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Chapter 1 

 

General Introduction 

 

The term “catalysis” is known since the dawn of civilization when ancient Greeks 

first utilized the word to define “a breakdown”, although its current meaning was not 

fully understood until the beginning of the 19
th

 century. In the meantime, however, 

mankind relied on catalytic processes, such as the production of ethanol via 

fermentation of sugars, without a clear understanding of their underlying phenomena. 

Slowly, an interest in the fundamental knowledge behind certain chemical 

transformations aroused leading to the generation of a “protoscience”, better known as 

alchemy. The fall of alchemy, around the 15
th

 century, motivated people to develop 

physical sciences according to the principles of systematic experimental research.
[1-3]

 

It was in this period that the term ‘catalysis’ was re-defined
[4]

 revealing a new way to 

look at chemical processes used at that time. Soon after the first industrial application 

of a catalyst material, which was designed to improve the production of sulfuric 

acid,
[5]

 the use of catalysts rose exponentially. Nowadays, the vast majority of our 

fuels, chemicals and materials have been in contact with at least one catalyst during 

their production. Catalysts can by roughly divided into three different categories 

based on their nature, i.e., enzymatic, homogeneous and heterogeneous catalysts.  
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1.1. Molecular Sieves 

Among the group of heterogeneous catalysts, zeolite materials play a pivotal role in 

modern industry.
[6-9]

 Zeolites are microporous crystalline materials often formed by 

SiO4 and AlO4 tetrahedra connected via a common oxygen atom. From these primary 

building entities a limited number of secondary building units (e.g., six rings, four 

rings and double six rings) can be obtained.
[10]

 Connection of these secondary 

building blocks gives rise to a wide variety of unique molecular sieves. The numerous 

structures that can be made in this manner can be classified by their framework 

topology, which is defined by the amount and type of micropores, namely small pores 

(eight member rings, < 0.45 nm), medium pores (10 member rings, < 0.6 nm), large 

pores (12 member rings, between 0.6 nm and 0.8 nm) or ultra-large pores (≥ 14 

member rings, > 0.8 nm) and the way in which these pores are connected, i.e., 1, 2 

and 3 dimensional channel systems.  

Zeolite materials can contain different kinds of cations required to compensate 

the charge difference between Si (+4) and Al (+3). The substitution of the 

compensating cations by protons results in the generation of Brønsted acid sites, as 

illustrated in Figure 1.1a, which provide acidic properties to zeolite materials. As 

such, the use of zeolites, combining specific framework topologies with Brønsted 

acidity, enables the performance of shape selective catalysis, increasing the cost-

effectiveness of chemical processes.  

 

Figure 1.1. Schematic illustration of a Brønsted (a) and a Lewis (b) acid site contained within a zeolite 

framework structure. 
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Currently, 201 (natural and synthetic) zeolite structures are accepted by the 

International Zeolite Association (IZA)
[11-12]

 and a large number of new structures 

have already been predicted.
[13]

 In spite of the large number of zeolite materials 

presently known only few a of them are of industrial relevance. One of the reasons 

finds its origin in the ease that zeolite materials offer to tune their acidic and structural 

properties for a specific reaction requirement. Among the group of relevant zeolite 

materials, Mordenite (MOR),
[14-15]

 Zeolite Beta (BEA),
[16]

 Zeolite Y (FAU)
[17-18]

 and 

ZSM-5 (MFI)
[19]

 have widespread catalytic applications in modern industry.  

In addition to zeolite materials, zeotype molecular sieves play an important 

role in numerous chemical processes. These materials, displaying a great number of 

distinct possible structures, can be formed by a wide variety of different elements, 

e.g., P, Li, Mg, Ti, Mn, Fe, Co, Zn, Ga and As. Among these group of molecular 

sieves, the microporous aluminophosphates
[20-21]

 and silicoaluminophosphates
[22-23]

 

have attracted industrial and academic curiosity. In what follows, we will focus our 

discussion on the two materials, which are the subject of this PhD work, namely 

ZSM-5 and SAPO-34.  

 

1.1.1. ZSM-5 

Almost 40 years have passed since ZSM-5 zeolites were first discovered by Landolt 

and Argauer
[24]

 while investigating quaternary amines as directing agents for zeolite 

synthesis. Soon after, ZSM-5 was found to be an excellent shape-selective material 

that cracked normal or slightly branched paraffins. Accordingly, a substantial number 

of studies were focused thereafter on the development a new type of dewaxing 

catalyst.
[25]

 Within this context, Filtrol was the first company to demonstrate the 

commercial use of ZSM-5 zeolites as additives in the Fluid Catalytic Cracking (FCC) 
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process.
[26]

 From then on the use of ZSM-5 materials has been ever-increasing, 

finding nowadays applications in many important catalytic processes.
[27-29]

 

ZSM-5 has a unique framework topology that provides this material with 

excellent shape selectivity properties. In particular, ZSM-5 possesses the MFI 

topology, which consists of a channel system of sinusoidal (5.6 × 5.3 Å) and straight 

(5.5 × 5.1 Å) 10-membered pores running perpendicular to each other.
[30]

 Figure 1.2 

shows the pore architecture of ZSM-5. The relatively small pore size of ZSM-5, 

however, can induce a restricted physical transport of molecules to and from the 

active sites located in the micropores of ZSM-5,  constituting an important limitation 

for its applicability.  

 

Figure 1.2.  Pore architecture of the MFI framework topology (Reproduced from Olsbye et al., 

2012).[31] 

 

1.1.2. SAPO-34 

Soon after the discovery of the family of aluminophosphate (ALPO) molecular sieves, 

which dates back from the early 1980s, the microporous silicoaluminophosphate 

molecular sieve SAPO-34 was synthesized for the first time.
[32-33]

 This was done via 

the introduction of silicon atoms into the ALPO framework. The structure of SAPO-

34, analogous to that of the microporous aluminosilicate material chabazite, is 

composed of 6.5 × 11 Å cages interconnected via smaller windows of 3.8 × 4.2 Å, 
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forming a three dimensional network. The Brønsted acidity in these molecular sieves 

arises as a result of inserting silicon atoms in the position of a phosphorous atom in 

the ALPO framework. This mechanism, known as SM2, leads to the formation of a 

negatively charged framework that is balanced by protons attached to Si-O-Al 

bridges.
[34-36]

 Alternatively, two more insertion mechanisms are known in the 

synthesis of SAPO-34 materials, namely SM1 and SM3. The first one refers to the 

substitution of one silicon atom in the position of an aluminum atom, which leads to 

the generation of an energetically unfavorable Si-O-P bond.
[37]

 The so-called SM3 

mechanism stands for a simultaneous substitution of two neighboring aluminum and 

phosphorous atoms for two silicon atoms, resulting in the formation of patches, better 

known as silicon islands.  

 

Figure 1.3. Pore architecture of the chabazite (CHA) framework topology (Reproduced from Olsbye et 

al., 2012).[31] 

 

Despite the fact that the structure of an acid site within SAPO-34 has some 

similarities with that of ZSM-5, the acidity of microporous silicoaluminophosphates 

can differ considerably compared to that of microporous aluminosilicates. In 

particular, the first and second neighbors around the Brønsted Si-OH-Al site can 

modify substantially the strength of the acid site. Given the difference in 

electronegativity between silicon and aluminum atoms, it was determined that 
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stronger acid sites are located at the interfaces between SAPO and SiO2 domains. 

Accordingly, the presence of Si species (nAl, 4-nSi) in SAPO-34 materials increases 

the strength of the Si-OH-Al sites located in their proximity due to a higher number of 

silicon neighbors.
[22, 38]

  

 

1.2. Hydrothermal Treatments of Molecular Sieves 

The physicochemical properties of molecular sieves are mainly determined by the 

number and nature of their acid sites, while their location and distribution affects their 

accessibility for specific reactant molecules. To further boost the catalytic activity, 

selectivity and/or stability, the physicochemical properties of molecular sieves can be 

adjusted. This has been the driving force for numerous efforts focused on controlling 

and hierarchically modifying zeolite materials. Among the different methods available 

to tune their properties, the preparation of delaminated zeolites
[39-40]

 and the synthesis 

of zeolite nanocrystals
[41-42]

 have widespread. Within this context, desilication and 

hydrothermal post-treatments have become cheap and versatile methods to 

simultaneously change the structural and acidic properties of zeolite materials.
[43-46]

 

Hydrothermal processes, commonly known as dealumination or steaming, are 

based on the selective extraction of aluminum from the zeolite framework by 

hydrolysis of Al-O bonds, taking place at high temperatures (> 500 °C) in the 

presence of steam. These processes can be performed in a controlled way, to adapt the 

properties of zeolite materials
[47-48]

 to a particular requirement, or can arise as a result 

of the formation of water in reactions performed at high temperatures. In both cases, 

this results in the creation of structural defects and the generation of mesopores.
[44, 49]

 

Part of the generated mesopores during hydrothermal treatments is opened to the 

surface, while the rest are interconnected to the exterior by smaller pores. The former 
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group of mesopores contributes to alleviate the restricted physical transport of 

reactants decreasing their effective diffusion path. On the other hand, the latter group 

of mesopores is responsible for a change in the transition shape selectivity properties 

of these materials, opening a path to partially modify the selectivity of a particular 

reaction. In addition to these structural modifications, hydrothermal treatments can 

induce an alteration in the diffusion properties between the different crystal domains 

of zeolite materials, by (partially) opening up molecular diffusion barriers. This is 

schematically shown in Figure 1.4. 

 

Figure 1.4. Schematics of the effect that a hydrothermal treatment may have on the complex micropore 

system of zeolite ZSM-5 crystals, including the molecular diffusion barriers between two sub-units. 

 

The partial or total dislodgment of aluminum atoms from the zeolite 

framework is a distinctive feature of hydrothermal processes. This not only 

determines a change in the aluminum coordination, but also in the distribution within 

the zeolite materials. As a result, the acidic properties are modified by steaming due to 

(1) the variation of the ratio between Brønsted and Lewis acid sites, (2) the spatial 

redistribution of acid sites and (3) the change in the strength and number of acid sites. 
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1.3. The Methanol-To-Hydrocarbons Process  

Currently, coal, natural gas and crude oil constitute the main energy sources used in 

modern society as well as feedstock for the production of a wide variety of fuels, 

chemicals and materials. Despite that major reserves have been discovered in previous 

decades and that the development of new technologies has allowed a cheaper and a 

more significant extraction of these natural resources,
[50]

 the increasing world 

population and standards of living have been responsible for a rapid depletion of the 

easy to use fossil fuels. Furthermore, the existence of major geopolitical conflicts in 

oil rich regions and socioeconomic factors, such as safety and environmental 

awareness, are pushing modern society to find suitable alternatives.
[51]

  

Among the different possibilities, the so-called “hydrogen economy” has been 

increasingly investigated together with other alternatives such as the hydropower, 

geothermal, tidal, solar and wind energy. Nonetheless, none of these options is 

exempt of important drawbacks.
[52-56]

 Within this context, the gasification of natural 

gas, coal and biomass and its conversion into hydrocarbons has been of great 

interest.
[57-61]

 Among the feasible alternatives, the Fischer-Tropsch
[62-64]

 and the 

Methanol-To-Hydrocarbons (MTH)
[65-71]

 reaction have increasingly attracted 

commercial and academic interest.  

The MTH reaction was accidentally discovered by two research groups 

studying different processes over synthetic zeolite ZSM-5 materials. In both cases the 

reactions did not proceed according to the expectations and the production of aromatic 

compounds was observed.
[72]

 Nowadays, depending on the desired final products, the 

process is known as MTG (Methanol-To-Gasoline), MTO (Methanol-To-Olefins) or 

MTP (Methanol-To-Propene). The outstanding product flexibility of the MTH process 

is obtained via the alteration of the reaction conditions and catalyst choice. This has 
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been the driving force to increase the understanding of this process leading to a 

consensus concerning the Hydrocarbon Pool (HCP) reaction mechanism.
[73-79]

 

Accordingly, the organic species trapped within the catalyst pores act as reaction 

centers to which methanol is continuously added forming olefins in a closed catalytic 

cycle.  

 

Figure 1.5. Proposed dual cycle mechanism for the conversion of methanol over zeolite ZSM-5 

materials. Propene and higher alkenes are primarily formed through the so-called “alkene cycle”, which 

is based on the methylation and cracking of C3+ species. The production of ethene is linked to the so-

called “aromatic cycle”, where lower methylbenzenes (MB), such as trimethylbenzene (TMB), are the 

main active species. 

 

In the MTH reaction, SAPO-34 and ZSM-5 molecular sieves are often used as 

catalyst materials due to their unique acidic and structural properties. In particular, 

while the use of SAPO-34 is mainly focused on the production of light olefins, ZSM-

5 catalysts can be used to obtain different chemicals by varying the process 

conditions. In contrast to SAPO-34 materials, the formation of ethene and propene in 

ZSM-5 is governed by two different catalytic routes, a concept coined as the Dual 

Cycle.
[80-82]

 More specifically, the production of ethene involves the formation and 

methylation of lower methylbenzenes (aromatic cycle), whereas that of propene is 

mainly based on the methylation and cracking of alkenes (alkene cycle). The 
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existence of both catalytic routes has further increased the interest on the MTH 

process, as a result of the different global worldwide demand for ethene and 

propene.
[83]

 Figure 1.5 shows a schematic representation of the different reaction 

pathways occurring during the MTH process over zeolite ZSM-5 materials.  

 Despite the great efforts and developments seen over the last decades in the 

MTH process, still many questions remain unanswered. Among them, understanding 

and controlling the catalyst deactivation processes represents an important challenge. 

Although a high catalyst activity is desired in most chemical reactions, in the case of 

MTH this can induce a negative impact on the catalyst stability. In particular, the fast 

formation of carbonaceous species covers the active sites available for reaction and 

rapidly decreases the transport properties of reactants leading to severe diffusion 

restrictions. As a consequence, oxidative treatments are frequently required to 

regenerate the catalyst materials. These treatments, which limit the MTH cost-

effectiveness, can induce important modifications in the physicochemical properties 

of the catalyst, which eventually determine substantial variations in its performance.  

Even though the above mentioned limitations have been extensively 

studied,
[84-91]

 the reported studies have been often performed with bulk techniques 

and/or under ex-situ conditions. Bulk techniques, on the one hand, had greatly 

contributed to expand our knowledge on these phenomena, yet the information is an 

average over the whole sample. As the factors that influence the catalytic activity 

range from an industrial reactor down to the scale of an active site, information at the 

level of a single catalyst aggregate is still needed.
[92]

 The study of these phenomena 

under ex-situ conditions, on the other hand, limits the understanding of the structure-

function correlations that govern the catalyst stability. An example of this important 

drawback arises from the transformations taking place in the nature of the 
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carbonaceous deposits during the cooling period subsequent to reaction.
[93-96]

 

Accordingly, in order to fully understand the MTH process within ZSM-5 and SAPO-

34 molecular sieves it is important to gain further insight into the interplay between 

the nature and location of the generated carbonaceous deposits, the process conditions 

and the physicochemical properties of the catalytic solid. For this purpose, the 

combination of bulk and in-situ characterization techniques, possessing different 

degrees of chemical sensitivity and spatial resolution, can be of great assistance.
[97-100]

 

 

1.4. Scope and Outline of the PhD thesis 

The purpose of this PhD thesis is to obtain new physicochemical insights into ZSM-5 

and SAPO-34, the two archetype molecular sieves industrially explored for the 

methanol-to-hydrocarbons process. To this end, a combination of several bulk and 

micro-spectroscopic techniques are employed, the latter type enabling to study these 

catalytic solids at the single particle level. In this manner, it is possible to relate the 

changes in porosity, pore accessibility and acidity, as induced by a hydrothermal 

treatment, with MTH activity, selectivity and stability.  

In Part I of this PhD thesis, comprising Chapters 2 and 3, large zeolite ZSM-

5 crystals are investigated as model catalysts. The influence that a hydrothermal 

treatment has on the physicochemical properties of large zeolite ZSM-5 crystals is the 

subject of a detailed investigation. To study these variations at the level of a single 

catalyst particle, a combination of Atomic Force Microscopy (AFM), High Resolution 

Scanning Electron Microscopy (HRSEM), Focused Ion Beam-Scanning Electron 

Microscopy (FIB-SEM) milling and imaging, X-ray Photoelectron Spectroscopy 

(XPS), UV-Vis micro-spectroscopy and synchrotron-based Fourier Transform 

Infrared (FTIR) microscopy is used in Chapter 2. Chapter 3 focuses on the changes 
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in porosity, pore accessibility and acidity of large zeolite ZSM-5 crystals as a result of 

different steaming conditions. For this purpose, a set of bulky fluorescent dyes and 

two selective staining reactions are used in combination with Confocal Fluorescence 

Microscopy (CFM). In this manner, it has been possible to elucidate the influence of 

the zeolite intergrowth structure and related molecular diffusion barriers on the 

overall accessibility of an individual catalyst particle. 

Part II of this PhD thesis, consisting of Chapters 4, 5, 6, and 7, is based on 

the study of zeolite powders as industrially relevant MTH catalyst systems. The effect 

of a hydrothermal treatment on the physicochemical properties of both zeolite ZSM-5 

and SAPO-34 aggregates is investigated and correlated with the differences in their 

MTH performances. Chapter 4 explores the effect that the temperature of a 

hydrothermal treatment has on the physicochemical properties and reactivity of small 

zeolite ZSM-5 aggregates. To achieve this goal the oligomerization of 4-fluorostyrene 

is used as probe reaction in combination with UV-Vis micro-spectroscopy and 

Scanning Transmission X-ray Microscopy (STXM). In Chapter 5, the catalytic 

performances of a calcined and a severely steamed zeolite ZSM-5 catalyst powder are 

compared during MTH performed at 500°C. To this end, a combination of STXM and 

bulk characterization techniques is used. It allowed explaining the catalyst stability in 

terms of differences in coke formation at the outer rim of the zeolite ZSM-5 catalyst 

aggregates. Furthermore, it will be shown that it is possible to determine in 3-D the 

spatial distribution of the different coordination environments of aluminum within an 

individual zeolite ZSM-5 particle. Chapter 6 focuses on the development of 

structure-function correlations that govern the catalytic performance of 

hydrothermally treated ZSM-5 zeolites during the MTH reaction at 350°C. For this 

purpose, a calcined and a mildly steamed zeolite ZSM-5 catalyst sample are studied 
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with a series of bulk and micro-spectroscopic techniques, including STXM. 

Interestingly, STXM allows mapping in 2-D acidity as well as the coke deposition 

during the MTH reaction. Alternatively, Chapter 7 explores the differences caused 

by a hydrothermal treatment on SAPO-34 materials during the MTH reaction. This is 

performed with similar characterization techniques as those used in Chapters 5 and 6 

for the study of zeolite ZSM-5 catalyst powders. Silicon islands and coke precursor 

species deposited during the MTH process could be visualized by making use of the 

STXM methodology.  

