table 4.1 for H-ZSM-5 
and Mg-ZSM-5. 

The porosity of the zeolite material was investigated using Ar physisorption. The BET surface 
area (SBET), as well as the micropore area and volume (Smicro and Vmicro) are reported in Table 
4.1. All reported variables become lower after Mg modification, but from SEM and XRD there 
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is no sign that the zeolite framework itself has changed. This indicates that Mg species are 
present both inside and outside the zeolite pores, thereby reducing the surface area and pore 
volume of the zeolite. If the Mg would be present only as counterions balancing the negative 
charge on the zeolite framework, a Mg/Al of 0.5 would be expected. However, the Mg/Al 
ratio is more than ten times higher, indicating that the presence of other Mg species, such as 
magnesium oxides or magnesium hydroxides, is expected. 

 
Figure 4.2. (a) Scanning Electron Microscopy (SEM) micrograph of zeolite H-ZSM-5, (b) SEM 
micrograph of zeolite Mg-ZSM-5, (c) X-ray diffraction (XRD) patterns of zeolite H-ZSM-5 
(black) and Mg-ZSM-5 (red), and (d) NH3 temperature-programmed desorption (TPD) 
profiles for H-ZSM-5 (black) and Mg-ZSM-5 (red); the area under the curve indicates the 
total amount of acid sites. 

Table 4.1. Physiochemical properties of the two investigated zeolite ZSM-5 materials. 

Sample 
 

Si/Al Mg 
(wt%) 

Mg/Al # acid sites 
(mmol/g) 

SBET 
(cm2/g) 

Smicro 
(cm2/g) 

Vmicro 
(cm3/g) 

H-ZSM-5 54 0 – 0.24 385 307 0.140 

Mg-ZSM-5 55 3.6 5.4 0.34 281 239 0.109 
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To investigate the nature of the acid sites, adsorption of CO at low temperature followed by 
FT-IR spectroscopy was applied. The OH-stretch region was used to assess the amount and 
strength of Brønsted acid sites, whereas the CO-stretch region was used to assess both Lewis 
and Brønsted acidity. The shift of the OH-peak upon adsorption of CO was taken as a measure 
for the strength of Brønsted acid sites. For the unmodified zeolite H-ZSM-5, FT-IR spectra 
are shown in Figure 4.3. Three distinct peaks are visible in the OH-region of the FT-IR 
spectrum. Above 3700 cm-1, there is a sharp peak that can be attributed to isolated Si-OH 
groups, at the external surface of the catalyst. A second peak, at 3619 cm-1, is due to Brønsted 
OH-groups. A third broad peak around 3500 cm-1 is due to silanol nests.38,39 Upon adsorption 
of CO, the peak at 3619 cm-1 is shifted to 3295 cm-1. This peak shift of 324 cm-1 upon CO 
adsorption is a measurement of Brønsted acid strength.39 The FT-IR spectra for Mg-ZSM-5 
are presented in Figure 4.4. The peak due to Brønsted acid sites at 3622 cm-1 is smaller 
compared to H-ZSM-5, indicating that at least some of the Mg is located at the Brønsted acid 
sites, altering the nature of the acid sites. However, there is still some Brønsted acidity left in 
the modified zeolites, even though there is an excess of Mg present in the samples. This 
indicates that either not all Brønsted sites are affected by the Mg treatment, or that new 
Brønsted acid sites are created. However, the peak shift upon CO adsorption, used to measure 
the strength of the Brønsted acid sites, is 323 cm-1 for Mg-ZSM-5, almost identical to 
H-ZSM-5. This makes it most likely that not all Brønsted acid sites are affected by the Mg 
modification, rather than that new Brønsted acid sites are created. Another effect of the Mg 
treatment is that the broad peak due to silanol nests is removed, suggesting that part of the 
Mg is present in defect locations of the zeolite framework. 

 
Figure 4.3. FT-IR spectra before (black) and after (red) admission of CO to zeolite H-ZSM-5 
at -196 °C; (a) the OH-stretch region, and (b) the CO-stretch region. 

The CO-stretch region gives information about how the C-O bond is perturbed upon 
adsorption of CO (gas phase absorbance at 2143 cm-1), and therefore it can be used to assess 
the presence of both Brønsted and Lewis acid sites.38,39 A shift of the CO peak toward higher 
wavenumbers means that CO is adsorbed on an acid site. Absorption peaks that occur > 
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2180	cm-1 indicate the presence of Lewis sites, whereas peaks between 2180 and 2140 cm-1 
occur when CO is adsorbed to a Brønsted acid site. Physisorbed CO gives rise to a peak at 
2137 cm-1. For both Brønsted and Lewis acid sites, the magnitude of the shift relative to the 
peak position of physisorbed CO indicates the strength of the acid site. For zeolite H-ZSM-5 
(Figure 4.3), three FT-IR peaks are observed in the CO region, i.e., at 2176 cm-1, 2159 cm-1, 
and 2137 cm-1. These peaks can be attributed to Brønsted acid sites, silanol groups, and 
physisorbed CO, respectively. No peaks above 2180 cm-1 were observed, which is expected for 
zeolite H-ZSM-5 without the presence of extra-framework Al species. After the Mg 
treatment, the same peaks, caused by Brønsted acid sites, silanol groups, and physisorbed CO 
are visible. However, as evident from Figure 4.4, there are more FT-IR peaks present in the 
CO-region. Lewis acid sites of different strength are created, which give rise to absorbance 
peaks at 2213 cm-1, 2202 cm-1 and 2187 cm-1. These Lewis acid sites can be due to several 
different Mg species inside the zeolite pores, e.g., Mg2+ or MgOx species or a combination of 
Mg and a zeolite acid site.28 

 
Figure 4.4. FT-IR spectra before (black) and after (red) admission of CO to zeolite Mg-ZSM-
5 at -196 °C; (a) the OH-stretch region, and (b) the CO-stretch region. 

4.3.2 Catalytic Performance 
The catalytic performance of zeolites H-ZSM-5 and Mg-ZSM-5 was examined and compared 
in the operando UV–vis setup, as described in Figure 4.1. The MTO reaction was performed 
at 500 °C using a WHSV of 5 g g-1 h-1, and both methanol conversion and product formation 
were monitored using online GC analysis. At the same time, the formation of hydrocarbon 
species was followed at three positions along the catalyst bed. In this way, formation of both 
active species and coke (precursor) species along the reactor bed could be observed in a 
spatiotemporal manner, and the formation and evolution of hydrocarbon species could be 
linked to the catalytic performance that was measured simultaneously. The activity data is 
shown in Figure 4.5, and catalyst lifetime and selectivity toward the main products are reported 
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in Table 4.2. The selectivities in Table 4.2 are averaged over the time until deactivation of the 
catalyst, i.e., until methanol conversion < 80 %. In the GC analysis, C1 – C5 hydrocarbons were 
separated and detected, whereas C6+ hydrocarbons were detected but not separated well. 
Therefore, selectivity toward C6+ + coke was calculated using (100 % - SelectivityC1 – C5). From 
the activity data, it is clear that the Mg treatment increases the catalyst lifetime and that it 
also increases the selectivity toward propylene, C4 olefins, and C5 olefins, while decreasing the 
selectivity toward ethylene and paraffins. The decrease in ethylene as well as paraffin 
selectivity, together with an increase in selectivity toward C3 – C5 olefins, indicate that the Mg 
modification has an influence on the MTO mechanism. More specifically, these changes in 
selectivity indicate that the alkene cycle becomes more important relative to the aromatic 
cycle. 

 
Figure 4.5. Catalyst activity and selectivity toward ethylene (black), propylene (red), C4 olefins 
(green), C5 olefins (dark blue), and paraffins (light blue) for (a) H-ZSM-5, and (b) Mg-ZSM-5. 

Table 4.2. Comparison between the selectivity toward main products and catalyst lifetime of 
H-ZSM-5 and Mg-ZSM-5. 

Sample  Selectivity (%) 
 

Catalyst 
lifetime (h) 

 Ethylene Propylene C4 olefins C5 olefins Paraffins C6+ + coke 
 

H-ZSM-5  10 22 10 3 18 37  16.2 

Mg-ZSM-5  6 37 20 8 5 24  54.7 

 

4.3.3 Operando UV–vis Spectroscopy 

4.3.3.1 Primary and Secondary Coke 
In this chapter, operando UV–vis spectra were taken at three positions along the reactor bed 
during the MTO process over both H-ZSM-5 and Mg-ZSM-5. It is known that in the MTO 
process typically only a small part of the catalyst bed, which is referred to as the methanol 
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conversion zone, is needed in order to achieve 100 % methanol conversion. Once this small 
part of the bed has deactivated due to coke formation, the next part of the catalyst bed 
becomes the methanol conversion zone, etc. In this way, a deactivating “coke front” travels 
through the catalyst bed during the MTO process. Once this coke front, which was described 
as a “cigar burn” by Haw et al, has reached the end of the catalyst bed, deactivation of the 
catalyst is observed in the activity data.20 In order to investigate the progression of the coke 
front through the catalyst bed with increasing time-on-stream, the increase in UV–vis 
absorbance, which can be used as a measure for the amount of coke on the zeolite catalyst, 
was followed at three positions along the bed during the MTO process on both H-ZSM-5 and 
Mg-ZSM-5. The UV–vis absorbance at 10000 cm-1, a region where poly-aromatic species 
absorb light, was used. However, if the absorbance at another wavenumber is used, the 
development of the coke front is very similar, because apart from the formation of a few 
distinct absorption bands in the beginning of the reaction which will be described in the next 
section, the main change in operando UV–vis spectra is an increase in absorbance over the 
complete spectral range. The catalytic performance during the operando UV–vis experiments 
was described in the previous section and is presented in Table 4.2. The methanol conversion 
and formation of coke, i.e., the UV–vis absorbance at 10000 cm-1, at the three positions along 
the reactor vs. time-on-stream are shown in Figures 4.6 and 4.7 for H-ZSM-5 and Mg-ZSM-5, 
respectively. 