The PhD thesis closes with Chapter 8, which summarizes the main findings 

of the research performed, as well as provides guidelines for performing new research 

lines for zeolite based chemistry.  
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Part I 

 

Large Zeolite ZSM-5 Crystals as Model 

Catalyst Systems 
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Chapter 2 

 

Hydrothermal Treatment of Large Zeolite ZSM-5 
Crystals: Influence of the Zeolite Architecture on the 

Porosity, Acidity and Reactivity  

Abstract 

A combination of characterization techniques has been used to investigate the effect 

of hydrothermal processes on large ZSM-5 zeolites at the individual crystal level. It 

has been evidenced that steaming processes have a vast impact on the porosity, acidity 

and reactivity of these materials. More in particular, the performance of a 

hydrothermal treatment under mild temperature conditions leads to the development 

of surface mesoporosity, while preserving the Brønsted acidity of large zeolite ZSM-5 

crystals. In contrast, a severe hydrothermal treatment extensively improves the crystal 

accessibility inducing mesopores of 5 – 50 nm, but causing a significant decrease in 

Brønsted acidity. The catalytic reactivity tested by the styrene oligomerization and the 

methanol-to-hydrocarbons reactions leads to the conclusion that mild hydrothermal 

conditions results in an enhanced reactivity of large zeolite ZSM-5 crystals, whereas 

harsh steaming leads to a major drop in their reactivity.  

 

 

 

 

 

 

This work in based on the following manuscript: L.R. Aramburo*, L. Karwacki*, P. Cubillas, A. 

Shunsuke, D.A.M. de Winter, M.R. Drury, I.L.C. Buurmans, E. Stavitski, D. Mores, M. Daturi, P. 

Bazin, P. Dumas, F. Thibault-Starzyk, J.A. Post, M.W. Anderson, O. Terasaki, B.M. Weckhuysen, 

Chem. Eur. J., 2011, 17, 13773. * Both authors equally contributed to this work.  
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2.1. Introduction 

Among the family of zeolite materials ZSM-5 has a prominent role in modern 

chemical industry, being widely applied in a variety of large scale processes.
[1-3]

 

Nonetheless, despite the outstanding catalytic properties of ZSM-5 zeolites, its narrow 

micropore system
[4]

 frequently induces restrictions on the transport of reacting 

molecules. To surmount this limitation and increase the mass transfer characteristics 

of purely microporous ZSM-5 zeolites, significant efforts have been performed to 

introduce mesoporosity into the network.
[5-9]

 Among the many methods available for 

this purpose, hydrothermal treatments (also known as steaming) constitute an 

economical and flexible way to simultaneously alter the structural and acidic 

properties of zeolites materials.
[10]

 These processes are based on the selective 

extraction of aluminum from the zeolite framework by hydrolysis of Al-O bonds. As 

explained in Chapter 1, such processes lead to the creation of structural defects, the 

generation of a mesoporous network (depending on the severity of the treatment) and 

variations in the state of aluminum (i.e., its coordination and distribution within the 

zeolite aggregates).  

To deduce relevant structure-performance relationships and optimize the use 

of zeolite ZSM-5 materials for a particular industrial application a thorough 

understanding of the modifications taking place during steaming is required. For this 

purpose, obtaining detailed insight into the influence that steaming has on (1) the 

structural properties, (2) the pore accessibility and (3) the state of aluminum, is 

essential. To this end, the use of large zeolite ZSM-5 crystals may be of great 

assistance. 

Previous research has revealed that large zeolite ZSM-5 crystals are formed by 

the assembly of several subunits.
[11]

 These comprise two pyramidal subunits, 
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interconnected in the center of the crystal, surrounded by building blocks, as 

schematically shown in Figure 2.1.
[12]

 All ZSM-5 crystal subunits are composed of 

sinusoidal and straight pores running perpendicular to each other, yet each sub-unit 

has a specific pore orientation. The straight pores are open to the surface in the 

pyramidal subunits along the [010] axis, whereas in the surrounding building blocks 

they run parallel to the crystal surface. As a result of the mismatch, induced by the 

different pore orientation of each sub-unit, molecular diffusion boundaries exist along 

the large ZSM-5 crystals.
[13-15]

 It may of no wonder that these molecular diffusion 

boundaries will influence the overall catalytic performance of these zeolite crystals.   

 

Figure 2.1. Internal structure of a large zeolite ZSM-5 crystal. (a) Assembly of the zeolite intergrowth 

crystal subunits and related molecular diffusion boundaries. The crystal regions depicted in green, red 

and blue represent the external and internal molecular diffusion barriers present in large zeolite ZSM-5 

crystals. (b) Pore orientation along the different crystal sub-units. 

 

Thanks to the large dimensions of these zeolite ZSM-5 crystals the 

compromise often made between chemical information density and spatial resolution 

is minimized. This opens the possibility to use in-situ micro-spectroscopic techniques 

that are not always suitable to study the more relevant zeolite ZSM-5 catalyst 

powders. In other words, the long range order and known pore orientation 
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characteristic of large zeolite ZSM-5 crystals enables a detailed study of their 

porosity, acidity and reactivity in great detail.  

In this Chapter the effect of the steaming temperature on large zeolite ZSM-5 

crystals is thoroughly investigated by Atomic Force Microscopy (AFM), High 

Resolution Scanning Electron Microscopy (HRSEM), Focused Ion Beam-Scanning 

Electron Microscopy (FIB-SEM) milling and imaging, X-ray Photoelectron 

Spectroscopy (XPS), UV-Vis micro-spectroscopy and synchrotron-based Fourier 

Transform Infrared (FTIR) microscopy. Three different ZSM-5 crystal types will be 

discussed, i.e., parent zeolite (sample name: ZSM-5-P), mildly treated zeolite (sample 

name: ZSM-5-MT) and severely treated zeolite (sample name: ZSM-5-ST). The goal 

is to compare the influence of the different hydrothermal treatment conditions applied 

on the molecular diffusion and reactivity of individual large zeolite ZSM-5 crystals. 

In order to assess the changes in the catalytic performance of the crystals under 

investigation the acid-catalyzed oligomerization of 4-fluorostyrene
[16]

 and the 

Methanol-To-Hydrocarbons (MTH)
[17]

 process have been used as probe reactions. 

 

2.2. Experimental 

2.2.1. Materials 

Large zeolite ZSM-5 crystals with a Si/Al ratio of 17 were provided by 

ExxonMobil (Machelen, Belgium). The as-prepared zeolite ZSM-5 crystals were 

calcined, first preheating them at 120ºC (30 min, 2ºC/min) and then increasing the 

temperature to 550°C (360 min, 10ºC/min). This was followed by a triple ion 

exchange with a 10 wt% ammonium nitrate (Acros Organic, 99+%) solution at 

80°C. Subsequently, a second calcination was performed to obtain the ZSM-5-P 

sample. Before starting the hydrothermal treatment ZSM-5-P was preheated to 



                                                                                                                      Chapter 2 

 

31 

 

120°C (30 min, 2ºC/min) in a quartz tubular oven (Thermoline 79300). 

Afterwards, steaming was performed during 300 min at 500°C (ZSM-5-MT) and 

700°C (ZSM-5-ST) via saturation of a nitrogen flow (180 ml/min) with water at 

100ºC. Subsequent to the hydrothermal treatment the zeolite crystals were calcined 

following the above mentioned procedure.  

 

2.2.2. Characterization Methods 

UV-Vis Micro-spectroscopy 

UV-Vis micro-spectroscopic analysis of the three sets of zeolite ZSM-5 crystals was 

performed in an in-situ cell (FTIR 600, Linkam) equipped with a temperature 

controller (Linkam TMS 94). The microscope was equipped with a 50/50 double-

viewport tube, which accommodated a CCD video camera (ColorView IIIu, Soft 

Imaging System GmbH) and an optical fiber mount. A 200 mm-core fiber connected 

the microscope with a CCD UV/Vis spectrometer (AvaSpec-2048TEC, Avantes). For 

the 4-fluorostyrene oligomerization experiments, the crystals were heated to 120°C 

for 5 min, subsequently adding 15 μl of 4-fluorostyrene and recording the UV-Vis 

spectra every 5 s. The optical absorption measurements were performed in the 

spectral range between 400 and 700 nm. For the MTH reaction the zeolite crystals 

were placed on a glass plate in the in-situ reaction cell and activated by heating them 

to 500°C (5°C/min, 60 min) under a nitrogen atmosphere. Afterwards, the 

temperature was decreased to 350°C (5°C/min) and methanol (Antonides-Interchema, 

99%) was introduced in the in-situ reaction cell by saturation of a nitrogen flow (140 

ml/min) at room temperature for a period of 120 min.  
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Nitrogen Physisorption  

Nitrogen adsorption and desorption isotherms were measured at -196°C on a 

Micromeritics Tristar 3000 instrument.  

 

Atomic Force Microscopy  

Atomic Force Microscopy (AFM) measurements were performed on a Nanowizard II 

AFM from JPK Instruments. All images were recorded in intermittent contact mode 

using high aspect ratio silicon tips (Veeco probes) with a nominal tip radius < 10 nm. 

In order to prevent the crystals from moving, they were mounted in a polymeric 

Crystalbond 509 resin on a glass slit and placed under a Xiovert 200, Zeiss inverted 

microscope. The entire crystal surface was measured in several steps, varying the 

scanned area from 10 × 10 µm to 1 × 1 µm. The individual images have been 

reconstructed into one image using JPK processing software.  

 

High Resolution Scanning Electron Microscopy  

High Resolution Scanning Electron Microscopy (HRSEM) images were recorded on a 

JEOL JSM-7600F using a decelation method to improve the resolution.
[18]

 The images 

were obtained at 0.5 kV and 2 kV for landing and decelation voltages, respectively 

with current of 10 pA. The crystals were embedded in a conducting adhesive and 

were kept uncoated. 

 

Synchrotron-based Fourier Transform Infrared Microscopy 

Synchrotron-based Fourier Transform Infrared (FTIR) spectra and images were 

collected at beamline SMIS of the French National Synchrotron SOLEIL (Paris, 

France). A Thermo Nicolet NEXUS 70 spectrometer, coupled to a Continuum XL 



                                                                                                                      Chapter 2 

 

33 

 

microscope was used with the synchrotron light as the infrared source. The 

microscope was equipped with a 32 × 0.65 NA Schwarzschild objective, a motorized 

x–y mapping stage and an adjustable rectangular aperture. For pyridine sorption 

measurements the zeolite crystals were placed in an in-situ Linkam reaction cell and 

heated to 300°C in a nitrogen atmosphere (5°C/min, 30 min). Subsequently, the cell 

was cooled down to room temperature and the zeolite crystals were stained with 10 μl 

of pyridine. Then, part of the sample was heated to 250°C, 300°C and 400°C in order 

to progressively remove the chemisorbed pyridine. Afterwards, the crystals were 

placed on a calcium fluoride window located on the motorized (in x/y) mapping stage, 

recording a mid-IR (4000 – 800 cm
-1

) spectrum in transmission mode with a spectral 

resolution of 4 cm
-1 

and 256 scans co-added. The IR beam (aperture) size used for 

mapping was 7 × 7 μm. Background measurements were performed with the same IR 

(beam) aperture using a spectral resolution of 4 cm
-1 

and 64 scans co-added. To 

generate the 2-D maps a mid-IR (4000 – 800 cm
-1

) spectrum was recorded at each 

point of the zeolite crystals with a spectral resolution of 4 cm
-1 

and 256 scans co-

added. The intensity of the peak located at 1545 cm
-1 

was used to visualize possible 

differences in the distribution of Brønsted acid sites. 

 

Focused Ion Beam Milling and Scanning Electron Microscopy 

The zeolite ZSM-5 crystals were sprinkled on an aluminum stub with a carbon sticker 

and subsequently sputter coated with 4 nm Pt/Pd (Cressington Sputter Coater 208HR 

+ Cressington thickness controller MTM20). In the Focused Ion Beam – Scanning 

Electron Microscopy (FIB-SEM) set-up (Nova Nanolab 600 Dualbeam, FEI, The 

Netherlands) the crystals with a correct orientation were selected using SEM. Prior to 

milling, a 1 μm thick layer of platinum was deposited on the areas of interest using a 
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Gas Injection System (GIS). The deposition protects the area of interest from the ion 

beam and improves the sectioning quality. Various sections of the zeolite ZSM-5 

crystals were milled with the FIB at 30 kV and 0.1 nA. Subsequently, SEM images 

were recorded in backscatter electron (BSE) mode at 2 kV, 0.21 nA, using a through-

the-lens detection system in combination with an immersion lens. Imaging in BSE 

mode normally reduces the resolution due to the interaction volume, yet in this case 

contrast is influenced by morphology. The step size of the scanning electron beam 

was 2.6 nm and the electron beam was roughly about the same size. Noise in the 

image made the identification of single pixel pores uncertain. For this reason a 

conservative limit was used to determine the smallest detectable pore of 2 × 2 pixels 

corresponding to 5.2 × 5.2 nm. 

 

X-ray Photoelectron Spectroscopy  

X-ray Photoelectron Spectroscopy (XPS) measurements were performed using a 

Physical Electronics Quantum2000 Scanning X-ray Photoelectron Spectrometer or a 

Physical Electronics Quantera X-ray photoelectron spectrometer. In either instrument 

the base pressure was ~ 1 × 10
-9

 mbar. The XPS spectra were collected using 

monochromatic aluminum Kα radiation (1486.6 eV). Charging was neutralized using 

the combined low energy electron flood gun and low energy argon ion gun of the 

instrument. Survey scans were collected using a pass energy of 187 eV and region 

scans with a pass energy of 58 eV. For typical measurements, individual zeolite ZSM-

5 crystals were deposited onto a vitreous carbon substrate to ensure dispersion. A 

nominal 5 μm or 10 μm X-ray beam was used for the surface analysis of single points 

on individual zeolite crystals. The depth calibration for the sputter depth profiling was 

determined from the time required to sputter through a known thickness of a silicon 
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wafer using the same ion gun settings, therefore the depths of the studied zeolite 

samples are approximated. The Si/Al atomic ratios were calculated using the 

integrated peak areas of the Si2p and Al2p using an integrated Physical Electronics 

data analysis software (Multipak). 

 

2.3. Results and Discussion 

2.3.1. Porosity 

Nitrogen Physisorption 

In a first set of experiments, nitrogen physisorption was used to study the influence 

that the hydrothermal treatments have on the overall porosity of large zeolite ZSM-5 

crystals. The adsorption and desorption isotherms of ZSM-5-P, presented in Figure 

2.2, showed the appearance of a hysteresis cycle at low partial pressures (between 

0.15 and 0.25 P/Po). This hysteresis loop plausibly arises as a result of network effects 

taking place during the capillary condensation.
[19]

 Alternatively, the lack of a 

hysteresis cycle at high partial pressures (between 0.5 and 0.8 P/Po) is indicative of 

the fact that ZSM-5-P is a microporous zeolite. In a similar manner, the isotherms 

obtained from the ZSM-5-MT sample, did not show the appearance of a hysteresis 

cycle at high partial pressures. Nevertheless, the hysteresis cycle located at low partial 

pressures in the isotherms of ZSM-5-MT changed its shape with respect to that 

observed for ZSM-5-P. Accordingly, this observation suggests a variation in the 

network effects taking place during capillary condensation and as such changes in the 

zeolite structure.  
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Figure 2.2. Nitrogen adsorption and desorption isotherms of ZSM-5-P (a), ZSM-5-MT (b) and ZSM-5-

ST (c). 

 

Contrarily to ZSM-5-P and ZSM-5-MT, the isotherms obtained from ZSM-5-

ST showed a hysteresis cycle located at high partial pressures, revealing the presence 

of a mesoporous network. Additionally, a modification in the shape of the hysteresis 

cycle appearing at low partial pressures was observed, yet being more pronounced 

than in the case of ZSM-5-MT. 

 

Atomic Force Microscopy 

In order to investigate possible variations in the outer surface of the parent and 

hydrothermally treated zeolite samples two different crystal regions where studied 

with AFM. The first one originates from the zeolite crystal tip (region I), while the 
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second region corresponds to the center of the ZSM-5 crystals (region II). The 

obtained results are summarized in Figure 2.3.  

 

 

Figure 2.3. (a) Schematic representation of an individual ZSM-5 crystal. Region I indicates a crystal 

tip with the straight channels open to the surface, while region II originates from the center of the 

surface of the crystal where the sinusoidal channels are open to the surface. (b) Zoomed-in Atomic 

Force Microscopy (AFM) image of regions I and II of ZSM-5-P, ZSM-5-MT and ZSM-5-ST, 

respectively. Scale bars are 500 nm and 1 µm for regions I and II, respectively. 

 

Careful examination of the AFM images obtained from the three crystals 

under study did not show steps on the surface of region I. As such, this is indicative of 

a small influence of the hydrothermal treatment on the tips of the ZSM-5 crystals. In 

other words, areas where the straight micropores are open to the surface
[13]

 were not 

significantly affected during steaming. In contrast, region II showed an increased 

level of roughness after steaming, leading to more distorted surfaces compared to 

ZSM-5-P.  
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Figure 2.4. (left) Zoomed-in AFM height image of the ZSM-5-P crystal (a). (right) Measured step 

heights for the cross-sections indicated by the white arrow on the left AFM image. (b) Same as (a) but 

for ZSM-5-MT. (c) Same as (a) but for ZSM-5-ST. The scale bar represents 600 nm for ZSM-5-P (a), 

400 nm for ZSM-5-MT (b) and 150 nm for ZSM-5-ST (c). 

 

In addition to the above described changes, varying step heights were 

distinguished on the mildly and severely steamed samples. In particular, the surface of 

ZSM-5-ST revealed clear indications of surface dissolution features,
[20]

 suggesting 

that the appearance of the steps was caused by the subsequent framework breakup 

rather than by re-crystallization. This is presented in more detail in Figure 2.4 where 

the AFM height images of the three studied crystals are shown. The height 

measurements of the visible steps of the crystals are in line with the observation of 

surface dissolution features. The differences in the average height suggested that the 

single steps visible on the outer part of ZSM-5-P of ~ 2 nm (height recorded here is 

consistent with the length of the a/b-axes of the orthorhombic cell) decreased to half 

steps of ~ 1 nm and a single pentasil chain (~ 0.5 nm) for ZSM-5-MT (Figure 2.4a-b, 
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respectively). Similarly, ZSM-5-ST showed steps of approximately 1 nm. However, 

detailed investigation of the height plot confirmed the presence of dissolved crystal’s 

steps, as layers were not uniformly flat but rather varied ± 0.1 nm (Figure 2.4c).  

 

High Resolution Scanning Electron Microscopy 

To obtain additional information on the effect that hydrothermal treatments have on 

the zeolite topology, a HRSEM
[18]

 study was performed. As depicted in Figure 2.5, all 

HRSEM images revealed some roughness of the crystals.  

 

 

 

Figure 2.5. (a) High Resolution Scanning Electron Microscopy (HRSEM) image of ZSM-5-P. The 

insertion shows the high magnification SEM images. (b) Same as (a) but for ZSM-5-MT. (c) Same as 

(a) but for ZSM-5-ST. Scale bars represents 5 µm (left) and 200 nm (right). Recorded mesopores are 

highlighted in the HRSEM insertions with the yellow contours. 

 

The surface of ZSM-5-P was consistent with the features found with AFM. 

This indicated that super-saturation was close to equilibrium when the crystals were 
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removed from the growing solution, resulting in a non-uniform surface height 

(Figures 2.3b and 2.4a). Surprisingly, ZSM-5-ST did not show the strongest 

roughening from the three materials under investigation. Although surface damage 

and the presence of mesopores were apparent from the zoomed-in image of ZSM-5-

ST (Figure 2.5c), the ZSM-5-MT sample appeared to be the roughest (Figure 2.5b).  