 
Figure 4.6. UV–vis absorbance at 10000 cm-1 for H-ZSM-5 at the three positions along the 
reactor bed vs. time-on-stream. Secondary coke, caused by conversion of MTO products is 
indicated in blue, and primary coke caused by conversion of methanol is indicated in gray. 

For H-ZSM-5, there is rapid coke formation along the entire catalyst bed. After ca. 2 h, coke 
formation in the middle and bottom of the reactor slows down, whereas the absorbance at 
the top keeps increasing until the maximum absorbance of ca. 1.4 is reached. After that, the 
UV–vis absorbance in the middle of the bed quickly increases until its maximum. 
Subsequently, after the maximum absorbance is reached in the middle of the catalyst bed, the 
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absorbance at the bottom of the catalyst bed increases to its maximum. At that moment, 
catalyst deactivation is also observed in the product analysis. The successive increase in 
absorbance from the top to the bottom of the reactor can be seen as the progression of the 
coke front through the reactor. However, in the beginning of the reaction, there is rapid coke 
formation in the middle and bottom of the reactor, although the methanol conversion zone is 
still at the top of the catalyst bed. This effect has been observed and discussed before by other 
research groups, and this coke formation is caused by secondary reactions of species that are 
formed in the methanol conversion zone.20,21 Because this coke is formed from secondary 
reactions rather than from the conversion of methanol into olefins, we define this coke as 
“secondary coke”. The blue area under the absorbance curves of the middle and bottom of the 
reactor in Figure 4.6 indicates the formation of secondary coke. The coke front, i.e., the coke 
that is formed in the methanol conversion zone, originates directly from the conversion of 
methanol into olefins. We define this coke as “primary coke”, and when the absorbance due 
to primary coke reaches its maximum in a certain part of the catalyst bed, that part of the bed 
is deactivated. Consequently, it is observed that when the primary coke has reached a 
maximum in the bottom part of the reactor, deactivation is observed in the activity data. 

 
Figure 4.7. UV–vis absorbance at 10000 cm-1 for Mg-ZSM-5 at the three positions along the 
reactor bed vs. time-on-stream. Secondary coke, caused by conversion of MTO products is 
indicated in blue, and primary coke caused by conversion of methanol is indicated in gray. 

For Mg-ZSM-5, the initial increase in UV–vis absorbance in the middle and bottom of the 
catalyst bed, i.e., the formation of secondary coke, is much slower than for H-ZSM-5. For the 
primary coke, a similar pattern as for H-ZSM-5 is observed, the absorbance increases first in 
the top of the reactor, until the maximum absorbance is reached. Subsequently, primary coke 
formation starts in the middle of the catalyst bed, and after that, in the bottom of the bed. 
Once the primary coke has reached its maximum in the bottom of the bed, similarly to 
H-ZSM-5, catalyst deactivation is observed. The slower formation of secondary coke indicates 
that less coke is formed because of secondary reactions of products formed in the methanol 
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conversion zone. Because of the fact that less secondary is coke formed, Mg-ZSM-5 
deactivates slower than H-ZSM-5, which causes the much longer lifetime of the catalyst 
before deactivation. The reason for the slower formation of secondary coke in Mg-ZSM-5 will 
be discussed in section 4.3.3.3. 

4.3.3.2 Operando UV–vis Spectra in the First 2 h of the MTO Process 
In the previous section, the absorbance at a single wavenumber was used to follow the coke 
front through the reactor bed. This is because of the fact that during the largest part of the 
reaction, the features in the UV–vis spectra are very broad, and no individual UV–vis bands can 
be observed. However, in the beginning of the reaction, some distinct UV–vis bands are 
observed. In this section, the MTO process was run for 2 h, under the same conditions as the 
results described above. After 2 h, the reaction was quenched, the reactor was taken out of 
the setup, and a photograph of the reactor was taken. 

 
Figure 4.8. (a) Photograph of the reactor bed of H-ZSM-5 after 2 h of catalyzing the 
Methanol-to-Olefins (MTO) process. (b) Corresponding operando UV–vis spectra at three 
positions along the reactor bed. (c) Operando UV–vis spectra after 2 h conversion of a mixture 
of propylene and ethylene. There are large similarities between the spectra obtained during 
methanol conversion and during olefin conversion. 
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The photograph of the H-ZSM-5 catalyst bed and the corresponding operando UV–vis spectra 
for the first 2 h of reaction are shown in Figure 4.8. In the top of the reactor, a black zone is 
clearly visible, while the rest of the reactor bed appears gray/blue after 2 h of reaction. The 
corresponding UV–vis spectra show the highest absorbance at the top of the reactor, causing 
the catalyst to appear black at the top, whereas the UV–vis spectra of the other parts of the 
reactor show a lower absorbance. The blue color is caused by a higher absorbance below 
25000	cm-1 than above 25000 cm-1

. In the spectra taken along the reactor bed during the first 
2 h of reaction, a number of UV–vis absorption bands are seen. Band assignments were done 
according to earlier work from our group.17 In the first few UV–vis spectra (in the first minutes 
of the reaction) a band at around 35000 cm-1 is formed, as well as a band around 24000 cm-1. 
Subsequently, absorption bands at 21000, 17500, and 13000 cm-1 are formed. The UV–vis 
absorption bands at wavenumbers below 25000 cm-1 overlap and form a large, convoluted 
band. From previous operando UV–vis spectroscopy work on the MTO process, it is known 
that the spectral region below 25000 cm-1 is dominated by neutral and charged aromatic 
species.17,40 It has been shown before that the wavenumber at which aromatics absorb light 
decreases with increasing size of the aromatic molecule.41–43 The formation of the large 
convoluted band below 25000 cm-1 can therefore be interpreted as the formation of neutral 
and charged aromatic species of increasing size with increasing time-on-stream. After the 
initial period where absorbance of these UV–vis bands increases quickly, the absorbance over 
the complete range of wavenumbers increases, indicating the formation of extended coke 
species, probably at the outside of the zeolite crystal. With increasing time-on-stream, this 
general darkening over the complete spectral range becomes dominant, and the spectral 
features become broader. The absorbance after 2 h is higher at the top of the reactor than at 
the other two positions, but the general shape of the spectra is very similar. 

The photograph of the Mg-ZSM-5 catalyst bed and corresponding UV–vis spectra for the first 
2 h of reaction are shown in Figure 4.9. Similarly to H-ZSM-5, the Mg-ZSM-5 bed is darker 
at the top than at the other two positions along the bed. However, the color is clearly different 
from H-ZSM-5. The top of the catalyst bed has become gray, whereas the rest of the bed has 
remained white. The corresponding UV–vis spectra of Mg-ZSM-5 also differ from the spectra 
of H-ZSM-5. At the top of the Mg-ZSM-5 bed, an absorption band around 40000 cm-1 is 
formed in the beginning of the reaction. The band around 35000 cm-1 is present as a shoulder, 
but less intense than in the case of H-ZSM-5. Subsequently, formation of absorption bands 
around 24000, 17500 and 13000 cm-1 is also observed, but the bands are much less intense 
than in the case of H-ZSM-5. Similarly to H-ZSM-5, an increase in absorbance over the 
complete range of wavenumbers is observed, but the increase is much slower. In contrast to 
H-ZSM-5, the absorbance below 25000 cm-1 is not much higher than above 25000 cm-1, 
causing the zeolite to appear gray instead of blue. In the middle and bottom of the bed, 
spectral features are observed at similar wavenumbers compared to the top of the reactor. 
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However, the absorbance is much lower than at the top of the catalyst bed, explaining why 
the catalyst in the middle and bottom of the reactor still appears white after 2 h of reaction. 

 
Figure 4.9. (a) Photograph of the reactor bed of Mg-ZSM-5 after 2 h of catalyzing the 
Methanol-to-Olefins (MTO) process. (b) Corresponding operando UV–vis spectra at three 
positions along the reactor bed. (c) Operando UV–vis spectra after 2 h conversion of a mixture 
of propylene and ethylene. The large increase in absorbance seen in the top of the bed during 
MTO is not visible during olefin conversion. 

4.3.3.3 Conversion of Ethylene and Propylene 
The MTO process is an autocatalytic process, and hydrocarbon species that are formed in the 
early stages of the reaction act as catalytic center during the MTO process. These catalytic 
centers are very reactive, and in most cases, 100 % conversion of methanol is achieved already 
in a small part of the catalyst bed, the methanol conversion zone. When all methanol is already 
converted in the top of the catalyst bed, it means that methanol initially does not reach the 
rest of the catalyst bed. Instead, in the beginning of the reaction, the lower parts of the bed 
are exposed to the reaction products of the MTO process, i.e., olefins, as well as some 
aromatics and paraffins. In order to investigate the effect of only these MTO reaction 
products, an additional set of experiments was performed in which the two catalyst materials 
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under study were exposed to typical MTO reaction products, i.e., ethylene, propylene, and an 
equimolar mixture of ethylene and propylene. In these experiments, respectively, ca. 2 % 
ethylene, 2 % propylene, or 2 % ethylene plus 2 % propylene in He was led over a fresh catalyst 
bed at 500 °C, and the conversion was monitored using online GC analysis. In the same way 
as during the MTO reaction, operando UV–vis spectra were recorded at three positions along 
the reactor bed. In Table 4.3, the average conversion during the first 2 h of reaction of 
ethylene, propylene, and an equimolar mixture of ethylene and propylene are listed. The 
results clearly show that MTO reaction products, such as ethylene and propylene, are much 
more reactive on H-ZSM-5 than on Mg-ZSM-5. Furthermore, for both H-ZSM-5 and Mg-
ZSM-5, propylene is more reactive than ethylene. The main reaction products during the 
conversion of these MTO products are other olefins, indicating that the catalyst acts as an 
oligomerization/cracking catalyst under these reaction conditions. However, some paraffins 
are also formed (ca. 10 % selectivity). Because paraffins have a higher H/C ratio than olefins, 
it means that species with a lower H/C ratio, such as aromatics, also have to be formed. 

Table 4.3. Conversion of typical MTO products during the first 2 h of reaction. 

Sample  Conversion (%) 
 

 Ethylene Propylene Ethylene + propylene 

H-ZSM-5  5 53 31 

Mg-ZSM-5  0 8 7 

 

In Figure 4.8c, the operando UV–vis spectra of H-ZSM-5 taken during the first 2 h of feeding 
a mixture of ethylene and propylene are shown. The spectra, i.e., band positions as well as 
intensities, are very similar to the UV–vis spectra during the MTO process, but without the 
coke front at the top of the reactor. This indicates that the secondary coke that accumulates 
inside the zeolite during the MTO process is indeed caused by secondary reactions of MTO 
products, such as ethylene and propylene, rather than directly by the conversion of methanol. 
The operando UV–vis spectra during the first 2 h of conversion of a mixture of ethylene and 
propylene over Mg-ZSM-5, which are shown in Figure 4.9c, are also comparable to the spectra 
during the first 2 h of the MTO process. Absorption bands around 40000 cm-1 and 33000 cm-1 
are formed, similar to the formation of these bands in the middle and bottom of the catalyst 
bed during methanol conversion. However, the small UV–vis bands below 25000 cm-1 that are 
visible during the MTO process over Mg-ZSM-5, an indication for the formation of aromatic 
species, are not present during the conversion of ethylene and propylene. The increase in UV–
vis absorbance during ethylene and propylene conversion over Mg-ZSM-5 proceeds slowly 
compared to H-ZSM-5, at a similar rate compared to the middle and bottom of the 
Mg-ZSM-5 catalyst bed during methanol conversion. The coke front, which is visible during 



Spatiotemporal Coke Formation during MTO: A Comparison between H-ZSM-5 and Mg-ZSM-5 

101 

the conversion of methanol, is not present during the conversion of ethylene and propylene 
over Mg-ZSM-5. 

For both H-ZSM-5 and Mg-ZSM-5, the UV–vis spectra during ethylene and propylene 
conversion are similar to the UV–vis spectra of the secondary coke formation during the MTO 
process, whereas the coke front that is observed during the MTO process is not visible during 
ethylene and propylene conversion. This indicates that the primary coke formation during the 
MTO process is indeed caused by methanol conversion, and the formation of secondary coke 
is caused by secondary reactions of MTO products, such as ethylene and propylene. The slower 
secondary coke formation on Mg-ZSM-5 compared to H-ZSM-5 during the MTO process 
corresponds to slower coke formation during the conversion of ethylene and propylene. 

4.4 Discussion 

4.4.1 Spatiotemporal Effects Along the Reactor Bed 
During the MTO process, hydrocarbons are retained on the zeolite catalyst material; active 
species that are part of the hydrocarbon pool, and coke (precursor) molecules that lead to 
deactivation of the catalyst. As observed before by several research groups, deactivation of the 
catalyst as well as accumulation of hydrocarbon species proceeds along the catalyst bed during 
the MTO reaction.20,21 Because 100 % methanol conversion is already achieved in a small part 
at the beginning of the catalyst bed, the rest of the catalyst bed is not subjected to methanol 
in the beginning of the reaction, but rather to MTO reaction products. The results presented 
above show that the maximum amount of coke on the catalyst corresponds with an absorbance 
of ca. 1.6 at 10000 cm-1, and that the catalyst is deactivated when this maximum absorbance 
is reached. When the first part of the catalyst bed is deactivated, methanol is converted in the 
next part of the bed, until that part of the bed is deactivated as well. In this way, a deactivating 
coke front that travels through the catalyst bed is observed. Only when the last part of the 
catalyst bed becomes deactivated, deactivation is apparent in the activity data as well, and 
methanol is not 100 % converted anymore. This general pattern is observed for both H-ZSM-5 
and Mg-ZSM-5. 

However, there are also large differences between the two samples. First of all, the time 
before deactivation is observed in the activity data, i.e., the time until the coke front reaches 
the end of the catalyst bed, is 16.2 h for H-ZSM-5, compared to 54.7 h for Mg-ZSM-5, an 
increase in catalyst lifetime by a factor of 3.4. Furthermore, behind the coke front, much more 
secondary coke is formed on H-ZSM-5 compared to Mg-ZSM-5. When 100 % conversion of 
methanol is achieved already in the first part of the catalyst bed, it means that the rest of the 
bed is subjected to MTO products, such as ethylene and propylene. Feeding these MTO 
products as reactant over the catalyst showed that they were much more reactive on H-ZSM-5 
than on Mg-ZSM-5. During the conversion of MTO products, i.e., ethylene and propylene, 
over H-ZSM-5, aromatic hydrocarbons were formed and retained on the catalyst. The nature 
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and amount of these retained hydrocarbons, i.e., UV–vis band positions and absorbance, were 
very similar to the spectral features of the secondary coke that was formed behind the coke 
front during methanol conversion, as can be seen in Figure 4.8. Contrarily, on Mg-ZSM-5, 
MTO products, i.e., ethylene and propylene, are not very reactive. Conversion of these MTO 
products over Mg-ZSM-5 resulted in much less retained hydrocarbons compared to H-ZSM-5, 
similar to the low amounts of secondary coke formed during methanol conversion over 
Mg-ZSM-5, as can be seen in Figure 4.9. The lower amount of secondary coke formed in 
Mg-ZSM-5 during MTO is the reason for the slower progression of the coke front and longer 
catalyst lifetime compared to H-ZSM-5. 

4.4.2 Effect of Magnesium Modification 
The results discussed above show that the magnesium modification of zeolite ZSM-5 causes 
a change in acidic properties of the zeolite material, i.e., a decrease in the amount of Brønsted 
acid sites and silanol nests, and the generation of Lewis acid sites. Another effect of the 
magnesium modification is the decrease of surface area and pore volume. The decrease of the 
amount of Brønsted acid sites and pore volume upon modification of zeolite ZSM-5 with 
magnesium or other alkaline earth metals has been reported by numerous groups.28,29,44 It has 
been shown previously that at reaction conditions similar to the conditions used in this study, 
H-ZSM-5 can be used as an olefin aromatization catalyst.45–47 It was noted that for effective 
aromatization, strong acid sites were required, and that decreasing the amount of strong acid 
sites led to decreased aromatic formation during olefin conversion.47,48 For the MTO reaction, 
we showed that the aromatization of MTO products, i.e., propylene and ethylene, was mainly 
responsible for the aromatics formation on H-ZSM-5 in the parts of the catalyst bed after the 
methanol conversion zone. Other researchers have also shown that secondary reactions of 
MTO products formed in the first layer of the catalyst bed lead to the formation of aromatic 
species.49 Modification with magnesium lead to a decrease in amount of strong acid sites, 
lowering the formation of aromatics from olefins, and thereby increasing olefin selectivity and 
catalyst lifetime. For zeolite SSZ-13, it has been shown before that selective removal of paired 
Al sites using bivalent ion Cu2+ ions led to an increased catalyst lifetime.50 It is possible that a 
decrease in paired Al sites also plays a role in the increased lifetime of these Mg-ZSM-5 
catalysts. Another factor contributing to decreased aromatics formation on Mg-ZSM-5 can be 
the decreased micropore volume, making the pores too small for aromatics to be formed inside 
the zeolite pores. For these reasons, during the conversion of methanol, the Mg modification 
resulted in an increased olefin selectivity, as well as slower formation of secondary coke, and 
therefore an increased catalyst lifetime. It is also possible that the Lewis acid sites that are 
created by the alkaline earth modification play a role in the changed deactivation behavior of 
Mg-ZSM-5. However, at this point, the exact role of the Lewis acid sites remains unclear. 