 

Focused Ion Beam-Scanning Electron Microscopy 

Complementary to the above described experiments a FIB milling and SEM imaging 

study was undertaken. Detailed information concerning this experimental approach 

can be found elsewhere.
[21]

 In Figure 2.6 the results of the combined FIB-SEM 

approach are summarized comparing the near surface and middle depth of the zeolite 

crystals. In the first part of the experiment ~ 500 nm cross-sections were polished 

away with the focused ion beam from the central part of the zeolite crystals, as 

schematically shown in Figures 2.6a-b. The SEM imaging approach showed no 

material damage in ZSM-5-P, in contrast to ZSM-5-MT where important 

modifications were observed near the crystal surface. In particular, the small yellow 

circles depicted in Figure 2.6c, revealed the presence of channels with an average 

dimension in the order of 5 nm parallel to the sinusoidal micropores of ZSM-5. 

Additionally, mesopores parallel to the milled cross-sections were found in this 

sample, plausibly arising from the opening and coalescence of the straight 

micropores. Similar observations were made for the ZSM-5-ST sample, although in 

this case the amount of channels perpendicular to the mild cross-section was higher 

than for ZSM-5-MT, while a similar number of mesopores parallel to the cross-

section was observed. This suggests that a mild hydrothermal treatment mainly 

induces structural changes limited to the regions close to the surface, while a severe 
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hydrothermal treatment accounts for the generation of mesopores in a large volume of 

the crystal. To corroborate this hypothesis, the same three zeolite ZSM-5 crystals 

were further thinned down with the focused ion beam, as schematically illustrated in 

Figure 2.6b. This analysis showed that only the core of the severely steamed crystals 

was affected, presenting mesopores, which varied between 5 and 50 nm (Figure 2.6c, 

region B). By contrast, steaming under mild conditions did not induce variations in 

the center of the zeolite crystal, as revealed by the smooth and not altered cross-

section of ZSM-5-MT.  

 

Figure 2.6. (a) Schematic representation of a ZSM-5 crystal with Focused Ion Beam (FIB) milling 

cross-section area chosen for the Scanning Electron Microscopy (SEM) imaging near the surface of the 

material center. (b) Same as (a) but for the cross-section dissected from the middle of the crystal center. 

(c) SEM microphotographs of areas A and B for ZSM-5-P, ZSM-5-MT and ZSM-5-ST, showing the 

studied cross-sections milled in the near-surface and crystal middle regions. Scale bar equals 600 nm. 

Insertions are × 64 zoomed-in areas indicated by the black rectangles. Recorded mesopores are 

highlighted in the SEM insertions with the yellow contours. 
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From the detailed electron microscopy imaging study (HRSEM and FIB-

SEM) it can be concluded that the changes taking place in the structure of large 

zeolite ZSM-5 crystals are fully dependent on the hydrothermal treatment temperature 

conditions. In particular, mild temperature conditions cause a significant roughness in 

the crystal surface, however limiting the alterations to the external regions of the 

zeolite. Alternatively, severe temperature conditions accounts for more significant 

variations, resulting in the generation of a mesoporous network distributed within the 

whole crystal volume.
[21]

 

 

2.3.2. Acidic Properties 

X-ray Photoelectron Spectroscopy 

Being aware of the fact that steaming induces important modifications in the outer 

surface of large zeolite ZSM-5 crystals XPS sputter depth profiling was used to study 

the effect on the external concentration of aluminum species. For this purpose, the 

Si/Al ratio of the three samples under investigation was measured over the first 100 

nm from the crystal surface. The results from these experiments are summarized in 

Figure 2.7. 

 

Figure 2.7. X-ray Photoelectron Spectroscopy (XPS) sputter depth profile plot showing the Si/Al ratio 

as a function of the sputter depth for ZSM-5-P (a), ZSM-5-MT (b) and ZSM-5-ST (c). 

 

From Figure 2.7 it follows that ZSM-5-P presented a considerable depletion in 

the first 20 - 30 nm from the crystal surface and seemed to stabilize around 100 nm 

with a Si/Al ratio of 60. ZSM-5-MT, on the other hand, showed an average Si/Al ratio 
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of 10 - 15 over the first 60 nm, slightly augmenting with increasing sputtering depth. 

In the case of ZSM-5-ST similar Si/Al values to those observed for ZSM-5-MT were 

obtained near the crystal surface. Nonetheless, the Si/Al ratio in ZSM-5-ST increased 

at higher sputter depths to comparable values to those obtained for ZSM-5-P.  

 

Synchrotron-based Fourier Transform Infrared Microscopy 

To further investigate the variations in the state of aluminum resulting from the 

different hydrothermal treatments applied, synchrotron-based FTIR microscopy
[22-23]

 

was used in combination with pyridine adsorption. Pyridine, with a molecular 

dimension of 0.57 nm, is able to diffuse throughout the micropore system of ZSM-5 

and enables the detection of the acid sites present within the zeolite materials under 

investigation.
[24]

 In this manner, IR bands of adsorbed pyridine at around 1545 cm
-1

 

and 1455 cm
-1

, attributed to Brønsted and Lewis acid sites, respectively, were used to 

visualize the modification in the nature of the acid sites.  

The FTIR spectra of adsorbed pyridine collected at room temperature, 300°C 

and 400°C from the samples under investigation are presented in Figure 2.8. At room 

temperature the band associated with Brønsted acid sites in the IR spectrum of ZSM-

5-ST showed a significant decrease in intensity compared to that appearing in the IR 

spectra of ZSM-5-P and ZSM-5-MT. Simultaneously, an increase in the band 

associated with Lewis acid sites in the IR spectrum of absorbed pyridine was 

observed for ZSM-5-ST. Alternatively, a slight decrease in the intensity of the 1545 

cm
-1

 band was observed in the IR spectrum of ZSM-5-MT with respect to that of 

ZSM-5-P. In contrast, the intensity of the 1545 cm
-1

 band in the IR spectra obtained 

after desorption at 300°C and 400ºC was higher in the spectrum of the mildly treated 

zeolite ZSM-5 sample. These observations indicate that severe hydrothermal 
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conditions induce an important loss of Brønsted acid sites, whereas mild conditions 

lead to a more preserved Brønsted acidity. Additionally, the differences in the 

intensity of the 1545 cm
-1

 band after desorption at higher temperatures suggest a 

stronger interaction of pyridine with the Brønsted acid sites of the mildly treated 

zeolite ZSM-5 crystals. 

 

Figure 2.8. (Left) Synchrotron-based FTIR spectra of zeolites with adsorbed pyridine at room 

temperature (RT), 300°C and 400°C. The IR bands at 1545 cm-1 and 1455 cm-1 correspond to pyridine 

interacting with Brønsted and Lewis acid sites, respectively. Spectra are presented in black for ZSM-5-

P, red for ZSM-5-MT and green for ZSM-5-ST. (Right) Spatially resolved Brønsted acid site maps 

revealing the 2-D distribution of chemisorbed pyridine in ZSM-5-P, ZSM-5-MT and ZSM-5-ST after 

desorption at 250ºC. Maps are overlaid with the footprints of the scanned crystals depicted in grey. No 

signal was detected, while recording the ZSM-5-ST map. The IR beam (aperture) size used for the 

mapping was 7 × 7 μm.  
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Complementary, to study the 2-D spatial distribution of Brønsted acid sites 

within an individual zeolite ZSM-5 crystal, FTIR pyridine maps were measured after 

desorption at 250ºC. As depicted in Figure 2.8, no signal was collected for ZSM-5-

ST, while a nearly homogeneous Brønsted acid site distribution was found for the 

ZSM-5-P and ZSM-5-MT samples. A small variation between the edges of the crystal 

and the main body seemed to occur in ZSM-5-P and ZSM-5-MT, possibly due to the 

twinning of the ZSM-5 crystals. Nevertheless, as will be shown in Chapter 3 as well 

as previously reported by Kox et al.,
[25]

 the aluminum content is homogeneously 

distributed at least in 2-D within the ZSM-5-MT and ZSM-5-P crystals. 

 

2.3.3. Reactivity 

4-Fluorostyrene Oligomerization Reaction 

To evaluate the influence that the aforementioned variations in porosity and acidity 

have on the reactivity of large zeolite ZSM-5 crystals, the Brønsted acid catalyzed 4-

fluorostyrene oligomerization reaction was used as a staining reaction. During the 

course of the reaction different styrene carbocations are formed, which are known to 

absorb at different wavelengths
[17, 26, 27]

 and appear as a result of the existence of 

different reaction pathways. The different reaction pathways are summarized in 

Scheme 2.1.  

The three sets of individual zeolite ZSM-5 crystals were investigated by 

making use of this staining approach, while recording optical microphotographs and 

UV-Vis absorption spectra as a function of reaction time. As presented in Figure 2.9a, 

after a few seconds of reaction the formation of these species induced the coloration 

of the ZSM-5-P and ZSM-5-MT crystals. Although both samples were highly reactive 

it is noted that the average coloration of ZSM-5-MT was approximately twice more 
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intense than that of ZSM-5-P. In contrast, the microphotographs of ZSM-5-ST 

showed a weak crystal coloration, which suggested a decrease in reactivity after 

performing the hydrothermal treatment under severe temperature conditions.  

 

Scheme 2.1. Competitive reaction pathways in the Brønsted acid-catalyzed oligomerization of 4-

fluorostyrene on ZSM-5 zeolites. The initial carbocation (b) is formed due to the protonation of the 

styrene derivative by a Brønsted acid site. Dimerization with another 4-fluorostyrene monomer (a) 

gives rise to the linear dimeric 1,3-bis(4- fluorophenyl)-1-butylium cation, which can be transformed 

either into 3-methyl-1,4-fluorophenylindanyl (c) by a cyclization reaction or into a conjugated linear 

dimeric 1,3-bis(4-fluorophenyl)-2-buten-1-ylium carbocation (d). 

 

To correlate the differences observed in the crystal coloration with reactivity 

changes, UV-Vis spectra were recorded during reaction. As shown in Figure 2.9b, the 

time resolved UV-Vis spectra obtained from the hydrothermally treated samples 

exhibited important differences when compared to that obtained from ZSM-5-P. Most 

notably, after a mild hydrothermal treatment a faster and more pronounced formation 

of the UV-Vis bands were observed in the spectra, informative for an enhanced 

reactivity relative to ZSM-5-P. A hydrothermal treatment under severe conditions, on 

the other hand, induced a decrease in the rate of formation of the UV-Vis spectral 
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bands as well as a reduction in the overall absorbance at the end of the reaction. 

Consequently, these observations are in line with the differences displayed in the 

coloration of the zeolite ZSM-5 crystals during reaction, confirming an enhanced and 

reduced reactivity after a mild and a severe hydrothermal treatment, respectively.  

 

 

Figure 2.9. (a) Microphotographs of large zeolite ZSM-5 crystals obtained at different reaction times 

during the oligomerization of 4-fluorostyrene at 120°C. Image I corresponds to the early stage of the 

reaction, while image II corresponds to 14, 14 and 10 min, for crystals ZSM-5-P, ZSM-5-MT and 

ZSM-5-ST, respectively. (b) Time-resolved UV-Vis spectra recorded during the 4-fluorostyrene 

oligomerization reaction, collected in the center of the crystals. 

 

Methanol-To-Hydrocarbons Reaction 

To corroborate the changes observed in the reactivity of large zeolite ZSM-5 crystals 

the MTH reaction was performed on the three samples under investigation. In a 
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similar manner as for the 4-fluorostyrene oligomerization reaction, during MTH the 

catalytic conversion of methanol leads to the absorption of light in the visible range 

inducing different degrees of coloration in the translucent zeolite ZSM-5 crystals.  

 

Figure 2.10. (a) Microphotographs of large zeolite ZSM-5 crystals obtained at different time-on-stream 

during MTH reaction at 350°C. Image I corresponds to the beginning of the reaction, image II 

corresponds to 13, 12 and 15 min, image III corresponds to 32, 28 and 30 min and image IV 

corresponds to 75, 69 and 75 min, for ZSM-5-P, ZSM-5-MT and ZSM-5-ST, respectively. (b) Time-

resolved UV-Vis spectra recorded during MTH reaction at 350°C, collected in the center of the 

crystals. 

 

The UV-Vis microphotographs obtained during reaction are presented in 

Figure 2.10a. From these figures it follows that the mildly treated sample not only 

showed a faster crystal coloration compared to ZSM-5-P, but also a more intense 

darkening for a longer time-on-stream. This is in agreement with the differences 

observed in the crystal coloration during 4-fluorostyrene oligomerization and supports 
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a higher reactivity after applying a mild hydrothermal treatment. Along these lines, 

ZSM-5-ST displayed a much weaker crystal darkening compared to both ZSM-5-MT 

and ZSM-5-P, confirming a significant decrease in its reactivity. 

Simultaneous to the acquisition of UV-Vis microphotographs, time resolved 

UV-Vis absorption spectra were recorded. During reaction two broad absorption 

bands, located at 410 nm and 550 nm, arise in the UV-Vis spectra as a result of the 

appearance of π-π* transitions. The former band is attributed to the formation of 

methyl-substituted benzenium cations,
[28-29]

 which constitute the catalytic scaffold of 

the Hydrocarbon Pool (HCP) mechanism in ZSM-5 zeolites, as discussed in Chapter 

1.
[30]

 Alternatively, the 550 nm band has been assigned to more extended conjugated 

aromatic systems,
[31]

 which are considered to be coke precursor species. As depicted 

in Figure 2.10b, ZSM-5-P showed the appearance of the 410 nm and the 550 nm 

absorption bands after a short induction period. In contrast, ZSM-5-MT displayed a 

faster development of the 410 nm absorption band in its UV-Vis spectra with respect 

to that of ZSM-5-P, yet showing a decrease in the 550 nm absorption band as well as 

in the overall background. ZSM-5-ST, on the other hand, revealed a completely 

different behavior during MTH. In particular, the severely treated crystals presented a 

reduced formation of the 410 nm and 550 nm absorption bands in the UV-Vis spectra. 

Accordingly, the MTH reaction supports the above mentioned observations revealed 

during the 4-fluorostyrene oligomerization reaction concerning the reactivity of the 

hydrothermally treated zeolite ZSM-5 crystals. More specifically, mild steaming 

conditions are responsible for an enhanced reactivity compared to that of the parent 

zeolite samples, whereas severe steaming conditions decrease the overall reactivity of 

the crystals.  
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2.4. Conclusions 

The combination of AFM, HRSEM, FIB-SEM, XPS, UV-Vis micro-spectroscopy and 

synchrotron-based FTIR microscopy have been used to investigate the effect of 

hydrothermal treatments on the porosity, acidity and reactivity of large zeolite ZSM-5 

crystals. Upon steaming of zeolite ZSM-5 crystals the extracted aluminum species and 

the (partial) dissolution of the material caused a significant surface roughening and 

the generation of either surface mesoporosity (ZSM-5-MT), or uniformly distributed 

mesopores of 5 – 50 nm in diameter (ZSM-5-ST). The modifications in the structural 

properties of the steamed zeolite ZSM-5 crystals were accompanied by a local 

enrichment of aluminum in the surface of the crystals. These findings are 

schematically illustrated in Figure 2.11.  

 

Figure 2.11. Schematic illustration of the effect that a hydrothermal treatment has on the internal 

architecture and molecular diffusion barriers of large ZSM-5 zeolite crystals. Figure (a) represents 

ZSM-5-P, Figure (b) represents ZSM-5-MT, while Figure (c) represents ZSM-5-ST. The crystal 

regions depicted in green, red and blue represent the external and internal diffusion barriers present in 

large zeolite ZSM-5 crystals. 

 

In the case of ZSM-5-MT, the relatively well-preserved Brønsted acidity and 

the structural changes were responsible for an improved reactivity with respect to 
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ZSM-5-P. This is revealed by the 4-fluorostyrene oligomerization and methanol-to-

hydrocarbons reactions. In contrast, although ZSM-5-ST was clearly mesoporous over 

the entire volume of the zeolite crystal, it exhibited a reduced Brønsted acidity, which 

was also reflected by the limited capability to catalytically convert 4-fluorostyrene 

and methanol. 
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Chapter 3 
 

Imaging the Effect of a Hydrothermal Treatment on 
the Pore Accessibility and Acidity of Large Zeolite 

ZSM-5 Crystals by Selective Staining 

Abstract 

Confocal fluorescence microscopy has been used in combination with bulky non-

reactive dyes (i.e., proflavine, stilbene and nile blue A) and two staining reactions 

(i.e., fluorescein synthesis and 4-fluorostyrene oligomerization) to study the effect of 

steaming on the pore accessibility and acidity of large zeolite ZSM-5 crystals. This 

approach enabled the 3-D visualization of cracks and mesopores connected to the 

zeolite outer surface as well as mesoporous “cavities” within steamed zeolite ZSM-5 

crystals. It has been found that besides the generation of mesoporosity steaming 

makes the boundaries between the different crystal sub-units accessible for bulky 

molecules. Additionally, the fluorescein staining reaction reveals a prominent 

formation of structural defects that are connected to the surface of the crystal via the 

microporous ZSM-5 system and which contains either Brønsted or Lewis acid sites. 

On the other hand, the 4-fluorostyrene staining reaction shows how mild steaming 

conditions increase the accessibility towards the Brønsted acid sites, while under 

severe steaming conditions the Brønsted acidity contained in the internal crystal sub-

units is more accessible, although it is preferentially removed close to the surface of 

the lateral sub-units of zeolite ZSM-5 crystals. 

 

 

 

 

 

This work is based on the following manuscript: L.R. Aramburo, J. Ruiz-Martínez, J.P. Hofmann, B.M. 

Weckhuysen, Catal. Sci. Technol., 2012, accepted. 
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3.1. Introduction 

Over the last decades, large zeolite crystals have been used as model systems to gain 

insight into the underlying fundamental phenomena that govern the catalytic 

performance of their industrially applied small zeolite aggregate counterparts.
[1-7]

 In 

particular, given the prominent role that ZSM-5 zeolites play in chemical industry,
[8-

10]
 large zeolite ZSM-5 crystals have been investigated with techniques possessing 

high chemical speciation capability
[11-12]

 in combination with micrometer spatial 

resolution.
[13-18]

  

Previous studies, described in detail in Chapter 2,
[19]

 demonstrated that the 

intergrowth architecture of large zeolite ZSM-5 crystals accounts for their different 

response towards steaming. More specifically, those crystal regions exposing only 

sinusoidal pores to the surface were more susceptible towards hydrothermal 

treatments than the crystal regions where the straight channels are exposed to the 

outer surface. The different susceptibility of sinusoidal and straight pores exposed to 

the outer surface of the large zeolite ZSM-5 crystals results in an internal architecture 

dependent distribution of mesopores. The extent of these modifications was found to 

be fully dependent on the conditions of the hydrothermal treatment applied; i.e., mild 

temperature steaming conditions induced variations limited to the external regions of 

the zeolite crystals (“surface mesoporosity”), while more severe temperature steaming 

conditions resulted in the generation of a mesoporous network distributed throughout 

the whole crystal volume.  

This Chapter focuses on the influence that the internal architecture of large 

ZSM-5 crystals has on the changes in pore accessibility and acidity during steaming. 