Because of the decreased olefin aromatization in the Mg-ZSM-5 sample, low aromatic 
formation was observed during MTO, and from the low amount of aromatics present it can be 
concluded that methanol conversion proceeds mainly via the alkene cycle, i.e. via methylation 
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of alkene intermediates rather than methylation of aromatic intermediates. More aromatics 
formation was observed during the MTO process on regular H-ZSM-5, so it is possible that 
the MTO process over H-ZSM-5 proceeds via the aromatic cycle. However, it is also possible 
that the methanol conversion over H-ZSM-5 proceeds mainly via the alkene cycle as well, and 
that aromatics formation is caused mainly by the conversion of MTO products, i.e., olefins, 
into aromatics. 

4.5 Conclusions 

During the Methanol-to-Olefins (MTO) process over zeolites H-ZSM-5 and Mg-ZSM-5, 
operando UV–vis spectroscopy was performed at three positions along the reactor bed. For 
both zeolite materials, a coke front was observed, which progressed through the catalyst bed. 
Once this coke front reached the end of the catalyst bed, catalyst deactivation was observed. 
We have defined this coke, that is the result of the conversion of methanol into olefins, as 
primary coke. Apart from this primary coke that is formed in the methanol conversion zone, 
in the parts of the reactor bed behind the methanol conversion zone, coke formation caused 
by secondary reactions of MTO products was also observed. This coke was defined as 
secondary coke. Additional experiments, in which typical MTO products, i.e., ethylene and 
propylene, were used as reactants, showed that this secondary coke is the result of 
aromatization of olefins, which are produced in earlier parts of the catalyst bed during MTO. 
On H-ZSM-5, secondary coke formation occurs much faster and much more pronounced than 
on Mg-ZSM-5. The reason for this is that olefin aromatization is reduced on Mg-ZSM-5, 
because of the altered acidic properties of the zeolite material; the amount of strong Brønsted 
acid sites is reduced by the magnesium modification. The fact that olefin aromatization is less 
pronounced on Mg-ZSM-5 results in a higher observed selectivity toward lower olefins for 
Mg-ZSM-5 compared to H-ZSM-5. Furthermore, since the secondary coke formation is 
slower, Mg-ZSM-5 has a 3.4 times longer lifetime than H-ZSM-5. 
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Chapter 5a 

Summary, Conclusions and Perspectives 

5.1 Summary 

Lower olefins, such as ethylene and propylene, are important chemical building blocks in our 
current society, because many products are made from these bulk chemicals and their 
derivatives. Traditionally, lower olefins are produced from crude oil. Because of changing 
demands and changes in feedstock composition, “on-purpose” methods to produce specific 
olefins have to be applied in order to meet future olefin demands. In addition, to produce 
olefins in an alternative way that is less harmful for the environment in terms of CO2 emissions, 
more production processes using non-fossil feedstocks will have to be applied in the future. 
Among the chemical conversion processes that can be used to produce on-purpose olefins 
from renewable sources are Methanol-to-Hydrocarbons (MTH) processes. The methanol used 
in these processes can be produced directly from biomass, or from synthesis gas (a mixture of 
CO and H2, also known as syngas), which in turn can be produced from virtually any carbon 
source. Synthesis gas can even be produced from CO2 that is emitted from the combustion of 
waste or during other industrial processes, combined with renewable hydrogen, e.g., hydrogen 
produced by electrolysis of water using renewable energy. In that case, the production of 
olefins from syngas can be combined with measures to reduce the emission of CO2 into the 
earth’s atmosphere. When this approach or other non-fossil sources are used, the production 
of fuels and chemicals from syngas or methanol fits into the ambition to build a more 
sustainable future. However, there currently are large complexes where MTH processes are 
already applied using fossil carbon sources, such as coal and natural gas, as feedstock. In these 
cases, MTH processes cannot really be considered sustainable. However, the fact that MTH 
processes can be applied before, during, and after the switch from fossil to renewable carbon 
sources make them interesting in the current world, where changes in feedstocks are 
necessary. Figure 5.1 shows how MTH processes can be applied during the change from fossil 
to renewable resources. 
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Figure 5.1. Schematic of the degree of sustainability of Methanol-to-Hydrocarbons (MTH) 
processes, depending on the carbon feedstock used to produce methanol. 

MTH processes are catalytic processes, and the catalysts that are applied are based on zeolite 
materials. The product selectivity of MTH processes can be influenced by the choice of zeolite 
catalyst material, modifications of these catalysts, and reaction conditions applied during the 
process. When MTH processes are optimized for high selectivity toward lower olefins, they 
are generally referred to as Methanol-to-Olefins (MTO) processes. Within the MTO 
processes, it is possible to further tune selectivity specifically toward certain olefins, e.g., the 
propylene to ethylene ratio of an MTO process can be controlled to a certain extent. Being 
able to control product selectivity on demand is an important asset for MTH and MTO 
processes, because in this way future changes in demand for specific olefins can be met. 

As mentioned above, zeolite or zeotype materials are used as solid catalysts for MTO 
processes. The Brønsted acidity of these zeolite-based materials provides the catalytic activity 
for the reaction, whereas the crystalline micropore structure of the materials provides the 
required shape selectivity for the process. The two catalysts that are currently used 
commercially are based on zeolite ZSM-5 (with the MFI framework), of which pore sizes are 
limited by ten-membered rings, and zeotype SAPO-34 (with the CHA framework), which 
consists of large cages, interconnected by small eight-ring windows. Over the years, the 
reaction mechanism of MTO processes has been much debated. Producing olefins and other 
hydrocarbons from methanol requires the formation of C-C bonds. Direct mechanisms to 
describe this process proved to have high activation energies and could not explain the rate at 
which hydrocarbon species are formed under typical MTH conditions. Since the beginning of 
this century, it has become generally accepted that after the formation of the first 
hydrocarbons, further formation of hydrocarbon products is dominated by reactions of 
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methanol with the “hydrocarbon pool”. This hydrocarbon pool consists of hydrocarbon species 
that are dynamically retained within the pores of the zeolite catalyst. These species are 
alkylated by the methanol feed, and olefins are produced by dealkylation of the alkylated 
hydrocarbon pool species. However, for the formation of the first hydrocarbon pool species, 
during the beginning of the reaction, direct reaction mechanisms are still considered and 
studied. Catalyst deactivation is caused by the buildup of inactive hydrocarbon species inside 
the pores or at the outer surface of the zeolite catalyst material, thereby preventing access to 
the active sites of the catalyst. 

Many different reactions can take place simultaneously during methanol conversion over 
zeolite-based catalysts, including alkylation, isomerization, aromatization, dealkylation, and 
cracking reactions. All these reactions contribute to the complexity of the hydrocarbon pool 
mechanism that is prevailing during MTO processes. Because of this complexity, there are still 
many uncertainties about the exact reaction mechanism and deactivation of MTO processes. 
For instance, it is known that deactivation of the catalyst material is caused by deposition of 
inactive hydrocarbon species, but the border between active and inactive hydrocarbon species 
is not very well-defined, i.e., it remains unclear exactly which hydrocarbon species can be 
considered deactivating species, rather than active hydrocarbon pool species that are involved 
in producing olefins during the MTO process. 

Gaining more fundamental insight in these hydrocarbon pool processes is important in order 
to have better control over certain factors, such as product selectivity and catalyst deactivation. 
In this PhD thesis, several operando characterization methods were applied in order to follow 
the formation and evolution of hydrocarbon pool species and changes in the catalyst material 
during the MTO process. At the same time, activity data, such as methanol conversion and 
product formation, were obtained. The fact that the characterization methods were applied 
during the reaction, under true operando conditions, means that observed changes in the 
hydrocarbon pool and catalyst material can be related to events, such as catalyst deactivation. 

In Part I of this PhD thesis, three zeolite catalyst materials with different framework 
topologies were compared. Zeolites with the CHA (SSZ-13), DDR (Sigma-1), and LEV (Nu-3) 
topology, respectively, were evaluated during the MTO reaction. These three zeolite 
framework structures have in common that their pore network consists of cages, 
interconnected by small eight-ring windows. Because of these eight-ring windows, small 
aromatic molecules that are formed inside the zeolite cages are too large to exit the zeolite 
material as products. This results in high selectivity toward lower olefins, and this is the reason 
that SAPO-34, a silicoaluminophosphate material with CHA framework topology, is used 
commercially for MTO processes. In Chapter 2, CHA, DDR, and LEV were used as catalyst for 
the MTO reaction at reaction temperatures of 350, 400, and 450 °C. During the reaction, the 
formation and evolution of the hydrocarbon pool were followed using operando UV–vis 
spectroscopy and related to the activity and selectivity of the catalyst. In this way, different 
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hydrocarbon pool species were identified for the three different zeolite catalysts, and they 
were related to the different stages in the MTO process. In Chapter 3, the same three zeolite 
framework structures (CHA, DDR, and LEV) were further compared. It is known that the 
deposition of hydrocarbons inside the pores of zeolite catalysts can cause the crystalline zeolite 
lattice to expand. To study this effect, the hydrocarbon pool was studied during the reaction 
using operando UV–vis spectroscopy, similarly to Chapter 2, and at the same time, the 
expansion of the zeolite lattice was studied using operando X-ray diffraction (XRD). In this 
way, the effect of the formation of hydrocarbon pool species inside the zeolite pores on the 
structure of the zeolite catalyst was measured during the reaction. 

Although small-pore zeolites intrinsically show high selectivity toward lower olefins, they also 
propose some challenges related to deactivation of the catalyst material. Aromatics that are 
not only known as active species during MTO, but also as coke precursors, are not able to 
leave the pores of the catalyst material. Because of that, deactivation due to accumulation of 
coke inside the zeolite pores occurs faster compared to medium-pore zeolite catalysts. 
Therefore, in Part II of this PhD thesis, another approach to achieve high selectivity toward 
lower olefins was studied. Medium-pore zeolites, such as zeolite ZSM-5 (with the MFI 
framework), generally yield a product mixture of olefins, small aromatics, and paraffins. 
However, by modification of the catalyst material and choosing the appropriate reaction 
conditions, product selectivity can be optimized toward the formation of lower olefins. In 
Chapter 4, zeolite H-ZSM-5 was compared with magnesium-modified ZSM-5 during the 
MTO reaction. The effect of the magnesium modification on the properties of the zeolite 
material, such as acidity, was studied. An operando setup with three high-temperature UV–vis 
probes was used to obtain spatiotemporal information about the formation of retained 
hydrocarbons at different locations along the reactor bed, as well as catalytic data during the 
reaction. Mg-ZSM-5 showed a different catalytic behavior during the MTO process compared 
to H-ZSM-5. These differences were related to the differences in acidic properties of the 
materials, and differences in formation of retained hydrocarbons along the reactor bed. 

5.2 Conclusions 

In Part I of this PhD thesis, three different small-pore zeolite frameworks (CHA, DDR, and 
LEV) were compared as catalyst materials for the MTO process. In Chapter 2, these materials 
were studied at reaction temperatures of 350, 400, and 450 °C using a combination of 
operando UV–vis spectroscopy and online gas chromatography (GC). From this comparison, it 
was shown that even though the pores of these zeolites all consist of large cages, 
interconnected by small eight-ring windows, small differences in pore structure and cage size 
and shape between these materials result in a hydrocarbon pool of different nature. The 
hydrocarbon pool inside the large CHA cage consists of a wide variety of species, mostly 
alkylated benzenes and alkylated naphthalenes. In the DDR cage, which is smaller and less 
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symmetric, there is less variety of species, and 1-methylnaphthalene is preferentially formed 
inside the zeolite. The smaller LEV cage contains fewer hydrocarbon pool species than the 
other two framework structures. The nature and evolution of the hydrocarbon pool species 
was linked to the stage of the reaction, which was measured using online GC. It was shown 
that not only the zeolite framework, but also the applied reaction temperature influences the 
nature of the hydrocarbon pool and the deactivation behavior of the catalyst. In the 3-D pore 
network of CHA, the reaction temperature only has a minor effect on MTO performance. 
However, for the 2-D pore networks of DDR and LEV, an increase in the applied reaction 
temperature results in an increase in catalyst lifetime. This effect can be explained by the fact 
that the role of hydrocarbon pool species changes with the applied reaction temperature. For 
instance, during MTO at a reaction temperature of 350 °C over DDR, 1-methylnaphthalene 
is a deactivating species, whereas at 400 and 450 °C, it acts as an active species. Because of 
this, the amount and nature of coke species in the deactivated catalyst depend on both zeolite 
framework and applied reaction temperature. 

 

Figure 5.2. Schematic of the main findings of Part I of this PhD thesis. The comparison of 
three small-pore zeolite frameworks as catalyst for the MTO process revealed that the nature 
and evolution of the hydrocarbon pool depends on the zeolite framework. Typical molecules 
that are formed inside the zeolite cages of CHA, DDR, and LEV, and that cause expansion of 
the zeolite lattice during the MTO process, are shown. 

In Chapter 3, the same three small-pore zeolite catalysts (CHA, DDR, and LEV) were used for 
MTO at a reaction temperature of 400 °C. In these framework structures, in which the pore 
sizes are limited by eight-ring windows, aromatic hydrocarbon pool molecules that are formed 
inside the zeolite cannot exit the pores and are retained inside the catalyst. These small 
aromatic species tend to grow into larger species that eventually deactivate the catalyst. In 
principle, the size of these aromatic molecules is limited by the size of the zeolite cage in 
which they are formed. However, the retained molecules can cause the zeolite lattice to 
expand slightly during the MTO process. The formation of retained hydrocarbon pool species 
during MTO was followed using operando UV–vis spectroscopy. In the same experiment, using 
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operando X-ray diffraction (XRD), the expansion of the zeolite framework caused by the 
formation of these species was measured, and the catalytic performance was measured using 
online gas chromatography (GC). During the reaction, the formation of retained aromatic 
species causes the zeolite lattice of the three zeolite frameworks to expand. As was shown 
before in Chapter 2, subtle differences in the zeolite pore structures result in a different nature 
of the retained hydrocarbons for the three zeolite frameworks. Therefore, the magnitude and 
direction of the expansion of the zeolite lattice caused by these species is also different for 
each zeolite framework, because the expansion depends on the interaction between the 
hydrocarbon species and the zeolite framework. Methylated naphthalenes and pyrene cause 
the expansion in CHA, while 1-methylnaphthalene and phenalene expand the DDR lattice. 
Methylated benzene and non-methylated naphthalene cause expansion in LEV. The CHA 
catalyst shows the largest expansion: 0.9 % in the direction along the c-axis of the zeolite 
lattice. Filling of the zeolite cages and the zeolite lattice expansion caused by this lead to the 
deactivation of these small-pore zeolite catalysts during MTO. 

In Part II of this PhD thesis, medium-pore zeolites with the MFI framework were used as 
catalyst for the MTO process. In Chapter 4, zeolite H-ZSM-5 and magnesium-modified 
Mg-ZSM-5 catalysts were compared. The formation of hydrocarbon pool species as well as 
the accumulation of coke and coke precursor molecules were monitored with operando UV–
vis spectroscopy. Using three high-temperature UV–vis probes simultaneously at different 
positions along the fixed bed reactor, the formation of active species and coke along the 
reactor bed was measured. With this spatiotemporal approach, it was visualized that for both 
H-ZSM-5 and Mg-ZSM-5, during methanol conversion, only a small part at the beginning of 
the catalyst bed is needed to obtain 100 % methanol conversion. When this part of the bed 
deactivates because of coke formation, the next part of the bed is used to convert methanol, 
etc. Because of this, a deactivating coke front that travels through the catalyst bed is observed. 
Once this coke front reaches the end of the bed, catalyst deactivation is observed in the activity 
data. Mg-ZSM-5 has an extended catalyst lifetime as well as a higher selectivity toward lower 
olefins compared to H-ZSM-5. The spatiotemporal operando UV–vis spectroscopy revealed 
that this increase in lifetime of Mg-ZSM-5 is accompanied by a slower progression of the coke 
front through the catalyst bed. Furthermore, in the parts of the catalyst bed behind the 
methanol conversion zone, much less coke formation is observed for Mg-ZSM-5 compared to 
H-ZSM-5. This is caused by the fact that in Mg-ZSM-5 less secondary reactions take place 
with the olefins that are produced in the beginning of the bed compared to H-ZSM-5. Based 
on these results, a distinction was made between primary coke, i.e., coke that forms due to 
the conversion of methanol into hydrocarbons, and secondary coke, i.e., coke that is formed 
when the MTO products formed in the beginning of the bed, such as propylene and ethylene, 
undergo subsequent aromatization further in the reactor bed. This also explains the higher 
olefin selectivity observed for Mg-ZSM-5, since less olefins that are formed in the beginning 
of the bed undergo secondary reactions further in the bed. The Mg modification of ZSM-5 
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results in a decrease in number of Brønsted acid sites in the zeolite material, as well as the 
creation of Lewis acid sites. The decrease in Brønsted acid sites is likely to be the reason for 
the suppressed formation of secondary coke, i.e., suppressed olefin aromatization for 
Mg-ZSM-5. 

 

Figure 5.3. Schematic of the main findings of Part II of this PhD thesis. Operando UV–vis 
spectroscopy at different locations along the reactor bed revealed that in Mg-ZSM-5 less 
secondary reactions involving olefins that are created in the methanol conversion zone take 
place, resulting in less secondary coke formation and higher selectivity toward lower olefins 
compared to H-ZSM-5. 

5.3 Perspectives 

Within five years after the invention of zeolite ZSM-5, the first Methanol-to-Hydrocarbons 
(MTH) process was discovered, and within ten years after the discovery of the first MTH 
process, a commercial plant based on this process was built in New Zealand to produce 
gasoline from natural gas. After this initial success of the MTH processes, low oil prices made 
the process economically unfavorable, which led to the closure of the plant in New Zealand 
around ten years later. However, over the past decade, driven by changing olefin demands, 
new MTH and MTO plants have been built and announced. Several commercial plants have 
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already been built in China, whereas in Belgium, Germany, and the USA, demonstration plants 
are successfully running and new commercial plants have been announced. Most of the MTH 
processes that are currently applied commercially use coal or natural gas as feedstock, which 
does not contribute very much to a more sustainable environment. However, there are other 
examples, such as the methanol production unit in Iceland, where methanol is produced from 
CO2 emissions from an industrial process. This plant is named after Nobel Prize laureate 
George Olah, who envisaged a so-called methanol economy, in which sustainably produced 
methanol will replace fossil fuels as the most important feedstock for fuels, chemicals, etc. 