This is done by using confocal fluorescence microscopy (CFM) in combination with 

bulky fluorescent dyes (i.e., proflavine, stilbene and nile blue A) and two staining 
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reactions (i.e., fluorescein synthesis and 4-fluorostyrene oligomerization). This 

approach has been applied on the parent zeolite (sample name: ZSM-5-P), mildly 

steamed (sample name: ZSM-5-MT) and severely steamed zeolite (sample name: 

ZSM-5-ST), described in Chapter 2.  

 

3.2. Experimental 

3.2.1. Materials 

A parent and two hydrothermally treated large zeolite ZSM-5 samples, namely mildly 

and severely treated samples, have been investigated in this Chapter. The parent 

sample with a Si/Al ratio of 17 was provided by ExxonMobil (Machelen, Belgium). 

The three batches of zeolite ZSM-5 crystals under investigation are the same as those 

used in Chapter 2 and we refer the reader for details on the sample preparation 

procedure and main characteristics of the samples to this Chapter.  

 

3.2.2. Characterization Methods 

Confocal Fluorescence Microscopy  

Confocal fluorescence microscopy images of the different materials were acquired 

with a Nikon Eclipse LV150 microscope equipped with a 50 × 0.55 NA dry 

objective and a Nikon D-Eclipse C1 head containing a 488 nm, 561 nm and a 635 

nm laser. Prior to staining the large zeolite ZSM-5 crystals with the fluorescent 

dyes, 5 mg of proflavine (Sigma Aldrich, pure) as well as 15 µl of stilbene (Sigma 

Aldrich, 96%) and nile blue A (Acros Organic, pure) were dissolved in 25 ml of 

ethanol. Subsequently, the zeolite ZSM-5 crystals were stained at room 

temperature and after a waiting time of 5 min the visualization of proflavine, 

stilbene and nile blue A was carried out by illuminating the large zeolite ZSM-5 
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crystals with a 488 nm (detection range 510 - 550 nm), a 561 nm (detection range 

570 - 620 nm) and a 635 nm laser (detection range 662 - 737 nm), respectively. 

For in-situ fluorescein synthesis, 1 ml of 2 M resorcinol (Sial, 99%) and 2 ml of 

0.2 M phthalic anhydride (Acros Organic, 99%) solutions were mixed and filled to 

10 ml with absolute ethanol (Antonides-Interchema, 99%) resulting in a 5:1 

resorcinol-phthalic anhydride molar ratio. Subsequently, 25 µl of the resulting 

solution were used to impregnate the zeolite samples. After a waiting time of 5 

min, the samples were heated to 200°C (10°C/min) in an in-situ cell (FTIR 600, 

Linkam) equipped with a temperature controller (Linkam TMS 94). Sample 

illumination was performed with the 488 nm laser, while the emission was 

detected with the photomultiplier tube in the 510 - 550 nm range. The acid 

catalyzed oligomerization of 4-fluorostyrene (Acros Organic, 97%) was performed 

in the same in-situ cell used for the synthesis of fluorescein. The zeolite crystals 

were placed on a glass plate and heated to 120°C (10°C/min) for 5 min, 

subsequently adding 15 μl of the styrene derivative. After 5 min of waiting time 

the generated carbocations were visualized using a 488 nm laser with a detection 

range of 510 - 550 nm.  

 

3.3. Results and Discussion 

3.3.1. Probing Pore Accessibility with Confocal Fluorescence Microscopy  

In a first set of experiments, the three sets of large zeolite ZSM-5 crystals under study 

were stained with bulky fluorescent dyes in order to investigate the changes induced 

in the crystal accessibility by a mild and a severe hydrothermal treatment. The dyes 

selected were non-reactive bulky probe molecules, which are unable to completely 

enter the micropore system of ZSM-5, namely proflavine, stilbene and nile blue A. 
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Scheme 3.1 shows the structure of these three non-reactive molecules. The use of 

these fluorescent dyes, in combination with confocal fluorescence microscopy (CFM) 

allows the visualization of cracks and mesopores connected to the outer surface
[20]

 

providing a reliable picture of the modifications taking place in the pore accessibility 

of the large zeolite ZSM-5 crystals under study.  

 

Scheme 3.1. Bulky dye molecules used to investigate the changes taking place in the pore accessibility 

upon steaming: Proflavine (a), stilbene (b) and nile blue A (c). (d) Schematic illustration showing the 

crystal regions where the confocal fluorescence microscopy images were recorded.  

 

The CFM results obtained after staining the ZSM-5-P crystal with proflavine, 

given in Figure 3.1a, show the restricted access of this dye towards the micropore 

system of ZSM-5-P. In contrast, ZSM-5-MT displayed a strong fluorescence at the 

outer crystal surface as well as in the core of the crystal. The fluorescence signal 

shown by this sample was heterogeneously distributed within the different regions of 

the crystals, being more intense at the surface and in the lateral sub-units as compared 

to its pyramidal counterparts. This heterogeneity in fluorescence is indicative for the 

different susceptibility of the distinct crystal regions towards steaming. These 

observations are in line with previous results obtained for the same set of large zeolite 
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ZSM-5 crystals.
[19]

 They are also indicative for the presence of surface mesoporosity, 

as revealed by the different characterization methods employed in Chapter 2.  

 

Figure 3.1. Confocal fluorescence microscopy images obtained from the top and middle plane of 

ZSM-5-P, ZSM-5-MT and ZSM-5-ST after staining with proflavine (a) and stilbene (b). λex= 488 nm, 

detection 510 - 550 nm (a). λex= 561 nm, detection 570 - 620 nm (b). Images are presented as thermal 

maps, the warmer the color, the higher the intensity of the fluorescence signal. All the intensities have 

been boosted with the same factor. 

 

Alternatively, the CFM results obtained after staining the ZSM-5-ST sample 

with proflavine revealed increased pore accessibility in the lateral crystal sub-units as 

well as a partial opening of the crystal sub-units boundaries. The latter observation is 

important as it discloses how particular regions of the zeolite crystal, acting as 

molecular diffusion barriers in ZSM-5-P,
[5]

 become accessible after steaming. 

Accordingly, the induced structural modifications facilitate the transport of molecules 

towards the internal zeolite regions, which were prior to steaming, only accessible via 

the micropore system of ZSM-5. 

To get further insight into changes taking place in the structural properties of 

large zeolite ZSM-5 crystals during mild and severe hydrothermal treatments the 

zeolite crystals were stained with stilbene. As shown in Figure 3.1b, similar results to 
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those presented in Figure 3.1a for proflavine were obtained for ZSM-5-P, indicative 

for a limited access towards the microporous system of the non-steamed large zeolite 

ZSM-5 crystals. In the case of ZSM-5-MT, the fluorescence originating from the 

outer zeolite surface was more pronounced as compared to that from the lateral sub-

units. In contrast, the more prominent generation of mesopores under severe steaming 

conditions induced a decrease in the spatial differences observed in fluorescence 

intensity. In other words, the CFM data in Figure 3.1 reveal that proflavine and 

stilbene are accessible to similar mesopore structures within ZSM-5-MT and ZSM-5-

ST. 

To corroborate the above mentioned findings the parent and two 

hydrothermally treated zeolite ZSM-5 crystals were stained with nile blue A, which is 

a more bulky dye molecule than proflavine and stilbene (Scheme 3.1). The obtained 

CFM results are summarized in Figure 3.2a. The data for ZSM-5-P showed a very 

weak overall fluorescence. In contrast, in the case of ZSM-5-MT the fluorescence 

originated from the outer surface and lateral crystal sub-units, which confirms the 

heterogeneity observed in the variations taking place within the different crystal sub-

units during a hydrothermal treatment. In a similar manner, the fluorescence signal in 

ZSM-5-ST originated from the outer surface and lateral crystal sub-units. 

Nonetheless, in this case the highest fluorescence was observed in the regions in 

between the crystal sub-units boundaries. 

Complementary to the adsorption of the non-reactive bulky dye molecules, the 

synthesis of fluorescein (2-(6-hydroxy-3-oxo-(3H)-xanthen-9-yl) benzoic acid) from 

phthalic acid anhydride and resorcinol was performed for the three sets of large 

zeolite ZSM-5 crystals under investigation. The fluorescein synthesis reaction is given 

in Scheme 3.2.
[21]

 The advantage of in-situ synthesizing fluorescein over the use of 
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bulky fluorescent dye molecules, such as nile blue A, is related to the fact that the 

reactants are able to diffuse throughout the zeolite crystal, avoiding the steric 

restrictions imposed by the microporous network of ZSM-5. In other words, the in-

situ synthesis of fluorescein allows the visualization of “cavities”, which are 

mesoporous defects connected to the crystal outer surface via the micropore system. 

Moreover, as this reaction can be catalyzed by both Lewis
[21]

 and Brønsted
[22-23]

 acid 

sites, it allows also to visualize “cavities” in regions which are seriously depleted in 

Brønsted acidity. Accordingly, the in-situ fluorescein synthesis provides valuable 

complementary knowledge to that obtained by staining the large zeolite ZSM-5 

crystals with the non-reactive bulky dye molecules. 

 

Scheme 3.2. Staining reaction based on the in-situ synthesis of fluorescein used to visualize 

mesoporous structural defects.  

 

Figure 3.2b summarizes the CFM results obtained from the in-situ synthesis of 

fluorescein. It was found that the fluorescence originating from the outer surface of 

the parent and hydrothermally treated zeolite crystals is in line with the above 

described observations making use of proflavin, stilbene and nile blue A. More 

specifically, the ZSM-5-P crystal showed a lack of fluorescence as compared to the 
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hydrothermally treated samples. Furthermore, ZSM-5-MT exhibited a higher overall 

fluorescence than ZSM-5-ST. The latter observation is indicative of a more affected 

outer crystal surface after applying mild hydrothermal treatments, which is in 

agreement with the HRSEM results described in Chapter 2.  

Alternatively, the lack of fluorescence signal collected from the central plane 

of ZSM-5-P points towards the absence of structural defects within this sample. In 

contrast, both ZSM-5-MT and ZSM-5-ST show fluorescence arising from the 

crystal’s middle plane. In case of ZSM-5-MT, fluorescence was mainly collected 

from the crystal outer surface and inner regions of the lateral crystal sub-units, 

confirming the different susceptibility of the crystal sub-units towards steaming. The 

difference with previous results, however, arises from the more homogeneous 

distribution observed in the fluorescence signal originating from the outer surface and 

inner core of the lateral crystal sub-units. This suggests that under mild steaming 

conditions a large number of “cavities” are generated in the lateral crystal sub-units. 

ZSM-5-ST, on the other hand, displayed the strongest fluorescence of the three zeolite 

ZSM-5 crystals under investigation. This is in line with previous results and supports 

the fact that a higher number of structural modifications are taking place with 

increasing steaming temperature. Furthermore, the fluorescence signal originating 

from the pyramidal crystal sub-units of ZSM-5-ST was very intense. This suggests 

that a significant amount of “cavities” are formed throughout the pyramidal crystal 

sub-units after a severe hydrothermal treatment. 
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Figure 3.2. Confocal fluorescence microscopy images obtained from the top and middle plane of 

ZSM-5-P, ZSM-5-MT and ZSM-5-ST after staining with nile blue A (a) and during the in-situ 

synthesis of fluorescein at 200°C (b). λex= 635 nm, detection 662 - 737 nm (a). λex= 488 nm, detection 

510 - 550 nm (b). Images are presented as thermal maps, the warmer the color the higher the intensity 

of the fluorescent signal. All the intensities have been boosted with the same factor.
 

 

3.3.2. Probing Brønsted Acidity with Confocal Fluorescence Microscopy 

During the course of a hydrothermal treatment it is known that the generation of 

mesopores induces a reduction in the number of Brønsted acid sites, often involving 

an increase in the amount of Lewis acid sites.
[24]

 To investigate the extent of this 

phenomenon in large zeolite ZSM-5 crystals the acid catalyzed 4-fluorostyrene 

reaction was selected as staining reaction and the process was followed with CFM. 

Scheme 2.1 summarizes the main species formed during the oligomerization of 4-

fluorostyrene, which is initiated by the protonation of a 4-fluorostyrene monomer by a 

Brønsted acid site. Subsequent addition of another monomer gives rise to the 

formation of the cyclic dimeric 3-methyl-1,4- fluorophenylindanyl (indanyl) 

carbocation.
[25-26]

 This carbocation is fluorescent and CFM in combination with a 488 

nm excitation laser enables its visualization in 3-D within the large zeolite ZSM-5 

crystal.  
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The results obtained from these CFM experiments are summarized in Figure 

3.3, showing a homogeneous fluorescence throughout the ZSM-5-P crystal. This 

observation is indicative for a similar reactivity and hence a comparable distribution 

of Brønsted acid sites within ZSM-5-P. This is in line with the spatially resolved 

synchrotron-based 2-D FTIR maps with adsorbed pyridine, which have been 

discussed in Chapter 2.  

 

Figure 3.3. Confocal fluorescence microscopy images obtained from the top and middle plane of 

ZSM-5-P, ZSM-5-MT and ZSM-5-ST during the oligomerization of 4-fluorostyrene at 120°C. λex= 

488 nm, detection 510 - 550 nm. Images are presented as thermal maps, the warmer the color the 

higher the intensity of the fluorescence signal. All the intensities have been boosted with the same 

factor. 

 

In a similar manner, the ZSM-5-MT sample presented a homogeneous 

distribution of the fluorescence signal within the different crystal regions, showing, 

however, an increase in the overall fluorescence intensity with respect to that of the 

ZSM-5-P sample. Given that steaming does not increase the number of Brønsted acid 

sites, this observation can be attributed to an increase in the accessibility towards 

these acid sites. In line with this explanation are the differences observed in the UV-

Vis spectra recorded for ZSM-5-P and ZSM-5-MT during the 4-fluorostyrene 
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oligomerization reaction. Indeed, Figure 2.8 suggests increased oligomerization 

reactivity after mild steaming. Consequently, the structural modifications observed 

after a mild hydrothermal treatment enhance the accessibility towards the Brønsted 

acid sites without inducing a significant depletion and/or redistribution of this type of 

acidity. 

In contrast to the above mentioned observations, the fluorescence observed at 

the outer surface plane of ZSM-5-ST was lower than that of ZSM-5-P. We explain 

this observation by the loss of Brønsted acid sites under the severe steaming 

conditions applied. The results obtained from the middle plane of ZSM-5-ST, 

however, displayed a stronger fluorescence signal as compared to both ZSM-5-P and 

ZSM-5-MT. Following the same line of thought as for the ZSM-5-MT sample, this 

observation is a clear indication of an enhanced accessibility towards the Brønsted 

acid sites contained in the core of the zeolite crystal after severe steaming and is 

agreement with the results presented in Figures 3.1a-b and 3.2a. Moreover, the 

fluorescence signal within the ZSM-5-ST crystal was heterogeneously distributed 

between the pyramidal and lateral crystal sub-units. In particular, the lateral sub-units 

showed lower fluorescence intensities, especially close to the surface as compared to 

their pyramidal counterparts. Accordingly, the CFM measurements suggest that 

despite the structural modifications taking place in the pyramidal sub-units under 

severe hydrothermal treatments,
[19]

 a fraction of the Brønsted acidity is preserved. In 

contrast, the regions close to the surface in the lateral sub-units show an overall 

reduction in Brønsted acidity as compared to the rest of the large zeolite ZSM-5 

crystal. 
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3.4. Conclusions 

Confocal fluorescence microscopy has been used in combination with three bulky 

fluorescent dyes and two specific staining reactions yielding fluorescent molecules to 

investigate the role that the internal architecture of large zeolite ZSM-5 crystals has 

on the physicochemical modifications induced by steaming. The use of bulky 

fluorescent dyes has disclosed a more significant variation in the structural properties 

of the lateral crystal sub-units upon steaming compared to that of the pyramidal sub-

units. Simultaneously, it has been revealed that the crystal sub-unit boundaries, acting 

as molecular diffusion barriers, are accessible after steaming facilitating the diffusion 

towards the internal crystal regions. The synthesis of fluorescein has been used to 

visualize the structural modifications that are connected to the surface via both, a 

microporous and a mesoporous network. It was found that under mild conditions a 

considerable amount of “cavities” are generated in the lateral crystal sub-units, being 

extended to the pyramidal sub-units after steaming under harsher temperature 

conditions.  

Additionally, the acid catalyzed oligomerization of 4-fluorostyrene is a 

valuable probe reaction to study the distribution and accessibility of the Brønsted 

acidity within the different parts of large zeolite ZSM-5 crystals. It has been shown 

how mild steaming conditions increase the accessibility towards the Brønsted acid 

sites without causing a redistribution or depletion of this type of acidity. In contrast, 

under severe steaming conditions the Brønsted acidity contained in the internal crystal 

sub-units is more accessible, although it is preferentially removed close to the surface 

of the lateral sub-units of large zeolite ZSM-5 crystals. 
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Figure 3.5. Schematic illustration summarizing the main observations described in this Chapter for 

zeolite ZSM-5-P (a), ZSM-5-MT (b) and ZSM-5-ST (c) crystals. The molecular diffusion barriers, 

depicted in green, red and blue in (a), are substantially modified with increasing steaming temperature. 

Additionally, steaming induces different modifications in the physicochemical properties of the distinct 

crystal sub-units. The lateral sub-units undergo significant structural modifications due to the mild and 

more severe hydrothermal treatment, whereas the pyramidal sub-units mainly alter their properties as a 

result of a severe hydrothermal treatment. These changes are translated in a relatively well preserved 

Brønsted acidity within the lateral sub-units of mildly steamed crystals and the preferential removal of 

Brønsted acidity in the same crystal regions after severe steaming.  
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Part II 

 

Zeolite and Zeotype Powders as Practical 

Catalyst Systems 
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Chapter 4 

 

Styrene Oligomerization as a Selective Staining 
Reaction for Brønsted Acidity within Zeolite ZSM-5 

Catalyst Powders before and after Steaming 

Abstract 

The effect that a hydrothermal treatment has on the physicochemical properties of 

zeolite ZSM-5 catalyst powders has been investigated and correlated to the variations 

displayed in their reactivity towards the oligomerization of 4-fluorostyrene. For this 

purpose, a series of calcined, mildly and severely steamed zeolites has been studied 

with a combination of UV-Vis micro-spectroscopy and Scanning Transmission X-ray 

Microscopy (STXM). Both techniques have been used to monitor the relative 

formation of cyclic and linear dimeric carbocations as a function of steaming 

temperature. In this manner, a variation in the reaction pathway has been found, 

which results in a more selective production of the linear species with increasing 

severity of the hydrothermal treatment. Furthermore, STXM has revealed a shrinking 

carbon core-shell product distribution, in which the relative amount of cyclic dimeric 

carbocation species was higher in the core relative to the shell of the zeolite 

aggregates. The relative amount of cyclic dimeric carbocation species, however, 

gradually decreased with increasing severity of the hydrothermal treatment.  

 

 

 

 

 

This work in based on the following manuscript: L.R. Aramburo, S. Wirick, P.S. Miedema, I.LC. 