Although MTO processes are already applied commercially, there are still mechanistic factors 
that require a better understanding. More detailed information about the reaction mechanism 
and deactivation of the process will allow for optimizing the catalyst and process in order to 
improve product selectivity and control catalyst deactivation. In this PhD thesis, two types of 
MTO catalysts were investigated, small-pore zeolite catalysts with intrinsically high selectivity 
toward lower olefins, and medium-pore catalysts with lower intrinsic selectivity toward lower 
olefins, that are generally more resistant against deactivation. In Part I of this PhD thesis, three 
small-pore zeolite catalysts (with CHA, DDR, and LEV frameworks) were compared. It was 
shown that small differences in the exact pore structure have a large effect on product 
selectivity, nature of the hydrocarbon pool, and deactivation during the MTO process. 
Furthermore, the applied reaction temperature determined whether certain hydrocarbon 
species were active in producing olefins or deactivating the catalyst. This information is 
valuable for optimizing existing MTO processes and designing MTO processes based on newly 
discovered zeolite frameworks. In Part II of this PhD thesis, more insight was provided into 
the mechanism and deactivation of MTO processes using medium-pore zeolite catalysts. More 
specifically, it was shown how magnesium modification of a catalyst with the MFI framework 
affected the catalyst properties, and how this influenced the nature of the retained 
hydrocarbons during the MTO process. These changes led to improved product selectivity and 
catalyst lifetime. 

Combining the findings from Parts I and II of this PhD thesis, we can speculate on how to 
further improve MTO catalysts. Small-pore catalysts intrinsically have a high selectivity toward 
lower olefins, because larger products that are formed inside the zeolite cages cannot exit the 
pores through the eight-ring windows. Medium-pore catalysts are intrinsically less selective 
toward lower olefins but more resistant against the formation of coke. We showed that with 
Mg modification of a medium-pore zeolite catalyst, catalyst lifetime and olefin selectivity 
could be improved. One can imagine that similar modifications of small-pore catalysts that are 
already intrinsically very selective toward producing lower olefins, but have a short catalyst 
lifetime, will make an even more selective catalyst that still has a long catalyst lifetime. The 
improvements in catalyst performance upon Mg modification are closely related to the acidity 
of the zeolite material. Having more control over the (local) acidity of zeolite and zeotype 
materials, not only by modification of the zeolite using extra-framework species, but also by 
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controlling the local Al distribution within zeolite crystals is very important in the development 
of zeolite catalysts with improved catalytic performance. 

The new insights presented in this PhD thesis have been obtained using a combination of 
different characterization techniques. An important part of the results has been obtained 
under operando conditions, i.e., during the MTO process, under realistic reaction conditions, 
and combined with online product analysis to simultaneously evaluate catalyst performance. 
This approach yielded valuable mechanistic information that had remained invisible when only 
traditional, ex situ characterization methods had been used. However, MTO processes are 
complex, and there are still many questions left to be answered. Next to magnesium, there 
are many other elements that can be introduced into the zeolite material by post-synthetic 
treatments, some of which positively affect the performance of the catalyst in the MTO 
reaction. Using a combination of techniques, such as acidity characterization and operando 
spectroscopy, more can be learned about various post-synthetic modifications of zeolite 
catalysts. Another opportunity is to combine the techniques used in this PhD thesis with micro-
spectroscopic techniques that can provide more information about the location of hydrocarbon 
species inside the zeolite crystals with micrometer or even nanometer resolution. With this 
information, an even more complete picture of the deactivation of MTO catalysts by coke 
formation can be drawn. Finally, the operando approach and experimental setups that have 
been used in this work can provide valuable information, not only for MTH processes, but also 
for a wide range of other (catalytic) processes. When used complementary to more traditional 
characterization techniques, these in situ and operando characterization techniques can 
catalyze further chemical research. 
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Chapter 5b 

Nederlandse samenvatting 

Olefinen zijn koolwaterstoffen met een koolstof-koolstof dubbele binding. Lagere olefinen, 
zoals etheen en propeen, zijn in onze huidige samenleving belangrijke chemische bouwstenen. 
Veel producten, zoals plastics en medicijnen, worden gemaakt van deze bulkchemicaliën en 
hun derivaten. Traditioneel worden lagere olefinen gemaakt uit aardolie. Vanwege 
veranderingen in vraag alsook veranderingen in gebruikte grondstoffen is het belangrijk dat er 
methodes beschikbaar zijn waarmee specifieke olefinen geproduceerd kunnen worden. 
Bovendien, om te zorgen dat de CO2-voetafdruk van de productie van olefinen in de toekomst 
vermindert, zullen er duurzamere productiemethoden moeten worden ingezet, waarbij 
gebruik gemaakt wordt van duurzame grondstoffen. Onder deze duurzamere methodes voor 
de productie van specifieke olefinen vallen ook de zogenaamde Methanol-to-Hydrocarbons 
(MTH) processen. Zoals de Engelse naam al aangeeft, zijn dit processen om koolwaterstoffen 
(Engels: hydrocarbons) te maken met methanol als grondstof. De methanol kan op zijn beurt 
weer uit verschillende grondstoffen worden geproduceerd; bijvoorbeeld door directe 
omzetting van biomassa in methanol, of uit synthesegas (een mengsel van CO en H2). 
Synthesegas kan geproduceerd worden van bijna alle koolstofhoudende grondstoffen, 
waaronder fossiele bronnen zoals kolen en aardgas. Maar CO kan ook worden geproduceerd 
uit CO2 die bijvoorbeeld vrijkomt bij de verbranding van afval of bij andere industriële 
processen. Wanneer deze CO gecombineerd wordt met H2 die geproduceerd wordt door 
middel van elektrolyse van water (gebruikmakend van groene energie), dan kan de productie 
van olefinen zelfs gecombineerd worden met het reduceren van CO2-concentraties in de 
atmosfeer. Als MTH-processen op deze manier worden toegepast, passen ze goed in een 
duurzamere toekomst. Op dit moment worden MTH-processen echter niet alleen toegepast 
met het oog op een duurzamere toekomst. Er zijn verschillende fabrieken waar MTH-
processen die gebaseerd zijn op aardgas of kolen als grondstof worden toegepast, en hoewel 
dit een effectieve methode is om specifieke koolwaterstoffen te maken, is het in deze vorm 
niet echt duurzaam te noemen. Aan de andere kant is het feit dat MTH-processen voor, 
tijdens, en na de overgang van fossiele naar hernieuwbare grondstoffen toegepast kunnen 
worden ook een voordeel, omdat ze op deze manier kunnen bijdragen aan een soepele 
overgang naar een duurzamere maatschappij. In Figuur 5.1 is te zien hoe MTH-processen voor 
de productie van brandstoffen en chemicaliën toegepast kunnen worden tijdens de overgang 
van fossiele naar duurzame grondstoffen. 
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Figuur 5.1. Schematische weergave van de mate van duurzaamheid van de zogenaamde 
Methanol-to-Hydrocarbons (MTH) processen, afhankelijk van de grondstof die gebruikt wordt 
om methanol te produceren. 

Om MTH-processen goed te laten verlopen is een katalysator nodig. De katalysatoren die 
gebruikt worden voor MTH-processen zijn gebaseerd op zeolieten. Zeolieten zijn kristallijne 
mineralen die opgebouwd zijn uit tetraëders van silicium of aluminium, omringd met vier 
zuurstofatomen. Ieder zuurstofatoom wordt gedeeld door twee metaalatomen, waardoor de 
totale formule TO2 is (waarbij T staat voor een metaalatoom). Ze bevatten kleine microporiën, 
die een belangrijke rol spelen in het proces. Er zijn meer dan tweehonderd verschillende 
zeolietstructuren, met allemaal een verschillende poriestructuur. De productselectiviteit van 
MTH-processen kan worden beïnvloed door de keuze voor een bepaalde zeolietstructuur, 
modificatie van de zeolieten, en de toegepaste reactiecondities. Wanneer MTH-processen 
geoptimaliseerd zijn voor een hoge opbrengst van lagere olefinen worden ze Methanol-to-
Olefins (MTO) processen genoemd. Het is mogelijk om de productselectiviteit van MTO-
processen nog verder te sturen, zo kan bijvoorbeeld de propeen/etheen ratio tot op zekere 
hoogte gecontroleerd worden. Het feit dat de productselectiviteit van MTO-processen 
gecontroleerd kan worden is een pluspunt, omdat op die manier veranderingen in vraag naar 
specifieke olefinen opgevangen kunnen worden. 

Zoals hierboven genoemd worden zeolieten en op zeolieten gebaseerde materialen gebruikt 
als katalysatoren in MTO-processen. De brønstedzuurheid van deze materialen zorgt ervoor 
dat ze actief zijn als katalysator, terwijl hun kristallijne microporiestructuur zorgt voor de 
selectiviteit naar de juiste producten. De twee zeolieten die commercieel het meest worden 
gebruikt als basis voor MTO-katalysatoren zijn ZSM-5 (MFI-structuur), waarvan de 
poriegrootte wordt bepaald door tienledige ringen, en SAPO-34 (CHA-structuur), dat bestaat 
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uit grote holtes die met elkaar verbonden zijn door achtledige ringen. Over het 
reactiemechanisme van MTO-processen is door de jaren heen veel discussie geweest. Voor 
het produceren van koolwaterstoffen uit methanol is de vorming van koolstof-koolstof 
bindingen nodig. Directe reactiemechanismen die voorgesteld werden bleken een te hoge 
activeringsenergie te hebben, en kunnen daardoor de snelheid waarmee koolwaterstoffen bij 
typische MTH-condities worden gevormd niet verklaren. Sinds het begin van deze eeuw is de 
meest geaccepteerde verklaring dat na de vorming van de eerste koolwaterstoffen, verdere 
vorming van koolwaterstoffen gedomineerd wordt door het zogenaamde koolwaterstofpoel-
mechanisme (Engels: hydrocarbon pool mechanism). De koolwaterstofpoel bestaat uit 
verschillende koolwaterstoffen die al dan niet tijdelijk in de zeolietporiën vastgehouden 
worden. Deze verschillende koolwaterstoffen worden gealkyleerd door methanol, en 
vervolgens worden olefinen geproduceerd door dealkylering van de gealkyleerde 
koolwaterstoffen. De katalysatoren gaan niet oneindig lang mee, uiteindelijk deactiveert de 
katalysator doordat inactieve koolwaterstoffen in de poriën en aan de buitenkant van de 
zeolieten achterblijven, waardoor de actieve plekken van de katalysator onbereikbaar worden. 

Tijdens methanolconversie via het koolwaterstofpoelmechanisme vinden er veel verschillende 
reacties tegelijkertijd plaats, waaronder alkylering, isomerisatie, aromatisering, dealkylering, 
en kraakreacties. Al deze verschillende reacties dragen bij aan de complexiteit van het 
koolwaterstofpoelmechanisme dat de overhand heeft tijdens MTO-processen. Vanwege deze 
complexiteit zijn er nog veel onzekerheden over het exacte reactiemechanisme en deactivatie 
tijdens MTO-processen. Zo is het bijvoorbeeld bekend dat deactivatie van de katalysator 
wordt veroorzaakt door afzetting van inactieve koolwaterstoffen, maar de grens tussen een 
actieve koolwaterstof en een inactieve koolwaterstof is niet zo helder, dat wil zeggen, het is 
lastig om precies te bepalen welke koolwaterstoffen kunnen worden beschouwd als inactief, 
en welke koolwaterstoffen bijdragen aan het produceren van olefinen tijdens het MTO-
proces. 

Het is belangrijk om meer inzicht te krijgen in de processen die zich in de koolwaterstofpoel 
afspelen, want daarmee kan meer controle verkregen worden over zaken als 
productselectiviteit en deactivatie van de katalysator. In dit proefschrift wordt een aantal 
operando karakteriseringsmethoden toegepast om de vorming en evolutie van de 
koolwaterstofpoel en de veranderingen die optreden in de katalysator tijdens het MTO-proces 
te volgen. Het woord operando betekent dat deze karakteriseringsmethoden worden 
toegepast tijdens de reactie, en dat tegelijkertijd activiteitsdata, zoals de omzetting van 
methanol en de vorming van producten, gemeten worden. Het feit dat de karakteriseringen 
tijdens de reactie, onder operando reactiecondities worden uitgevoerd, zorgt ervoor dat de 
veranderingen in de koolwaterstofpoel en katalysator kunnen worden gerelateerd aan 
bepaalde gebeurtenissen tijdens de reactie, zoals de deactivatie van de katalysator. 
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In het eerste deel van dit proefschrift worden drie zeolietmaterialen met een verschillende 
poriestructuur met elkaar vergeleken. Zeolieten met respectievelijk de CHA (SSZ-13), DDR 
(Sigma-1), en LEV (Nu-3) structuur werden getest voor de MTO-reactie. De overeenkomst 
van deze drie zeolietstructuren is dat hun poriestructuren allemaal bestaan uit grote holtes die 
met elkaar verbonden zijn door achtledige ringen, maar er zijn kleine verschillen in de precieze 
afmetingen van de holtes en openingen. Door deze achtledige ringen kunnen kleine 
aromatische moleculen die tijdens de reactie in de holtes gevormd worden niet naar buiten als 
producten. Dit resulteert erin dat de selectiviteit naar lagere olefinen van deze materialen 
hoog is, en dat is ook de reden dat SAPO-34, met de CHA-structuur, commercieel toegepast 
wordt voor MTO-processen. 

In Hoofdstuk 2 werden CHA, DDR, en LEV als katalysator voor het MTO-proces gebruikt bij 
reactietemperaturen van 350, 400, en 450 °C. Tijdens de reactie werd de vorming en evolutie 
van de koolwaterstofpoel gevolgd door middel van operando UV–vis-spectroscopie en 
gerelateerd aan de activiteit en selectiviteit van de katalysator. Op deze manier werden 
verschillende bestanddelen van de koolwaterstofpoel voor de drie verschillende 
zeolietstructuren geïdentificeerd en gerelateerd aan het stadium waarin het MTO-proces zich 
bevond. Ondanks het feit dat elk van deze drie zeolietstructuren bestaat uit grote holtes die 
met elkaar verbonden zijn door achtledige ringen, zijn er kleine verschillen in de precieze 
afmetingen en vorm van de holtes. Deze verschillen resulteren erin dat de samenstelling van 
de koolwaterstofpoel ook verschillend is. In de holte van CHA is een grote variëteit aan 
koolwaterstoffen te vinden, vooral gealkyleerde benzeenringen en gealkyleerde naftalenen. 
In de holtes van DDR, die kleiner en minder symmetrisch zijn, is een kleinere variëteit aan 
koolwaterstoffen, en er wordt vooral 1-methylnaftaleen gevormd in de holtes. In de nog 
kleinere holtes van LEV zijn minder koolwaterstoffen te vinden dan in de andere twee 
zeolietstructuren. De vorming en evolutie van de koolwaterstofpoel werd gerelateerd aan de 
activiteitsdata die werden gemeten met in-lijn gaschromatografie. Daardoor werd duidelijk 
dat niet alleen de zeolietstructuur, maar ook de toegepaste reactietemperatuur van invloed 
was op de samenstelling van de koolwaterstofpoel en de deactivatie van de katalysator. In de 
3D poriestructuur van CHA heeft de reactietemperatuur slechts een kleine invloed op de 
deactivatie, maar in de 2D poriestructuren van DDR en LEV resulteert een hogere 
reactietemperatuur in een langere levensduur van de katalysator. Dit effect kan worden 
verklaard doordat de rol van bepaalde koolwaterstofpoelmoleculen verandert door de 
verandering in reactietemperatuur. Bijvoorbeeld, wanneer het MTO-proces bij 350 °C wordt 
uitgevoerd over een DDR-katalysator is 1-methylnaftaleen een molecuul dat zorgt voor 
deactivatie, terwijl hetzelfde molecuul bij reactietemperaturen van 400 en 450 °C juist actief 
is. Hierdoor is de hoeveelheid en aard van koolstofafzettingen in de gedeactiveerde katalysator 
ook afhankelijk van zeolietstructuur en reactietemperatuur. 
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Figuur 5.2. Schematische weergave van de bevindingen van het eerste deel van dit proefschrift. 
De vergelijking tussen drie zeolietmaterialen met kleine poriën toont dat de samenstelling en 
evolutie van de koolwaterstofpoel afhankelijk zijn van de zeolietstructuur. Voorbeelden van 
moleculen die gevormd worden in de holtes van CHA, DDR, en LEV, die verantwoordelijk zijn 
voor de expansie van de kristalroosters van de zeolieten tijdens MTO worden getoond.  

In Hoofdstuk 3 werden dezelfde drie zeolietstructuren (CHA, DDR, en LEV) verder 
vergeleken. Het is bekend dat de afzetting van koolwaterstoffen in de poriën van 
zeolietkatalysatoren kan leiden tot uitzetting van het kristalrooster van de zeoliet. Om dit 
effect te bestuderen werd de koolwaterstofpoel tijdens de reactie bestudeerd met operando 
UV–vis-spectroscopie, net als in hoofdstuk 2, en tegelijkertijd werd de expansie van het 
kristalrooster van de zeoliet bestudeerd met operando röntgendiffractie. Op deze manier kon 
het effect van de vorming van de koolwaterstofpoel op de zeolietstructuur van de katalysator 
tijdens de reactie worden gemeten. Tijdens het MTO-proces bij 400 °C vindt bij alle drie de 
zeolietmaterialen een expansie van het kristalrooster plaats. Zoals eerder gezien in hoofdstuk 
2 zorgen kleine verschillen in de exacte vorm en afmetingen van de zeolietstructuren voor 
verschillen in de samenstelling van de koolwaterstofpoel. Daardoor is de mate en richting van 
de expansie van het kristalrooster van de drie zeolieten ook verschillend. Gemethyleerde 
naftalenen en pyreen zorgen voor de expansie van CHA, terwijl 1-methylnaftaleen en fenaleen 
verantwoordelijk zijn voor de expansie van DDR. De expansie van LEV wordt veroorzaakt 
door gemethyleerd benzeen en ongemethyleerd naftaleen. De grootste expansie is te zien bij 
CHA, 0.9 % in de richting van de c-as van de zeolietstructuur. Het vullen van de holtes met 
koolwaterstoffen die op hun beurt verantwoordelijk zijn voor het uitzetten van het 
kristalrooster van de zeolieten is de reden voor deactivatie van de zeolietstructuren met kleine 
poriën. 