Buurmans, F.M.F. de Groot, B.M. Weckhuysen, Phys. Chem. Chem. Phys., 2012, 14, 6967. 
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4.1. Introduction 

In recent years large efforts have been made to control and hierarchically modify the 

properties of zeolite materials aiming to improve their selectivity and/or stability in a 

particular chemical process.
[1-5]

 Nonetheless, to optimize the variation of zeolite 

characteristics, further understanding of the physicochemical processes that determine 

the catalytic performance of zeolites is highly desirable. Such information can be 

obtained in some cases by performing a suitable probe reaction in combination with 

appropriate micro-spectroscopic characterization methods. Within this context, the 

Brønsted acid catalyzed oligomerization of 4-fluorostyrene has shown to be a useful 

probe to assess zeolite properties. More specifically, as already partially described in 

Chapters 2 and 3, this selective staining reaction allows - in combination with e.g. 

confocal fluorescence microscopy and UV-Vis micro-spectroscopy - a detailed study 

of large zeolite ZSM-5 crystals,
[6]

 providing an explanation for the observed 

differences in the catalytic behavior of these materials.
[7]

 In addition, this staining 

approach was successfully applied to industrially relevant zeolite ZSM-5 samples, 

revealing a relationship between Brønsted acidity and their styrene oligomerization 

activity.
[8]

 Nonetheless, contrarily to large zeolite ZSM-5 crystals the visualization of 

possible variations in the acidity and reactivity of commercial zeolite samples requires 

spectroscopy with nanoscale spatial resolution.
[9]

  

In this Chapter, the effect that hydrothermal treatments have on the 

physicochemical properties and reactivity of commercial zeolite ZSM-5 catalyst 

powders has been investigated making use of the Brønsted acid catalyzed 

oligomerization of 4-fluorostyrene oligomerization as selective staining reaction. For 

this purpose, a calcined and a series of hydrothermally treated zeolite samples have 

been analyzed with UV-Vis micro-spectroscopy and Scanning Transmission X-ray 
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Microsocpy (STXM). Both techniques have proven to be valuable methods to obtain 

insight in the changes taking place in the reaction product selectivity as a result of 

steaming. Additionally, STXM, combining chemical speciation with nanometer 

spatial resolution,
[10-12]

 has been used to map the distribution of the reaction products 

within the zeolite aggregates. 

 

4.2. Experimental 

4.2.1. Materials 

The physicochemical properties and the reactivity of a calcined ZSM-5 material 

(sample name: ZSM-5-C) have been compared to a series of mildly (sample name: 

ZSM-5-600) and severely steamed (sample names: ZSM-5-700 and ZSM-5-800) 

zeolite samples. The first sample was obtained by performing a calcination 

treatment on a commercial ZSM-5 sample provided by Zeolyst in its ammonium 

form (CBV 2314).  

 

Figure 4.1. Scanning Electron Microscopy (SEM) image of the starting zeolite ZSM-5 catalyst 

powder. 

 

The starting material, with a Si/Al ratio of 11.5, was calcined in a static 

oven (N100 Nabertherm) first preheating it at 120ºC (30 min, 2ºC/min) and then 

increasing the temperature to 550°C (360 min, 10ºC/min). The steamed samples 
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were prepared treating ZSM-5-C in a quartz tubular oven (Thermoline 79300) 

during 180 min at 600°C (ZSM-5-600), 700°C (ZSM-5-700) and 800°C (ZSM-5-

800) via saturation of a nitrogen flow (180 ml/min) with water at 100ºC. Prior to 

steaming every sample was preheated at 120ºC (30 min, 2ºC/min). After the 

hydrothermal treatment, the samples were calcined following the same procedure 

as that described to obtain ZSM-5-C.  

 

4.2.2. Characterization Methods  

X-ray Diffraction  

X-ray diffraction (XRD) patterns were obtained at room temperature from 5 to 90 2θ 

with a Bruker-AXS D8 Advance powder X-ray diffractometer, equipped with an 

automatic divergence slit, a Våntec-1 detector and a cobalt Kα 1,2 (λ = 1.79026 Å) 

source. 

 

Nitrogen Sorption 

Nitrogen adsorption and desorption isotherms were measured at -196°C on a 

Micromeritics Tristar 3000 instrument.  

 

Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) images were collected of ZSM-5-C. The 

sample was sprinkled on an aluminum stub with a carbon sticker and sputter coated 

with 10 nm Pt/Pd (Cressington Sputter Coater 208HR + Cressington thickness 

controller MTM20). Afterwards, SEM images were recorded in secondary electron 

(SE) mode using a through-the-lens detection system in combination with an 

immersion lens. 
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Temperature Programmed Desorption  

Temperature Programmed Desorption (TPD) measurements with ammonia as probe 

molecule were performed using a Micromeritics AutoChemII 2920 apparatus. The 

sample, 0.15 g in all cases, was first pretreated in helium (25 ml/min) for 30 min at 

600°C, then cooled down to 100°C and saturated with ammonia to its equilibrium 

state. Prior to desorption, samples were flushed in helium for 30 min. Subsequently, 

ammonia desorption was performed in the range of 100°C to 600°C at a heating rate 

of 10°C/min. 

 

UV-Vis Micro-spectroscopy 

UV-Vis micro-spectroscopy was performed in an in-situ cell (FTIR600, Linkam 

Scientific Instruments) equipped with a temperature controller (Linkam TMS 93). The 

microscopy set-up used is based on an Olympus BX41 upright microscope with a 50 

× 0.5 NA-high (NA: numerical aperture) working distance microscope objective. A 

75 W tungsten lamp was used for illumination. The microscope was equipped with a 

50/50 double-viewport tube, which accommodated a CCD video camera (ColorView 

IIIu, Soft Imaging System GmbH) and an optical fiber mount. A 200 mm-core fiber 

connected the microscope to a CCD UV/Vis spectrometer (AvaSpec-2048TEC, 

Avantes). Experiments were performed compressing 10 mg of zeolite powder to a 

pellet and heating it to 120ºC for 5 min, subsequently adding 15 μl of 4-fluorostyrene. 

After a waiting time of 5 min, UV-Vis spectra were recorded every 5 s with an 

integration time of 100 ms. 

 

Scanning Transmission X-ray Microscopy 

Scanning Transmission X-ray Microscopy (STXM) measurements were performed 
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at the X1A beamline of the National Synchrotron Light Source (NSLS) facility at 

Brookhaven National Laboratory (BNL, Upton, USA). During the experiments the 

monochromized X-ray beam was focused to a spot size of 35 nm using a Fresnel 

zone plate. The samples were placed on silicon nitride windows (100 nm 

thickness) and mounted perpendicular to the beam and scanned using a Physik 

Instruments (Auburn, Ma, USA) piezo nanoposition stage in closed loop mode 

with a spatial resolution of 5 nm. The carbon K-edge X-ray absorption (XA) 

spectra were obtained collecting a series of images over small energy increments  

and then combining these images to form a spectral image sequence (stack). The 

stacks were obtained in the range of 280 – 310 eV using an energy resolution of 

0.1 eV. After spatially aligning the image sequence, Principal Component 

Analysis (PCA) was used to obtain the primary components in the data set. 

Subsequently, a cluster analysis was performed to classify pixels according to 

similarities in their spectra.
[13]

 The pixel size used in the image sets was 100 nm.  

 

4.3. Results and Discussion 

4.3.1. Physicochemical Properties of the Zeolite Materials  

In a first set of experiments the physicochemical changes taking place as a result of 

steaming were investigated by performing nitrogen physisorption, X-ray Diffraction 

(XRD) and ammonia-Temperature Programmed Desorption (TPD) measurements.  

As depicted in Figure 4.2, the adsorption and desorption isotherms of ZSM-5-

C were typical for aluminum-rich zeolite ZSM-5 small spheroid aggregates formed by 

smaller individual particles.
[14]

 In the case of ZSM-5-600, a change in the hysteresis 

cycle appearing at high partial pressures (between 0.5 and 0.9 P/Po) was observed 

compared to that of ZSM-5-C. This observation is indicative for the formation of 



                                                                                                                       Chapter 4

     

81 

 

mesopores during hydrothermal treatment. Additionally, a hysteresis cycle located at 

low partial pressures (between 0.15 and 0.3 P/Po) was observed in the isotherms of 

ZSM-5-600. This hysteresis cycle plausibly arises as a result of network effects 

(strong vapor-liquid interactions) taking place during capillary condensation.
[14]

 

Analogously, the more severely treated samples (i.e., ZSM-5-700 and ZSM-5-800) 

presented two hysteresis cycles in their isotherms, yet their shape was different 

compared to those appearing in the isotherms obtained for the ZSM-5-600 sample. 

The variation of the hysteresis cycle located at higher partial pressures is typical for a 

more pronounced formation of mesopores with increasing steaming temperatures. The 

changes observed in the hysteresis cycle appearing at low partial pressures, on the 

other hand, suggest a modification in the network effects taking place during capillary 

condensation.  

 

Figure 4.2. Nitrogen adsorption and desorption isotherms of ZSM-5-C (a), ZSM-5-600 (b), ZSM-5-700 

(c) and ZSM-5-800 (d). 
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Additionally, XRD measurements have been performed on the zeolite samples 

under investigation and the results are summarized in Figure 4.3. The XRD patterns 

indicate that despite the generation of mesoporosity taking place during the different 

hydrothermal treatments of the ZSM-5-C sample, the overall zeolite structure is 

maintained.  

 

Figure 4.3. X-ray Diffraction (XRD) patterns of ZSM-5-C (a), ZSM-5-600 (b), ZSM-5-700 (c) and 

ZSM-5-800 (d). 

 

 

Figure 4.4. Ammonia-Temperature Programmed Desorption (TPD) profiles of ZSM-5-C (a), ZSM-5-

600 (b), ZSM-5-700 (c) and ZSM-5-800 (d). 

 

The changes in the acidic properties resulting from the hydrothermal treatment 

were investigated performing ammonia-TPD measurements. The results, presented in 

Figure 4.4, showed a decrease in the overall acidity (i.e., the total area below the 
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desorption curves) with increasing steaming temperature. Additionally, the intensity 

reduction (Figure 4.4b) or absence (Figure 4.4c-d) of the desorption peak appearing at 

high temperatures is indicative of a considerable loss of strong acid sites during the 

hydrothermal treatments applied in this work.  

 

4.3.2. UV-Vis Micro-spectroscopy 

In-situ UV-Vis micro-spectroscopy was used to study the influence of the 

physicochemical modifications on the samples under investigation during the 

oligomerization of 4-fluorostyrene. For this purpose, 4-fluorostyrene was added to the 

parent and the series of hydrothermally treated zeolite ZSM-5 aggregates, 

subsequently recording their UV-Vis spectra every 5 s. The results are presented in 

Figure 4.5. During the course of the reaction different styrene carbocations are 

formed, which are known to absorb at different wavelengths and appear as a result of 

the existence of different reaction pathways. This is illustrated in Scheme 2.1. Overall, 

after the protonation of a styrene monomer by a Brønsted acid site, subsequent 

addition of another monomer gives rise to the linear dimeric 1,3-bis(4-fluorophenyl)-

1-butylium cation. This cation can be further transformed into either a linear dimeric 

carbocation or a cyclic dimeric carbocation. The cyclic dimeric carbocation species 

are characterized by an absorption band at 520 nm, whereas the linear dimeric 

carbocation species are characterized by an absorption band at 565 nm.
[7, 15, 16]

 

In Figure 4.5a the UV-Vis spectra of ZSM-5-C showed the appearance of two 

absorption bands attributed to cyclic and linear dimeric carbocations. To quantify the 

variations in the relative production of both species the time evolution of these 

absorption bands has been plotted in Figure 4.6. Closer inspection of the UV-Vis 
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spectra of ZSM-5-C revealed a higher intensity of the band located at 520 nm (Figure 

4.6b.I) compared to that present at 565 nm (Figure 4.6a.I).  

 

Figure 4.5. In-situ UV-Vis absorption spectra obtained during the Brønsted acid-catalyzed 

oligomerization of 4-fluorostyrene at 120°C on ZSM-5-C (a), ZSM-5-600 (b), ZSM-5-700 (c) and 

ZSM-5-800 (d). 

 

Analogously, the UV-Vis spectra of ZSM-5-600 (Figure 4.5.b) showed the 

appearance of the bands attributed to the cyclic and the linear dimeric carbocations, 

though the relative intensity of these bands varied compared to ZSM-5-C. Here, the 

band assigned to the cyclic dimer carbocation displayed a lower intensity (Figure 

4.6b.II) compared to that of the linear dimer carbocation (Figure 4.6a.II) leading to a 

significant variation in the relative ratio of both species. In addition to these bands, 

new features appeared in the UV-Vis spectra after the hydrothermal treatment. In 

particular, a band and a shoulder located at 610 nm and 640 nm, assigned to more 

conjugated linear carbocations.
[7, 15, 16]

 When the oligomerization reaction was 

performed on ZSM-5-700, significant differences were observed in the UV-Vis 
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absorption spectra, as shown in Figure 4.5c. Specifically, the intensities of the 

absorption bands at 610 nm and 640 nm drastically increased, informative for a 

pronounced formation of more conjugated linear carbocations with increasing 

steaming temperature. In line with this reasoning, the relative intensity of the linear 

dimer carbocation was enhanced over that of the cyclic dimeric carbocation (Table 

4.1), indicating a variation in the reaction pathways.  

 

Figure 4.6. Time evolution of the intensities of the UV-Vis bands assigned to the linear dimeric 

carbocation (a) and the cyclic dimeric carbocation (b) for ZSM-5-C (I), ZSM-5-600 (II), ZSM-5-700 

(III) and ZSM-5-800 (IV). 

 

To further demonstrate the relationship between the changes in the UV-Vis 

spectra and the hydrothermal treatment conditions, the oligomerization reaction was 

performed on ZSM-5-800. In this case, the UV-Vis spectra showed an enhancement 

in the formation of more conjugated linear oligomers compared to that of ZSM-5-700 

(Figure 4.5d). The absorption bands located at 565 nm, 610 nm and 640 nm were 

present in the spectra, while a small intensity was observed for the UV-Vis band 

assigned to a cyclic dimer carbocation. As a result, the values for the ratio of linear 

dimeric carbocations with respect to cyclic dimeric carbocations were greatly 

enhanced (Table 4.1). Moreover, the relative intensities of the bands assigned to linear 

dimeric carbocations were changed. For ZSM-5-600 and ZSM-5-700 the relative 

intensities of the absorption bands followed the same trend (565 nm > 610 nm > 640 
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nm), whereas for ZSM-5-800 the intensities of the absorption bands followed a 

different trend (610 nm > 565 nm ~ 640 nm). These observations indicated an 

enhanced formation of linear dimeric carbocationic species as a result of an increasing 

severity of the hydrothermal treatment. 

 

Table 4.1. UV-Vis intensities of the bands assigned to the linear dimeric carbocation (565 nm) and to 

the cyclic dimeric carbocation (520 nm) obtained after 9 min of reaction.  

 

 

 

 

In addition to the variations seen in the relative intensity of the absorption 

bands assigned to different carbocationic species, the overall absorption in the UV-

Vis spectra decreased with increasing steaming temperature. This revealed a reduction 

in the amount of Brønsted acid sites available for reaction as a result of performing a 

hydrothermal treatment, being in agreement with the ammonia-TPD profiles shown in 

Figure 4.4. 

 

4.3.3. Scanning Transmission X-ray Microscopy 

In a next series of experiments, STXM was applied to characterize the parent and the 

series of hydrothermally treated ZSM-5 zeolites collecting carbon stacks after the 

styrene oligomerization reaction. Scanning transmission microscopy with soft X-rays 

at the carbon K-edge is a useful tool to obtain insight into the distribution and 

composition of organic matter at the nanometer scale. The promotion of the inner-

shell electrons to molecular π* and σ* orbitals is of great utility due to its narrow 

energy width and chemical sensitivity.
[17-19]

 These transitions give rise to 

Sample 565 nm 520 nm Linear/Cyclic ratio 

ZSM-5-C 0.79 1 0.79 

ZSM-5-600 0.68 0.48 1.42 

ZSM-5-700 0.57 0.30 1.90 

ZSM-5-800 0.21 0.09 2.33 
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characteristic features in the carbon K-edge XA spectra as a result of the chemical 

bonding of the carbon atoms
[19]

 and render a way to determine possible variations in 

the product distribution. For this purpose, the carbon stacks were used to perform a 

PCA and a cluster analysis to classify pixels according to similarities in their carbon 

K-edge spectra. In this way, the carbon K-edge XA spectra obtained from the most 

external regions of each ZSM-5 sample under investigation have been compared in 

Figure 4.7, while the full cluster analysis is given in Figure 4.8. 

 

Figure 4.7. (a) Carbon K-edge XA spectra of perfluoro-2-butene* (I), benzene* (II), 4-

fluoropolystyrene (III) and monofluorobenzene* (IV). (b) Carbon K-edge XA spectra obtained from 

the cluster analysis performed on ZSM-5-C (I), ZSM-5-600 (II), ZSM-5-700 (III) and ZSM-5-800 (IV). 

The spectra marked by * have been digitalized from Hitchcock’s group gas phase core excitation 

database (http://unicorn.mcmaster.ca/). 

 

In Figure 4.7a the most prominent transitions present in the carbon K-edge 

XA spectra obtained after performing the 4-fluorostyrene reaction are shown by 

comparison of different reference compounds. Among them, the spectral features 

located at 285 eV and 288.5 eV, correspond to transitions from the carbon 1s to the 

unoccupied e2u and b2g π* orbitals.
[20-22]

 Additionally, the presence of features 

corresponding to transitions from the carbon 1s to the unoccupied C-H σ*, C-F σ* and 

C-C σ* molecular orbitals are observed between 287.3 - 288 eV,
[23-24]

 290.5 - 291.5 

eV 
[25-26]

 and 290 - 310 eV,
[27]

 respectively. As depicted in Figure 4.7a, all reference 

http://unicorn.mcmaster.ca/
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compounds show transitions to the C-H σ* unoccupied molecular orbitals. The small 

variations in the location of these bands are attributed to energy differences associated 

to transitions of CH, CH2 and CH3 species.
[28]

 The transitions to the unoccupied e2u 

and b2g π* orbitals are present for benzene, monofluorobenzene and 4-

polyfluorostyrene, yet not for perfluoro-2-butene. In contrast, perfluoro-2-butene is 

the only reference compound that shows a sharp peak attributed to C-F bonds. 

Logically, this transition is not expected in the spectrum of benzene as a result of the 

lack of C-F bonds. However, one could expect a sharper transition for 4-

monofluorobenzene and 4-polyfluorostyrene. In this case, the decrease observed in 

the intensity of the C-F 1s  σ* transitions is determined by changes in the charge 

density of the C-F bond. More specifically, in a C(sp
3
)-F bond, the polarization of the 

σ bond is partially counterbalanced by a redistribution of the electron density, as a 

result of the conjugation of the 2p atomic orbitals of both atoms. In a C(sp
2
)-F bond 

the conjugation of the 2p atomic orbitals is not as effective as in the C(sp
3
)-F bond.

[29]
 

Nevertheless, in this type of bond the existence of different resonant structures 

delocalize the excess of charge to a higher extent.
[30]

 Accordingly, the lower charge 

density present in the proximity of the C(sp
2
)-F bond induces a decrease in the C-F σ* 

transitions. In this way, the differences shown in the carbon XA spectra of 

monofluorobenzene and 4-polyfluorostyrene with that of perfluoro-2-butene can be 

rationalized by a lower excess of charge localized in the proximity of the C-F bond. 

As a result of the structural differences existing between the cyclic and the 

linear dimer, STXM can be used to visualize the changes in the relative production of 

both species. More in particular, the variations observed in the transitions to the C-F 

σ* unoccupied molecular orbitals are key to discriminate between both dimers. The 

lower degree of conjugation of C=C bonds in the cyclic dimer is responsible for the 
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existence of a reduced number of resonant structures compared to the linear dimer. 

This leads to a lower delocalization of charge in the C-F bond, which determines an 

increase in the transitions to the C-F σ* unoccupied molecular orbitals. Consequently, 

the intensity and position of the feature attributed to C-F σ* transitions was used in 

this study as a reporter of the cyclic dimer. 

The comparison of the carbon K-edge XA spectra, presented in Figure 4.7b, 

revealed substantial differences between ZSM-5-C and ZSM-5-600. The most 

significant variation resulting from the hydrothermal treatment was the intensity 

decrease of the peak located at 290.5 eV in the spectra of ZSM-5-C. The intensity 

reduction seen in this transition can be rationalized by a lower density of charge in the 

C-F bond. Moreover, the peak shifted towards higher energies in the carbon XA 

spectrum of ZSM-5-600, being located at the same position as for monofluorobenzene 

and 4-polyfluorostyrene. Consequently, the decrease and shift of this spectral feature 

in the spectrum of ZSM-5-600 provides experimental evidence for a decrease in the 

relative production of a cyclic dimeric species with respect to the linear species. In 

addition, a decrease in the relative intensity of the peaks located at 285 eV and 287.5 

eV (attributed to C=C and C-H bonds, respectively) was observed for ZSM-5-600. As 

an increase in the conjugation of linear oligomers leads to a reduction in the C=C/C-H 

bond ratio, this variation is informative of an enhancement in the selectivity towards 

more conjugated species after steaming. It is noted that these observations are in line 

with the decrease seen in the UV-Vis band intensity ratios of cyclic to linear dimeric 

species as well as with the red shift in the UV-Vis spectra of ZSM-5-600. The 

variations observed in the carbon XA spectra of ZSM-5-C and ZSM-5-600 were 

further enhanced once the oligomerization reaction was performed over the ZSM-5-

700 sample (Figure 4.7.bIII). Here, the decrease in the C=C/C-H bond ratio was more 
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significant compared to that of ZSM-5-600, indicating a higher selectivity towards the 

production of more conjugated species. Additionally, the peak attributed to C-F σ* 

transitions decreased its intensity and was located at the same position as for ZSM-5-

600. A similar tendency was observed for ZSM-5-800, where the differences in the 

relative intensities of the bands appearing at 285 eV and 287.5 eV were further 

reduced and the transitions to the C-F σ* unoccupied molecular orbitals were less 

pronounced (Figure 4.7.bIV). In conclusion, the comparison of the different carbon 

XA spectra provides experimental evidence for a relationship between the reaction 

pathway and the severity of the steaming conditions. 

The question arises if the variations seen in the catalytic behavior of these 

samples are related to a heterogeneous product distribution within a single zeolite 

aggregate. To this end, the spectra obtained from the cluster analysis were compared. 

Close inspection of the carbon K-edge XA spectra obtained for ZSM-5-C (Figure 

4.8a) revealed an increase in the intensity of the peak located at 290.5 eV in the 

internal regions of the zeolite aggregate, which points towards the presence of higher 

amounts of cyclic dimeric species. In the case of ZSM-5-600, a decrease in the 

C=C/C-H bond ratio was observed as well as an intensity reduction and a shift of the 

spectral feature attributed to C-F σ* transitions in the internal regions of the zeolite 

aggregate. This is illustrated in Figure 4.8b. The data revealed a more selective 

production of linear dimeric species inside the zeolite aggregate after the 

hydrothermal treatment applied. In line with this hypothesis, the selectivity towards 

the production of linear dimeric species was notably enhanced in the ZSM-5-700 

sample (Figure 4.8c). Here, the feature associated with the cyclic dimeric species in 

the carbon XA spectra was less evident in the internal regions of the zeolite aggregate, 

while the C=C/C-H bond ratio was significantly reduced. Similar variations were 
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observed for ZSM-5-800 (Figure 4.8d), further confirming the aforementioned 

tendency. 

 

Figure 4.8. Left, carbon K-edge XA spectra obtained after performing a cluster analysis subsequent to 

the 4-fluorostyrene oligomerization reaction on ZSM-5-C (a), ZSM-5-600 (b), ZSM-5-700 (c) and 

ZSM-5-800 (d). Right, carbon STXM map and related cluster index. The colored regions in the cluster 

index correspond to the regions of the zeolite ZSM-5 aggregate from which the spectra with the same 

color coding were obtained. Alternatively, the white areas correspond to regions were no signal was 

collected, whereas the grey areas stand for regions that were not used for the analysis. The scale bar 

represents 500 nm in (a) and 1 μm in (b-d). 

 

The modifications shown in the selectivity towards the production of linear 

species with increasing steaming temperature can be rationalized by a change in the 

formation mechanism. Theoretical calculations have demonstrated the existence of 

two different routes.
[31]

 More specifically, the formation of the linear dimeric species 

can take place via a direct hydride transfer (as presented in Scheme 2.1) or via an 

interaction between two dimeric molecules, as proposed by Corma and García.
[15] 

In a 

purely microporous ZSM-5 zeolite aggregate, the latter mechanism is likely to be 
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suppressed due to the high steric constraints imposed by the framework (despite the 

computed exothermicity for this route). Increasing the hydrothermal treatment 

temperature conditions, however, leads to a higher amount of mesopores and 

consequently an enhanced probability for a direct transfer between two dimeric 

molecules. In addition, it was found that by increasing the severity of the 

hydrothermal treatment the Brønsted acid site density and strength was reduced, 

thereby lowering the capability of the catalysts to perform cyclization reactions.
[32]

 In 

this manner, the observed differences in product selectivity within ZSM-5 zeolites can 

be attributed to the decrease in the steric constraints imposed by the zeolite material 

and the loss of strong acid sites. 

 

4.4. Conclusions 

The effect that a hydrothermal treatment has on the physicochemical properties of 

zeolite ZSM-5 catalyst powders has been investigated and correlated to the variations 

displayed in their reactivity. For this purpose, a combination of UV-Vis micro-

spectroscopy and STXM has been used to study a calcined and a set of 

hydrothermally treated zeolite ZSM-5 materials. In this manner, the influence of the 

hydrothermal treatment temperature conditions on the catalytic behavior of ZSM-5 

zeolites has been revealed making use of the oligomerization of 4-fluorostyrene as 

selective staining reaction for Brønsted acidity. UV-Vis micro-spectroscopic 

measurements have shown an increase in the selectivity towards the linear 

carbocations with increasing steaming temperature. STXM further supports these 

findings and revealed a shrinking carbon core-shell distribution of reaction products, 

in which the relative amount of cyclic dimeric species was higher in the core relative 

to the shell of the zeolite aggregates. However, the amount of the cyclic dimeric 
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species drastically decreased with increasing steaming conditions. As the formation of 

the linear and the cyclic dimer species follow different routes, this constitutes a clear 

indication for a variation in the reaction pathways. More specifically, the changes 

observed in the physicochemical properties of ZSM-5 zeolites with harsher 

hydrothermal treatment conditions increase the driving force for a bimolecular 

hydride transfer process, while suppressing the formation of the cyclic dimeric 

carbocation species.  
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Chapter 5 

 

Steaming of Zeolite ZSM-5 Catalyst Powders:        
The State of Aluminum and Carbon during the 

Methanol-To-Hydrocarbons Reaction as probed with 
Soft X-rays 

Abstract 

The effect of a severe steaming treatment on the state of aluminum and carbon during 

the Methanol-To-Hydrocarbons (MTH) reaction has been investigated using a 

combination of Scanning Transmission X-ray Microscopy (STXM) and bulk 

characterization methods. For this purpose, the coordination and distribution of 

aluminum together with the catalytic performance of a zeolite ZSM-5 catalyst powder 

(sample name: ZSM-5-C) has been compared to that of a severely hydrothermally 

treated (sample name: ZSM-5-700) catalyst powder. It has been revealed that 

steaming induces a modification in the aluminum coordination as well as in its local 

environment. The MTH performance of both powdered samples has been correlated 

with the nature and distribution of the hydrocarbon species generated during reaction. 

It was found that the lower stability of ZSM-5-C is related to a heterogeneous 

distribution of the generated hydrocarbon species. A shrinking carbon-shell has been 

observed with STXM at the single particle level, in which the coke precursor species 

are preferentially present in the outer rim of the catalyst aggregate. In contrast, STXM 

revealed for ZSM-5-700 the presence of a single carbon phase, which was found 

throughout the entire catalyst aggregate. 

This work in based on the following manuscripts: L.R. Aramburo, E. de Smit, B. Arstad, M.M. van 

Schooneveld, L. Sommer, A. Juhin, T. Yokosawa, H.W. Zandbergen, U. Olsbye, F.M.F. de Groot, 

B.M. Weckhuysen, Angew. Chem. Int. Ed., 2012, 51, 3616 and L.R. Aramburo, Y. Liu, T. Tyliszczak, 

F.M.F de Groot, J.C. Andrews, B.M. Weckhuysen, Angew. Chem. Int. Ed., submitted. 
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5.1. Introduction 

In view of the limited oil reserves the MTH process is an interesting catalytic route to 

provide raw materials for chemical industries. In the last decades, a vast number of 

studies have been devoted to increase our understanding of this important catalytic 

reaction leading to a consensus concerning the Hydrocarbon Pool (HCP) 

mechanism.
[1-6]

 Accordingly, the organic species trapped within the catalyst pores act 

as reaction centers to which methanol is continuously added forming olefins in a 

closed catalytic cycle. This is schematically shown in Figure 5.1. Due to their unique 

acidic and structural properties two molecular sieves, namely SAPO-34 and ZSM-5, 

are often used as the prototype MTH catalyst materials. In the case of ZSM-5, several 

studies have indicated that the formation of ethene and propene are governed by two 

different catalytic routes, as has been briefly discussed in Chapter 1 (Figure 1.5).
[7-8]

 

The potential to tune the selectivity of the MTH process has lead to an increased 

industrial and academic interest because of the growing need worldwide for 

propene.
[9]

  

 

Figure 5.1. Schematic representation of the hydrocarbon pool mechanism during the Methanol-To-

Hydrocarbons (MTH) process over molecular sieves.[10] 

 

Unfortunately, as suggested in Figure 5.1, the hydrocarbon pool mechanism 

can also lead to the generation of undesired hydrocarbon deposits, which may block 
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the acid sites as well as decrease the accessibility towards them.
[11]

 To overcome these 

limitations efforts have been made to increase the pore accessibility during 

synthesis,
[12-13]

 and/or in post-synthetic treatments.
[14-15]

 Nevertheless, in order to fully 

optimize zeolite materials an in-depth understanding of the processes leading to the 

formation of carbon deposits is desirable. In this context, unraveling the interplay 

between catalyst structure and process conditions on one hand and the nature and 

location of the carbonaceous species formed on the other hand can be of great 

assistance.  

In this Chapter, the influence of a severe hydrothermal treatment on the 

physicochemical properties of a commercial zeolite ZSM-5 catalyst powder has been 

further investigated. For this purpose, a calcined and a severely steamed sample have 

been studied with a combination of 2-D and 3-D Scanning Transmission X-ray 

Microscopy (STXM) and bulk characterization techniques. This approach has enabled 

us to obtain valuable insight into the variations taking place in the coordination and 

distribution of aluminum species within a single zeolite ZSM-5 aggregate. 

Additionally, the use of an in-situ STXM nanoreactor allowed studying the reactivity 

of a single catalyst aggregate during the MTH reaction. On this basis, a relationship 

between the bulk catalytic performance of ZSM-5 catalysts and their reactivity at the 

nanometer scale could be established.  

 

5.2. Experimental 

5.2.1. Materials 

Two different zeolite ZSM-5 catalyst powders, namely a calcined (i.e., ZSM-5-C) and 

a hydrothermally treated sample (i.e., ZSM-5-700) have been investigated. The 

starting material, with dimensions of approximately 200 - 800 nm, is a commercial 



Chapter 5    

100 

 

sample provided by Zeolyst. This material was treated according to the procedures 

described in Chapter 4 to obtain the calcined and severely steamed ZSM-5 samples. 

Representative Transmission Electron Microscopy (TEM) images of both catalyst 

materials are shown in Figure 5.2.  

 

Figure 5.2. Transmission Electron Microscopy (TEM) images of ZSM-5-C (a) and ZSM-5-700 (b).  

 

5.2.2. Characterization Methods 

Transmission Electron Microscopy  

A Tecnai CM200-FEG TEM microscope, operated at an acceleration voltage of 200 

kV, was used to take bright-field images and determine the crystal sizes. To this end, 

the samples were deposited in the nanoreactor used for the in-situ STXM 

experiments, subsequently placing it into a specially designed TEM holder. The TEM 

micrographs were processed using TIA software.  

 

Scanning Transmission X-ray Microscopy 

Zeolite activation measurements and in-situ MTH reaction experiments were 

performed on the interferometrically controlled STXM set-up at beamline 11.0.2 

of the Advanced Light Source (ALS) of the Lawrence Berkeley National 

Laboratory (LBNL, Berkeley, USA).
[16]

 In order to obtain information under 

realistic working conditions a Micro-Electro-Mechanical System (MEMS) 



                                                                                                                      Chapter 5   

101 

 

nanoreactor
[17]

 was used in combination with a 35 nm zone plate. This nanoreactor 

has been specially developed to decrease the attenuation of the X-rays, which 

constitutes one of the most relevant practical limitations during in-situ STXM 

measurements. The attenuation of the X-rays is induced by all the elements present 

between the focusing element (Fresnel zone plate) and the X-ray detector, namely the 

reactor materials, reaction fluids (gas or liquids) and the catalytic solid. To limit the 

attenuation of the X-rays the thickness of the silicon nitride nanoreactor windows has 

been decreased to 10 nm. Alternatively, the attenuation provoked by the gas phase is 

reduced limiting the X-ray path length to 50 µm. These improvements, together with 

the implementation of a heating element inside the nanoreactor and the selection of a 

suitable catalytic material (determined by its elemental composition and thickness), 

allow imaging local catalytic events taking place under relevant reaction conditions in 

a commercial catalyst with great chemical detail.  

The zeolite activation experiments, used to study the dynamic coordination 

changes of aluminum, were performed on ZSM-5-700. To this end, aluminum K-

edge X-ray Absorption (XA) spectra of ZSM-5-700 were measured under ambient 

conditions and at 450°C (heating rate of 15°C/min), while flowing high purity 

helium (99.9%). The spectra were obtained performing line scans along the zeolite 

aggregate with a dwell time of 2 ms and an energy resolution of 0.15 eV. The 

MTH reaction measurements were performed after activating the zeolite at 450°C 

flowing high purity helium (30 min, 2 ml/min). During MTH reaction methanol 

(Antonides-Interchema, 99%) was introduced via saturation of a helium flow (2 

ml/min) at 0°C. The reaction temperature was set at 500°C. Carbon spectral image 

sequences (stacks) were performed in the range of 280 - 320 eV with an energy 

resolution of 0.15 eV. After aligning the carbon image sequence, Principal 
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Component Analysis (PCA) was used to obtain the primary components in the 

data set.
[18]

 Subsequently, using a sub-set of the covariance matrix a cluster 

analysis was performed to classify pixels according to similarities in their spectra.  

The STXM data files were analyzed using aXis2000 software, which permits 

imaging processing as well as least-squares linear combination fitting of the X-ray 

absorption spectra. 

 

Figure 5.3. Schematic representation of the side (a), top (b) and front (c) view of the Scanning 

Transmission X-ray Microscopy (STXM) set-up used to perform in-situ experiments on zeolite ZSM-5 

catalyst powders, including a picture of the top view of the instrument (d). 

 

Ex-situ aluminum STXM measurements were done at beamline 10.ID.1 of 

the Canadian Light Source (CLS, Saskatoon, Canada) using a 35 nm zone plate. In 

every case, the samples were placed on silicon nitride windows (100 nm thickness) 

and mounted perpendicular to the beam on a piezo stage. Spectral image sequences 

of aluminum were recorded in the 1555 - 1590 eV range with an energy resolution 

of 0.15 eV and a spatial resolution set to 70 nm. Alternatively, a set of aluminum 

reference compounds was measured performing a line scan along the samples with 

a dwell time of 4 ms and an energy resolution of 0.15 eV. Normalization and 

background correction was done subtracting to every spectrum a second spectrum 
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obtained from an aluminum-free region. The aluminum K-edge XA spectra of 

these reference compounds were used to perform a least squares linear 

combination fitting on the aluminum stacks obtained from ZSM-5-C and ZSM-5-

700.  

3-D chemical mapping of aluminum was done using the ALS STXM 

microscope described above. For this purpose, a set of 2-D images were obtained 

at different photon energies over 61 different angles (-90°, 90°) with an increment 

of 3° between each set of images. The set of 2-D images were recorded at 1560 

eV, 1565.5 eV and 1567 eV, optimizing the focus settings at every angle. The 2-D 

set of images was acquired using a 25 nm Fresnel zone plate, with a spatial 

resolution set at 30 nm, over an area of interest of 3 × 3 µm. For this purpose, the 

zeolite ZSM-5-C aggregates were introduced into a glass capillary and positioned 

perpendicular to the X-ray beam in a tomography sample stage. The sample stage 

contains a ARSAPE two-phase stepper motor (AM1020-A-0,25-8) and a Newport 

ESP7000 Universal Motion Controller, which allows to rotate the capillary and 

visualize the sample over 360°. Further details concerning the sample stage can be 

found elsewhere.
[19]

 The glass capillaries (1 mm external diameter) were heated 

and pulled using a micropipette puller (P-87 Flaming/Brown Micropipette Puller, 

Sutter Instruments Inc., Novato, CA, USA). To avoid the attenuation of the soft X-

rays the settings used in the pulling process were optimized to obtain a glass wall 

tip with a thickness of a few hundred nanometers. Prior to the tomography 

reconstruction several data processing steps (i.e., median filtering of the 2-D 

projection images and phase correlation based image registration) were carried out 

on the set of 2-D STXM images. Subsequently, the reconstruction was performed 

using the Algebraic Reconstruction Technique (ART) algorithm. Three of the 3-D 
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matrixes of the absorption coefficient were generated over the investigated 

volume, allowing the analysis of the change of the absorption coefficient as a 

function of the X-ray energy for each voxel over the entire zeolite volume. For this 

purpose, the reference spectrum of albite (4-fold aluminum mineral) and 

corundum (6-fold aluminum mineral) were used to obtain the contributions of the 

different aluminum coordination environments to the total absorption at the 

selected energy points. Taking this into consideration, the contribution of each 

coordination environment to the absorption of each voxel was obtained, resulting 

in the 3-D distribution of 4-fold and 6-fold aluminum species. 

 

Magic Angle Spinning Nuclear Magnetic Resonance  

27
Al Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) experiments 

were performed at 11.7 T on a Bruker Avance III spectrometer using a 3.2 mm triple 

resonance MAS probe head. The spectra were obtained at room temperature using 

π/12 pulses at a rf-field of 94 kHz, 10000 scans and a recycle delay of 0.5 s. The MAS 

rate was 20 kHz. The chemical shifts of 
27

Al were externally referenced to 1 M 

aluminum nitrate (Al(NO3)3(aq)).  