Ondanks dat de drie bovengenoemde zeolieten met kleine poriën van zichzelf een hoge 
selectiviteit naar lagere olefinen hebben, hebben ze ook nadelen, vooral als het gaat om de 
deactivatie van de katalysator. Kleine aromatische moleculen staan niet alleen bekend als 
actieve bestanddelen van de koolwaterstofpoel, maar ook als het voorstadium van inactieve 
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koolstofafzettingen. Deze kleine aromaten kunnen de zeoliet niet verlaten door de kleine 
achtledige ringen, en daarom deactiveren de zeolietstructuren met kleine poriën relatief snel. 
Om die reden wordt er in het tweede deel van dit proefschrift gekeken naar een andere 
strategie om een hoge selectiviteit naar lagere olefinen te bereiken. Wanneer zeolieten met 
middelgrote poriën, zoals zeoliet ZSM-5 (met de MFI-structuur) als katalysator worden 
gebruikt in een MTH-proces resulteert dat over het algemeen in een productmengsel dat 
bestaat uit olefinen, kleine aromatische moleculen, en alkanen. Maar door de katalysator te 
modificeren en door de juiste reactiecondities te kiezen kan de productselectiviteit toch 
worden geoptimaliseerd voor een hoge opbrengst van lagere olefinen. 

In Hoofdstuk 4 werd zeoliet H-ZSM-5 vergeleken met ZSM-5 die gemodificeerd was met 
magnesium. Het effect van deze magnesiummodificatie op de eigenschappen van het 
zeolietmateriaal zoals zuurheid werd bestudeerd. Een operando opstelling met drie 
hogetemperatuur-UV–vis-sondes werd gebruikt om tijdens de reactie informatie te krijgen 
over koolstofafzettingen op verschillende plekken langs het katalysatorbed, en tegelijkertijd 
werden katalytische data gemeten. De verschillen in de gemeten katalytische data werden 
gerelateerd aan de verschillen in zuurheid van de katalysatormaterialen en aan verschillen in 
vorming van koolstofafzettingen langs het katalysatorbed. Met deze aanpak werd inzichtelijk 
gemaakt dat voor zowel H-ZSM-5 als Mg-ZSM-5, tijdens methanolconversie bij 500 °C, 
slechts een klein deel van het katalysatorbed genoeg is om volledige methanolconversie te 
bereiken. Als dit deel van het katalysatorbed gedeactiveerd raakt wordt het volgende deel van 
het bed gebruikt om methanol om te zetten, etc. Hierdoor wordt er een zogenaamd 
deactivatiefront waargenomen dat tijdens de reactie door het katalysatorbed heen beweegt. 
Pas als dit deactivatiefront aan het eind van het katalysatorbed is wordt de deactivatie ook 
waargenomen in de activiteitsdata. Mg-ZSM-5 heeft een langere levensduur en een hogere 
selectiviteit naar lagere olefinen dan H-ZSM-5. Met operando UV–vis-spectroscopie langs het 
katalysatorbed is te zien dat de langere levensduur gepaard gaat met een langzamere 
beweging van het deactivatiefront door het bed. Daarnaast is ook te zien dat er voor 
Mg-ZSM-5 in de delen van het katalysatorbed achter de methanol-conversiezone veel minder 
koolstofafzettingen te zien zijn in vergelijking met H-ZSM-5. Dit komt doordat er in de 
gemodificeerde Mg-ZSM-5 minder secundaire reacties van MTO-producten die in het begin 
van het bed gevormd zijn plaatsvinden in vergelijking met H-ZSM-5. Op basis hiervan maken 
we een onderscheid tussen twee verschillende koolstofafzettingen: ‘primaire koolstof’, 
oftewel koolstofafzettingen die het gevolg zijn van de omzetting van methanol naar 
koolwaterstoffen en ‘secundaire koolstof’, koolstofafzettingen die het gevolg zijn van 
secundaire reacties van eerder in het bed gevormde MTO-producten, zoals aromatisering van 
etheen en propeen. Dit verklaart ook de hogere waargenomen selectiviteit naar lagere 
olefinen bij Mg-ZSM-5, omdat minder van de in het begin van het bed gevormde producten 
secundaire reacties ondergaan. De magnesiummodificatie van ZSM-5 resulteert in een 
vermindering van brønstedzure plaatsen in het zeolietmateriaal en de vorming van nieuwe 
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lewiszure plaatsen. De vermindering van brønstedzure plaatsen is waarschijnlijk de reden voor 
de verminderde aromatisering van olefinen en de verminderde vorming van secundaire 
koolstof in Mg-ZSM-5. 

 

Figuur 5.3. Schematische weergave van de bevindingen van het tweede deel van dit 
proefschrift. Operando UV–vis-spectroscopie op verschillende plaatsen langs het 
katalysatorbed toont aan dat er in Mg-ZSM-5 minder secundaire reacties plaatsvinden met 
olefinen die in de methanolconversiezone gevormd worden, hetgeen resulteert in minder 
vorming van secundaire koolstofafzettingen en een hogere selectiviteit naar lagere olefinen in 
vergelijking met H-ZSM-5. 

Op dit moment is er al een aantal commerciële MTO-fabrieken in bedrijf, en er zijn nog meer 
fabrieken aangekondigd. Ondanks het feit dat MTO-processen al op commerciële schaal 
worden toegepast zijn er nog steeds veel mechanistische factoren die beter begrepen moeten 
worden. Met meer kennis over het reactiemechanisme en de deactivatie van MTO-processen 
kunnen de katalysatoren verder geoptimaliseerd worden, zodat de productselectiviteit 
verbeterd en de deactivatie beter beheerst kan worden. In dit proefschrift zijn twee 
verschillende soorten MTO-katalysatoren bestudeerd: zeolieten met kleine poriën die een 
intrinsiek hoge selectiviteit naar lagere olefinen hebben, en zeolieten met middelgrote poriën, 
die over het algemeen beter bestand zijn tegen deactivatie. Als we de bevindingen over de 
beide soorten katalysatoren combineren, kunnen we speculeren over hoe we MTO-
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katalysatoren nog verder kunnen verbeteren. Door het combineren van de intrinsiek hoge 
selectiviteit naar lagere olefinen van de zeolietstructuren met kleine poriën, met de verbeterde 
weerstand tegen deactivatie door de magnesiummodificatie van zeolietmaterialen met 
middelgrote poriën kan er misschien een katalysator worden gemaakt met hoge selectiviteit 
naar lage olefinen en een langere levensduur, wanneer zeolietmaterialen met kleine poriën 
ook gemodificeerd worden met magnesium. 

De nieuwe fundamentele inzichten in dit proefschrift zijn verkregen door een combinatie van 
verschillende karakteriseringstechnieken. Een belangrijk deel van de resultaten is verkregen 
door het gebruik van operando spectroscopische technieken, oftewel 
karakteriseringstechnieken die worden toegepast tijdens de reactie, onder realistische 
reactiecondities, en gecombineerd met het meten van activiteitsdata tijdens het proces. Deze 
aanpak leverde nieuwe informatie op, die verborgen zou zijn gebleven als de karakterisering 
beperkt zou zijn tot voor en na de reactie. De technieken in dit proefschrift kunnen ook voor 
veel andere katalytische reacties, maar ook in andere onderzoeksvelden zorgen voor nieuwe 
inzichten. 
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List of Abbreviations 

CHA Chabazite 

BET Brunauer-Emmett-Teller 

DDR Deca-dodecasil 3R 

FTS Fischer-Tropsch Synthesis 

FTO Fischer-Tropsch-to-Olefins 

FID Flame Ionization Detector 

FCC Fluid Catalytic Cracking 

FT-IR Fourier-Transform Infrared 

GC Gas Chromatography 

GC/MS Gas Chromatography/Mass Spectrometry 
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IR Infrared 

LEV Levyne 

MTG Methanol-to-Gasoline 

MTH Methanol-to-Hydrocarbons 
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MFI Mobil Five 

MCR Multivariate Curve Resolution 

MCR-ALS Multivariate Curve Resolution-Alternating Least Squares 

NMR Nuclear Magnetic Resonance 

PCA Principal Component Analysis 

SEM Scanning Electron Microscopy 
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SSZ Standard Oil Synthetic Zeolite 

TPD Temperature-Programmed Desorption 
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wt% Weight Percent 
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