To get a quantitative description of the variations taking place in the 

aluminum coordination during the hydrothermal treatment the area below each peak 

of the NMR spectra was estimated using the software Dmfit.
[20]

 Curve fitting of the 

ZSM-5-C spectrum was done using a model assuming one central broadened 

transition that also included the spinning sideband intensities. Alternatively, a model 

that takes into account a distribution of chemical shift and quadrupolar parameters
[21]

 

was used for the spectrum of the ZSM-5-700 sample. 
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Catalytic Testing 

Catalyst testing was performed without pressing and sieving the catalyst material. 30 

mg of catalyst material was used for each experiment setting the reaction temperature 

at 500°C. The MTH reaction products were analyzed with an on-line gas 

chromatograph (GC) connected to the outlet of a fixed bed reactor (i.d. = 10 mm) 

using a heated transfer line. The inlet of the reactor was connected to helium, which 

was bubbled through methanol (Antonides-Interchema, 99%) kept at 20°C (PMeOH = 

130 mbar) in a saturation evaporator (WHSV = 5.56 gg
-1

h
-1

). The first GC analysis of 

the effluent product was performed after 5 min on stream. Details on the experimental 

procedure can be found elsewhere.
[22]

 

 

5.3. Results and Discussion 

5.3.1. State of Aluminum Before and After Steaming 

Scanning Transmission X-ray Microscopy 

In a first set of experiments, STXM was applied to characterize the X-ray absorption 

(XA) of ZSM-5-C and ZSM-5-700 at the oxygen, silicon and aluminum K-edge. The 

obtained spectra, presented in Figure 5.4, reveal important changes in the aluminum 

environment after performing the hydrothermal treatment. More in particular, the 

aluminum K-edge XA spectrum of ZSM-5-C showed a sharp white line located at 

1565.5 eV and a broad peak present at 1580 eV related to medium range order (Figure 

5.4c).
[23]

 In contrast, the aluminum K-edge XA spectrum of ZSM-5-700 revealed the 

appearance of new features, located at 1567 eV and 1570 eV as well as those causing 

the broadening of the 1565.5 eV peak (Figure 5.4d). The intensity and shape of these 

features are strongly influenced by the local crystallographic and electronic structure 

around the absorber.
[23-25]

 This complicates their assignment to a particular 
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coordination. As a result, to gain insight into the local and intermediate range 

structure of aluminum, the comparison with suitable reference aluminum compounds 

can be of great assistance.
[26-27]

  

 

Figure 5.4. Silicon (a), oxygen (b) and aluminum (c) K-edge XA spectra of ZSM-5-C as well as the 

aluminum K-edge XA spectrum of ZSM-5-700 (d).  

 

 

Figure 5.5. Aluminum K-edge XA spectrum of albite (a), andalusite (b) and berlinite (c). 
 

To elucidate the origin of the changes appearing in the aluminum K-edge XA 

spectra of both ZSM-5-C and ZSM-5-700, they were fitted with a linear combination 

of aluminum K-edge XA spectra of three selected reference compounds, namely 
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albite (4-fold aluminum mineral), berlinite (4-fold aluminum mineral) and andalusite 

(mineral with 5- and 6-fold aluminum). The aluminum K-edge spectra of these 

reference compounds are shown in Figure 5.5. The choice for two reference 

compounds with 4-fold aluminum was made to investigate possible modifications in 

the aluminum environment, which do not involve a coordination change. This choice 

was made after several fitting iterations with different aluminum reference 

compounds. A list of all the aluminum reference compounds used for spectral fitting, 

including their coordination number and chemical composition, is presented in Table 

5.1. 

 

Table 5.1. Overview of the reference aluminum compounds used to explore the fitting of the 

experimental aluminum K-edge spectra of the catalyst materials under study. The spectra marked by * 

have been provided by D. Cabaret from IMPMC, Université Pierre et Marie Curie, Paris, France. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reference aluminum compound Coordination number Chemical composition 

Natrolite 4 Na2Al2Si3O10 2 H2O 

Albite 4 NaAlSi3O8 

Berlinite 4 AlPO4 

K-alum 6 KAl(SO4)2∙ 12 H2O 

Corundum 6 α-Al2O3 

Bohemite 6 γ-AlOOH 

Diaspore 6 α-Al 0.995Fe0.0045OOH 

Pyrophyllite* 6 Al2Si4O10(OH)4 

Gibbsite 6 α-Al(OH)3 

Kaolinite* 6 Al2Si2O5(OH)4 

Andalusite 5, 6 Al2SiO5 

Sillimanite* 4, 6 Al2SiO5 

Muscovite* 4, 6 KAl2(Si3Al)O10(OH)2 
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Figure 5.6. Spectral fitting performed on the aluminum K-edge XA spectrum of ZSM-5-C (a) and 

ZSM-5-700 (b) obtained from the linear combination of the aluminum K-edge XA spectrum of albite, 

andalusite and berlinite. The bar graphs represent the percentage estimation of 4-fold aluminum (black) 

with respect to 5- and 6-fold aluminum species (grey) for ZSM-5-C (left) and ZSM-5-700 (right), as 

measured with STXM and 27Al MAS NMR. 

 

As depicted in Figure 5.6a, the linear combination of the above mentioned 

reference spectra resulted in a close agreement with the experimental aluminum K-

edge XA spectrum of ZSM-5-C. This fitting procedure indicated that ZSM-5-C 

contains mainly 4-fold aluminum, next to minor amounts of higher aluminum 

coordination environments. The aluminum K-edge XA spectrum of ZSM-5-700 can 

be analyzed in a similar manner and the result is given in Figure 5.6b. In this analysis 

the relative contributions of each reference compound was significantly changed 

indicating an increase in the aluminum coordination after applying a hydrothermal 

treatment at 700°C. Moreover, the contribution of albite and berlinite changed to a 

great extent in ZSM-5-700, revealing a variation in the 4-fold aluminum environment. 

The less well-defined region located 15-20 eV above the white line in the aluminum 

K-edge XA spectrum of ZSM-5-700 supports this observation 
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Magic Angle Spinning Nuclear Magnetic Resonance 

To corroborate the STXM results discussed above 
27

Al MAS NMR spectroscopy 

measurements were performed on ZSM-5-C and ZSM-5-700. As depicted in Figure 

5.7, the NMR spectrum of ZSM-5-C showed resonances that can be attributed to 4- 

and 6-fold aluminum, located in the region of 60-50 ppm
[28-30]

 and 0 ppm,
[29-30]

 

respectively. In contrast, the NMR spectrum of ZSM-5-700 revealed an increase in 

the amount of 6-fold aluminum at the expense of 4-fold aluminum species. A 

resonance in the region of 30-35 ppm, attributed to 5-fold aluminum, was found for 

ZSM-5-700.
[31]

 To verify the accuracy of the set of reference aluminum compounds 

used in the spectral fitting, a quantitative NMR analysis was performed. The results 

obtained from this comparison are summarized in Figure 5.6, showing the reliability 

of the selected aluminum reference compounds to provide an accurate description on 

the variation of 4-fold aluminum with respect to the higher aluminum coordination 

environments.     

 

Figure 5.7. 27Al Magic Angle Spinning (MAS) Nuclear Magnetic Resonance (NMR) spectra of ZSM-

5-C (a) and ZSM-5-700 (b).  
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2-D Chemical Maps of Aluminum  

Besides the coordination of aluminum species contained in zeolite materials, its 

spatial distribution is also a matter of importance. Until now, this issue has not been 

fully understood, as a result of the compromise between spatial resolution and 

chemical information often faced by most of the micro-spectroscopic methods 

employed. STXM, however, offers an attractive way to elucidate differences in both 

the state and spatial distribution of aluminum at the nanometer scale.
[32-33]

 For this 

purpose, the obtained aluminum energy stacks, with a spatial resolution of 70 nm, 

were fitted with a set of aluminum reference compounds, namely albite, berlinite and 

andalusite. 

 

Figure 5.8. Coordination and 2-D spatial distribution of aluminum within ZSM-5-C (a, c and e) and 

ZSM-5-700 (b, d and f) as obtained with Scanning Transmission X-ray Microscopy (STXM). The 

different contributions have been obtained by fitting the energy stacks with the aluminum K-edge XA 

spectra of albite (a-b, red), berlinite (c-d, green) and andalusite (e-f, blue). The scale bar represents 500 

nm in (a, c and e) and 1 μm in (b, d and f). 

 

The results, summarized in Figure 5.8, showed a homogeneous 2-D 

distribution of 4-fold aluminum with respect to higher aluminum coordination 
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environments in ZSM-5-C. In the case of the ZSM-5-700 sample, an increase in the 

aluminum coordination environment was observed in the whole zeolite aggregate, 

being homogeneously distributed with respect to lower aluminum coordination 

environments. Furthermore, it was found that the aluminum contribution of albite and 

berlinite XA spectra in ZSM-5-700 was equally divided and homogeneously 

distributed in the 2-D (Figure 5.8b-d). This observation provides experimental 

evidence for a modification in the aluminum environment without varying its 4-fold 

coordination. Within this context, previous studies have reported the presence of 

different 4-fold coordinated aluminum species after a hydrothermal treatment, arising 

from the generation of tetrahedrally coordinated extra-framework aluminum 

(EFAL
IV

) species.
[34-36]

 

 

3-D Chemical Maps of Aluminum  

To gain further insight into the spatial distribution of the different aluminum 

coordinations within a zeolite aggregate a nanotomography study on ZSM-5-C was 

undertaken with STXM. To this end, a set of 2-D images was recorded over 61 

different angles between -90° and 90°. At every angle three different photon 

energies were measured, namely 1560 eV, 1565.5 eV and 1567 eV. Subsequently, 

the 4-dimensional set of data (x, y, θ, E) was used to construct 3-D chemical maps 

of 4-fold and 6-fold aluminum species within ZSM-5-C. The 3-D tomography 

reconstruction is presented in Figure 5.9a, while a set of the slices obtained from 

the 3-D reconstruction is given in Figure 5.9b. As depicted in Figure 5.9a, the 3-D 

STXM reconstruction reveals a heterogeneous distribution of the different 

aluminum coordination environments within ZSM-5-C. In particular, the 6-fold 

coordinated aluminum species form patches, which are randomly distributed 
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throughout the zeolite aggregate. Quantitative analysis of the different aluminum 

contributions to the 3-D dataset, as summarized in Figure 5.10, indicates that ~ 

10% of the aluminum is in a 6-fold coordination environment. This result is in 

close agreement with those earlier obtained with 
27

Al MAS NMR and the spectral 

fitting of the 2-D STXM data (Figure 5.6). 

 

 

Figure 5.9. 3-D Scanning Transmission X-ray Microscopy (STXM) tomographic reconstruction (a) 

and related 2-D STXM slices obtained from the 3-D data cube (b) of 4-fold (blue) and 6-fold (red) 

aluminum in an individual ZSM-5-C catalyst aggregate. 

 

Figure 5.10. Quantitative analysis of tetrahedral (blue) and octahedral (red) aluminum contributions 

within an individual ZSM-5-C catalyst aggregate as obtained from the 3-D STXM data cube, described 

in Figure 5.9.  

 

5.3.2. State of Aluminum during Dehydration 

In order to assess the dynamic changes of aluminum during dehydration at elevated 

temperatures a set of STXM experiments have been performed making use of the 
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MEMS nanoreactor.
[17, 37, 38]

 This approach allows imaging the changes taking place 

in ZSM-5-700 in the absence of water.
[39-41]

 The differences in the spectral features 

appearing in the aluminum K-edge XA spectra obtained at room temperature and at 

450°C, presented in Figure 5.11, revealed that during dehydration the higher 

aluminum coordination environments partially revert into 4-fold aluminum species. 

Simultaneously, at 450°C a pre-edge feature was observed, which can be attributed to 

the presence of 3-fold aluminum
[41-42]

 and/or to electronic transitions induced by 

vibrational effects.
[43]

 

 

Figure 5.11. (a) Changes in the state of aluminum during dehydration of ZSM-5-700. Aluminum K-

edge XA spectra for the line scan measured at room temperature (solid line) and at 450°C (dash line) 

upon zeolite dehydration. (b) Oxygen K-edge chemical map of ZSM-5-700. Line scans were performed 

along the line crossing the zeolite particle as depicted in (b). 

 

5.3.3. State of Carbon during the Methanol-To-Hydrocarbons Process 

In order to investigate the effect of a severe hydrothermal treatment on the MTH 

performance, both ZSM-5-C and ZSM-5-700 have been tested under realistic reaction 

conditions at 500°C. The results are summarized in Figure 5.12a. It is clear that ZSM-

5-C possessed an initial methanol conversion close to 100%, being active for more 

than 230 min. Subsequently, the activity was reduced with increasing time-on-stream, 

leading to a fully deactivated MTH catalyst after 400 min. Interestingly, the starting 

methanol conversion of ZSM-5-700 was close to 60% and reduced by less than 20% 
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within the next 500 min. This is indicates a lower initial activity but a higher 

resistance towards deactivation after applying a severe hydrothermal treatment on the 

ZSM-5-C sample.  

As shown in Figure 5.12b, the reaction selectivity of ZSM-5-C and ZSM-5-

700 are very different at 500°C. The ZSM-5-C sample mainly produced C6+ products, 

while the dominant product for ZSM-5-700 was propene. This suggests that the 

alkene based HCP mechanism, as summarized in Figure 1.5, is dominating in ZSM-5-

700, whereas the aromatics based HCP mechanism is more important in ZSM-5-C.
[8]

 

In this respect, the increase observed in the product selectivity towards C4 and C5 

species after a severe hydrothermal treatment is in line with a more dominating alkene 

based HCP mechanism.  

 

Figure 5.12. (a) Methanol conversion of ZSM-5-C (black) and ZSM-5-700 (red) during 500 min of 

time-on-stream at 500°C. (b) Selectivity towards C2, C3, C4, C5 and C6 in the effluent versus methanol 

conversion for the ZSM-5-C (black) and ZSM-5-700 (red) samples. 

 

 To gain insight into whether the differences in catalytic performance between 

ZSM-5-C and ZSM-5-700 could be related to local heterogeneities of carbon deposits, 

in-situ STXM at the carbon K-edge was applied under realistic reaction conditions at 

500°C. To this end, carbon stacks were measured after 150 min time-on-stream. In a 
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second step, a PCA and a cluster analysis were performed to classify the recorded 

pixels according to similarities in their carbon K-edge XA spectra.  

 

Figure 5.13. Carbon K-edge XA spectra of ZSM-5-C (a) and ZSM-5-700 (c) obtained from the cluster 

analysis performed on the in-situ STXM data obtained at 500°C after 150 min time-on-stream. Cluster 

index for ZSM-5-C (b) and ZSM-5-700 (d). The colored regions in the cluster index correspond to the 

regions of the zeolite aggregate from which the spectra with the same color coding were obtained. 

 

Figure 5.14. Carbon K-edge XA spectra obtained from the internal (a) and from the external (b) region 

of ZSM-5-C versus benzene (black), naphthalene (purple), pyrene (green) and anthracene (blue) 

reference XA spectra. The reference XA spectra have been digitalized from the following gas phase 

core excitation data base: http://unicorn.mcmaster.ca/corex/cedb-title.html. 

 

The results, presented in Figure 5.13, show the presence of two different 

carbon phases originating from distinct regions within the zeolite ZSM-5-C aggregate. 

Among the features present in the carbon K-edge spectra, those appearing at 285 eV, 

287.6 - 288.2 eV, 291 - 293.5 eV correspond to transitions from the carbon 1s to the 

unoccupied C=C π*,
[44-48]

 C-H σ*,
[47-50]

 and C-C σ*
[51-52]

 molecular orbitals. 

http://unicorn.mcmaster.ca/corex/cedb-title.html
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Additionally, the peak appearing between 286 and 287 eV is attributed to transitions 

of a core electron to the unoccupied C=C π* molecular orbitals, arising due to the 

presence of non-equivalent carbon atoms in an sp
2
 hybridization state.

[53]
 Importantly, 

the latter transitions are of particular interest as they can be used as a fingerprint of 

coke precursor species in the carbon K-edge XA spectra. As shown in Figure 5.13a, a 

relative increase in the transitions located between 286 and 287 eV was observed in 

the carbon spectrum originating from the outer regions of ZSM-5-C. This can be 

interpreted as a core-shell distribution of the hydrocarbon species formed. More 

specifically, this observation suggests a preferential location of coke precursor species 

in the outer rim of the ZSM-5-C zeolite aggregate. To further verify this hypothesis, 

the carbon K-edge XA spectra obtained were compared with a series of reference 

aromatic compounds differing in their number of non-equivalent carbon atoms. From 

this comparison, shown in Figure 5.14, it can be concluded that an increase in the 

number of non-equivalent carbon atoms leads to an increase in the peak intensity 

located at 286.3 eV. Consequently, the existence of spatial heterogeneities in the 

distribution of the generated carbonaceous species over ZSM-5-C can be explained by 

the presence of a shrinking carbon-shell, in which the coke precursor species (i.e., 

poly-aromatic species, such as anthracene and naphthalene) are preferentially present 

in the outer shell of the zeolite aggregate.   

In contrast to ZSM-5-C, the cluster analysis performed on ZSM-5-700 showed 

the presence of a single carbon K-edge XA spectrum, as illustrated in Figure 5.13c. 

This indicated a homogeneous spatial distribution of the generated hydrocarbon 

species, suggesting an enhancement in the diffusion properties and a reduction in the 

amount of coke precursor species in the outer regions of the aggregates.  
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The above described differences can be rationalized by the physicochemical 

changes induced in the zeolite ZSM-5 catalyst powders upon hydrothermal treatment. 

In particular, the lower density and strength observed in the Brønsted acidity of the 

ZSM-5-700 sample (Figure 4.4) reduces the rate of formation of coke precursor 

species.
[7, 54]

 Simultaneously, the development of mesoporosity during steaming 

(Figure 4.2) increases the diffusion properties of the reacting molecules within ZSM-

5-700. The combination of both aspects reasonably facilitates the formation of a more 

homogeneous distribution of the carbonaceous species. As a result, the preferential 

formation of coke precursor species in the outer regions of the catalyst aggregates is 

avoided, which has a positive impact on the overall catalyst stability.  

 

5.4. Conclusions 

To study the influence of a severe hydrothermal treatment on commercial zeolite 

ZSM-5 catalyst powders STXM has been successfully combined with bulk 

characterization techniques. In addition to the physicochemical changes observed in 

Chapter 4, this approach has revealed that a severe hydrothermal treatment has a 

significant impact on the state of aluminum, inducing changes in its coordination and 

local environment. Thanks to the high spatial resolution currently achievable with 

STXM, it has been found that the different aluminum coordination environments are 

homogeneously distributed in the 2-D projection, but clearly not in the 3-D projection. 

After steaming at 700°C the zeolite ZSM-5 catalyst powder contains a substantial 

amount of 5-fold and 6-fold aluminum. Furthermore, part of the tetrahedral Al is 

present in a distorted coordination environment with respect to the starting ZSM-5-C 

material. The higher aluminum coordination environments are partially transformed 

into 4-fold aluminum species upon dehydration. This conclusion could be made by 
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using a MEMS nanoreactor in combination with STXM. The same in-situ STXM 

methodology has been used to unravel the state of carbon during MTH in ZSM-5-C 

and ZSM-5-700 at 500°C. It has been found that the ZSM-5-700 catalyst powder, 

showing a superior MTH stability, is represented by a single carbon XA spectrum, 

which can be found in a homogeneous manner within the zeolite aggregate. In 

contrast, ZSM-5-C, which displays a higher activity, but lower MTH stability, was 

represented by two different carbon phases distributed in a core-shell fashion within 

the zeolite aggregate. Comparison with carbon reference compounds has revealed that 

the external regions of the zeolite ZSM-5-C aggregate contained more bulky 

hydrocarbons as compared to the inner aggregate regions. Accordingly, the sudden 

activity decrease observed for this sample could be explained by the preferential 

location of coke precursor species at the external regions of the zeolite ZSM-5 

aggregate, leading to pore blocking, hence preventing the catalyst material to be 

accessible for new reactants.  
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Chapter 6 

 

Interplay Between Nanoscale Reactivity and Bulk 
Performance of Zeolite ZSM-5 Catalyst Powders 
during the Methanol-To-Hydrocarbons Reaction  

Abstract  

Zeolite ZSM-5 catalyst powders before and after a hydrothermal treatment have been 

investigated during the Methanol-To-Hydrocarbons (MTH) process at 350°C. An 

array of bulk and surface techniques as well as in-situ UV-Vis micro-spectroscopy 

and Scanning Transmission X-ray Microscopy (STXM) at the aluminum and carbon 

K-edge have been used to study their physicochemical properties and MTH 

performance. It was found that steaming has a positive impact on the stability of 

ZSM-5 without inducing important changes in the MTH activity and selectivity. The 

lower MTH stability of the non-steamed ZSM-5 sample has been attributed to the 

formation of poly-aromatic compounds in the outer regions of the catalyst aggregates. 

In contrast, the steamed ZSM-5 sample showed a limited production of poly-

aromatics. These variations during MTH can be explained by the nanoscale 

differences in the number and strength of acid sites within a zeolite ZSM-5 aggregate 

before and after steaming. In other words, the presence of poly-aromatic species at the 

outer rim of the calcined ZSM-5 sample can be significantly reduced by applying a 

mild hydrothermal treatment. A beneficial effect of this treatment is the generation of 

mesoporosity, which further improves the overall catalyst stability of steamed zeolite 

ZSM-5 aggregates. 

 

This work in based on the following manuscript: L.R. Aramburo, S. Teketel, S. Svelle, S.R. Bare, B. 

Arstad, H.W. Zandbergen U. Olsbye, F.M.F. de Groot, B.M. Weckhuysen. J. Catal., 2012, submitted.  
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6.1. Introduction 

The Methanol-To-Hydrocarbons (MTH) process has attracted both industrial and 

academic interest as methanol can be produced at a large scale from syngas by the 

direct oxidative conversion of methane or by the reductive conversion of atmospheric 

carbon dioxide with hydrogen.
[1]

 Depending on the reaction conditions and the type of 

catalyst used in the MTH process, methanol can be transformed into olefins (MTO), 

gasoline (MTG) or other type of value-added chemicals.
[2-3]

 Since the first oil crisis, 

zeolite materials have been extensively studied as promising catalysts for the MTH 

process.
[4-5]

 Among them, ZSM-5 is considered as one of the archetypal catalyst to 

conduct the MTH reaction.
[4]

 Nonetheless, the generation of undesired carbon 

deposits often leads to severe diffusion restrictions and fast deactivation rates. As a 

result, the zeolite ZSM-5 materials need to be regenerated, which frequently induces 

leaching of framework aluminum species
[6-7]

 resulting in important variations in 

activity, selectivity as well as stability.
[8-9]

 

In this Chapter, the effect that a mild hydrothermal treatment has on the MTH 

stability of relevant zeolite ZSM-5 catalyst powders has been investigated in great 

detail. More specifically, the reactivity of a calcined (sample name: ZSM-5-C) and a 

mildly steamed (sample name: ZSM-5-500) catalyst has been characterized during the 

MTH reaction at 350°C by catalytic testing, in-situ UV-Vis micro-spectroscopy, in-

situ Scanning Transmission X-ray Microscopy (STXM) as well as a range of bulk and 

surface characterization methods. This unique approach allows explaining the large 

differences noticed in MTH stability between ZSM-5-C and ZSM-5-500 in terms of 

nanoscale differences in the type of hydrocarbon deposits and acid sites within 

individual zeolite ZSM-5 aggregates. 
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6.2. Experimental 

6.2.1. Zeolite Materials 

Two different zeolite ZSM-5 aggregate materials, namely a calcined material (i.e., 

ZSM-5-C) and a mildly steamed material (i.e., ZSM-5-500) have been investigated. 

The starting material, with dimensions of approximately 200 - 800 nm, is a 

commercial zeolite ZSM-5 catalyst powder provided by Zeolyst. This material was 

treated according to the procedures described in Chapter 4 to obtain ZSM-5-C. 

Analogously, the mildly steamed sample ZSM-5-500 was treated following the 

steaming procedure described in Chapter 4, although the steaming temperature in this 

case was set at 500°C.  

 

6.2.2. Characterization Methods 

X-ray Diffraction  

X-ray Diffraction (XRD) patterns were obtained at room temperature from 5° to 90 2θ 

with a Bruker-AXS D8 Advance powder X-ray diffractometer, equipped with an 

automatic divergence slit, a Våntec-1 detector and a Cobalt Kα 1,2 (λ - 1.79026 Å) 

source. 

 

Nitrogen Physisorption 

Nitrogen adsorption and desorption isotherms were measured at -196°C on a 

Micromeritics Tristar 3000 instrument.  

 

Catalytic Testing 

Catalytic testing experiments were performed without pressing and sieving the two 

catalyst materials under study. For each experiment, 30 mg of catalyst was placed 
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in a fixed bed reactor and activated at 550 °C under oxygen for 1 hour, then cooled 

to the reaction temperature (350°C). The MTH reaction products were analyzed 

with an online gas chromatograph (GC) connected to the outlet of a fixed bed 

reactor (i.d. 6 mm) using a heated transfer line. The inlet of the reactor was 

connected to helium, which was bubbled through methanol (Antonides-

Interchema, 99%) kept at 20°C (PMeOH = 130 mbar) in a saturation evaporator 

(WHSV = 5.56 gg
-1

h
-1

). After reaction, 15 mg of the deactivated catalyst sample 

were transferred into a Teflon tube where 1 ml of 15% hydrofluoric acid was 

added. Subsequent to a waiting time of 30 min, 1 ml of dichloromethane, 

containing hexachloroethane as the internal standard, was added to the Teflon 

tube. Then, 1 µl of the resulting organic phase was analyzed in an Agilent 6890 N 

GC equipped with an Agilent 5793 Mass Selective Detector. A HP-5MS column 

(60 m, 0.25 mm i.d., stationary phase thickness 0.25 µm) and an inlet split of 1:5 

were used for this purpose. 

 

UV-Vis Micro-spectroscopy  

UV-Vis micro-spectroscopy was performed in an in-situ cell (FTIR600, Linkam 

Scientific Instruments) equipped with a temperature controller (Linkam TMS 93). 

The microscopy set-up used is based on an Olympus BX41 upright microscope 

with a 50 × 0.5 NA-high (NA: numerical aperture) working distance microscope 

objective. A 75 W tungsten lamp was used for illumination. The microscope was 

equipped with a 50/50 double-viewport tube, which accommodated a CCD video 

camera (ColorView IIIu, Soft Imaging System GmbH) and an optical fiber mount. 

A 200 mm-core fiber connected the microscope to a CCD UV/Vis spectrometer 

(AvaSpec-2048TEC, Avantes). For the MTH reaction the zeolite ZSM-5 samples 
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were placed on a glass plate in the in-situ reaction cell and activated at 500°C 

(10°C/min, 60 min) under a nitrogen atmosphere. Afterwards, the temperature was 

decreased to 350°C (10°C/min) and methanol (Antonides-Interchema, 99%) was 

introduced in the in-situ reaction cell by saturation of a nitrogen flow (140 ml/min) 

at room temperature for a period of 120 min. UV-Vis micro-spectroscopy 

measurements were performed in the spectral range between 400 and 700 nm. 

 

Scanning Transmission X-ray Microscopy  

In a first set of in-situ STXM experiments, the MTH reaction was performed on 

the interferometrically controlled STXM microscope at the Pollux beamline of the 

Swiss Light Source (SLS, Villigen, Switzerland).
[10]

 For this purpose, a Micro-

Electro-Mechanical System (MEMS) nanoreactor was used to characterize the 

catalytic behavior of the two zeolite ZSM-5 catalyst powders under study. Prior to 

reaction, the samples were introduced inside the nanoreactor and placed in an 

adaptor that can be translated with nanometer precision by an interferometrically 

controlled (x, y, z) piezoelectric stage. The samples were activated at 450°C 

flowing helium (2 ml/min) during 30 min. Then the temperature was decreased to 

350°C and methanol (Antonides-Interchema, 99%) was introduced via saturation 

of helium flow (2 ml/min) at 0°C for 400 min. During reaction the absorption at 

the carbon K-edge was analyzed at different times on stream collecting a series of 

images over small energy increments, subsequently combining these images to 

form a spectral image sequence (stack). The stacks were obtained in the range of 

280 – 310 eV using an energy resolution of 0.2 eV. In a second step, a Principal 

Component Analysis (PCA) and a cluster analysis were performed to classify 

pixels according to statistical similarities in their spectra. During the 
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measurements the monochromized X-ray beam was focused to a spot size of 35 × 

35 nm using a Fresnel Zone plate. The pixel size used in the carbon K-edge STXM 

image sets was 35 nm. 

In a second set of STXM experiments, ex-situ aluminum K-edge 

measurements were done at beamline 10.ID.1 of the Canadian Light Source (CLS, 

Saskatoon, Canada) using a 35 nm zone plate. In every case, the samples were 

placed on silicon nitride windows (100 nm thickness) and mounted perpendicular to 

the beam on a piezoelectric stage. The aluminum stacks were recorded in the 1555 - 

1590 eV range with an energy resolution of 0.15 eV and a spatial resolution of 70 

nm. Aluminum reference compounds were measured performing a line scan along 

the samples with a dwell time of 4 ms and an energy resolution of 0.15 eV. 

Normalization and background correction was done subtracting to every spectrum 

a second spectrum obtained from an aluminum-free region. The aluminum K-edge 

X-ray absorption (XA) spectra of these reference compounds were used to perform 

a least squares linear combination fitting of the aluminum stacks obtained from 

both ZSM-5-C and ZSM-5-500. The STXM data files were analyzed using 

aXis2000 software.  

  In a third set of STXM experiments, pyridine adsorption experiments were 

performed on the interferometrically controlled microscope at beamline 11.0.2 of 

the Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory 

(LBNL, Berkeley, USA).
[11]

 Zeolite samples with adsorbed pyridine were prepared 

heating the samples in a round bottom flask (170°C, 60 min) under vacuum (10
-3

 

mbar) and subsequently adding 0.2 µl of pyridine (Acros Organics, 99%). After a 

waiting time of 60 min, pyridine was partially removed by heating the samples at 

400°C for a period of 60 min. During the STXM measurements the samples were 
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placed on silicon nitride windows (100 nm thickness) and mounted perpendicular 

to the beam on a piezoelectric stage. The monochromized X-ray beam was focused 

to a spot size of 25 × 25 nm using a Fresnel zone plate. The absorption at the 

carbon K-edge was measured collecting a series of images over small energy 

increments (stack). The stacks were obtained in the range of 280 – 310 eV using 

an energy resolution of 0.2 eV. After spatially aligning the stack, PCA was used to 

obtain the primary components in the data set. Subsequently, a cluster analysis 

was performed to classify pixels according to statistical similarities in their 

spectra. The pixel size used in the image sets was 30 nm.  

 

X-ray Photoelectron Spectroscopy  

Sputter depth profiling X-ray Photoelectron Spectroscopy (XPS) measurements 

were performed on a Physical Electronics Quantum2000 Scanning X-ray 

Photoelectron Spectrometer or a Physical Electronics Quantera X-ray 

photoelectron spectrometer. In either instrument the base pressure was kept ~ 1 × 

10
-9

 mbar. The XPS spectra were collected using monochromatic aluminum Kα 

radiation (1486.6 eV). Charging was neutralized using the combined low energy 

electron flood gun and low energy argon ion gun of the instrument. Survey scans 

were collected using a pass energy of 187 eV and region scans with a pass energy 

of 58 eV. For typical measurements, ZSM-5 zeolites were deposited onto a 

vitreous carbon substrate to ensure dispersion. A nominal 5 μm or 10 μm X-ray 

beam was used for the analysis. The depth calibration for the sputter depth 

profiling was determined from the time required to sputter through a known 

thickness of SiO2 on a silicon wafer using the same ion gun settings. In this 

manner, the depths of ZSM-5-C and ZSM-5-500 were estimated. The Si/Al atomic 
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ratios were calculated using the integrated peak areas of the Si2p and Al2p making 

use of an integrated Physical Electronics data  analysis software (Multipak).  

 

Magic Angle Spinning Nuclear Magnetic Resonance  

27
Al Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) 

experiments were performed at 11.7 T on a Bruker Avance III spectrometer using 

a 3.2 mm triple resonance MAS probe head. The spectra were obtained at room 

temperature using π/12 pulses at a rf-field of 94 kHz, 10000 scans and a recycle 

delay of 0.5 s. The MAS rate was 20 kHz. The chemical shifts of 
27

Al were 

externally referenced to 1 M aluminum nitrate (Al(NO3)3(aq)).  

 

Temperature Programmed Desorption  

Temperature Programmed Desorption (TPD) measurements with ammonia as probe 

molecule were performed using a Micromeritics AutoChemII 2920 apparatus. The 

sample, 0.15 g in all cases, was first pretreated in helium (25 ml/min) for 30 min at 

600°C, then cooled down to 100°C and saturated with ammonia to its equilibrium 

state. Prior to desorption, samples were flushed in helium for 30 min. Subsequently, 

ammonia desorption was performed in the range of 100°C to 600°C at a heating rate 

of 10°C/min. 

 

6.3. Results and Discussion 

6.3.1. Performance Changes by Applying a Mild Hydrothermal Treatment 

Catalytic Testing 

With the aim of assessing the influence that a mild steaming treatment has on the 

MTH performance of zeolite ZSM-5 catalyst powders, ZSM-5-C and ZSM-5-500 
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were tested under realistic MTH conditions at 350°C. The catalytic performances of 

both zeolite ZSM-5 samples are compared in Figure 6.1. 

 

 

Figure 6.1. (a) Methanol conversion to hydrocarbons over ZSM-5-C (filled symbols) and ZSM-5-500 

(open symbols) at 350°C. (b) Selectivity towards C1-C4 species during MTH over ZSM-5-C (filled 

symbols) and ZSM-5-500 (open symbols). (c) Percentage composition of aromatics in ZSM-5-C (filled 

symbols) and ZSM-5-500 (open symbols). 

 

It can be observed from Figure 6.1 that ZSM-5-C showed full methanol 

conversion in the beginning of the MTH reaction, whereas ZSM-5-500 presented an 

initial methanol conversion of ~ 92%. With increasing time-on-stream, the catalytic 

activity progressively dropped, revealing important differences between both samples. 

Most notably, the higher methanol conversion observed for ZSM-5-500 for a larger 

time-on-stream is indicative for its higher resistance towards deactivation. After 35 h 

on stream, ZSM-5-C was fully deactivated, while ZSM-5-500 presented a methanol 

conversion above 55%. In contrast to the observed activity differences, the selectivity 

of ZSM-5-C was very similar to that of the ZSM-5-500 sample. For both zeolite 

ZSM-5 aggregates the same compounds, in similar concentrations, were observed in 

the effluent. More in particular, as can be seen in Figure 6.1b-c, the selectivity 

towards C1, C4=, C4, C5+ aliphatics and aromatics were similar for the two zeolite 

materials under study. Slight differences, however, were observed in the selectivity 

towards C2 and C3 species. ZSM-5-500 produced somewhat a higher amount of C3 

and a lower amount of C2 than ZSM-5-C.  
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Additional measurements of the hydrocarbon species retained in the catalyst 

materials after MTH reaction disclosed important variations between ZSM-5-C and 

ZSM-5-500. As shown in Figure 6.2, ZSM-5-C contained a mixture of 

methylbenzenes (tetraMBs ~ pentaMB > hexaMB) and poly-aromatic species. In 

contrast, ZSM-5-500 possessed a different amount of methylbenzenes (tetraMBs > 

pentaMB >> hexaMB) and the absence of poly-aromatic species after MTH reaction. 

 

Figure 6.2. Retained hydrocarbon species in ZSM-5-C (a) and ZSM-5-500 (b) after performing the 

MTH reaction at 350°C. 

 

In-situ UV-Vis Micro-spectroscopy  

In order to gain further insight into the reactivity of ZSM-5-C and ZSM-5-500 the 

MTH process was in-situ monitored with UV-Vis micro-spectroscopy. During the 

course of the MTH reaction, the catalytic conversion of methanol into the different 

hydrocarbon species involved in the Hydrocarbon Pool (HCP) mechanism leads to the 

absorption of light in the visible range. Generally, the UV-Vis spectra obtained show 

the development of three major bands located at 420 nm, 500 nm and 600 nm. The 

former band is assigned to π-π* transitions of methyl-substituted benzenium 

cations.
[12-14]

 Further reaction of these species leads to the formation of bulkier poly-

aromatic species, which are responsible for the development of the absorption band 

located at 500 nm.
[15]

 The carbonaceous species, absorbing visible light at 500 nm, 

can further react, giving rise to extended conjugated systems absorbing at around 600 

nm.
[16-17]
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Figure 6.3. Time-resolved UV-Vis absorption spectra recorded during the MTH reaction at 350°C over 

ZSM-5-C (a) and ZSM-5-500 (b). 

 

As presented in Figure 6.3, the time-resolved UV-Vis absorption 

measurements revealed modifications in the type of carbonaceous species generated 

in the zeolite ZSM-5 aggregates under investigation. ZSM-5-C, showed a broad band 

located at 420 nm after a few seconds of MTH reaction, indicating a rapid formation 

of the species that constitute the catalytic scaffold of the HCP mechanism in ZSM-5 

zeolites.
[18]

 With increasing time-on-stream, the UV-Vis spectra displayed the 

progressive development of an absorption band around 500 nm due to the formation 

of poly-aromatic species. In contrast, after a mild hydrothermal treatment the UV-Vis 

spectra revealed a more rapid development of the 420 nm absorption band, but a 

considerably intensity decrease in the 500 nm band with respect to that appearing in 

the UV-Vis spectra of ZSM-5-C. Accordingly, these observations are in line with the 

catalytic tests and indicate that a mild hydrothermal treatment induces a reduction in 

the formation of poly-aromatic species without decreasing the formation of 

methylbenzenes.  

 

6.3.2. Physicochemical Changes by Applying a Mild Hydrothermal Treatment 

Nitrogen Physisorption and X-ray Diffraction 

A series of characterization techniques have been applied to gain insight into the 

physicochemical properties of ZSM-5-C and ZSM-5-500. As described in Chapters 4 
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and 5, ZSM-5-C is composed of rectangular parallelepiped shape crystals domains, 

having dimensions of 200 - 800 nm. The agglomeration of these domains results into 

the formation of 1 - 2 μm spheroid particles. Accordingly, the nitrogen adsorption and 

desorption isotherms obtained for ZSM-5-C were characteristic of ZSM-5 spheroid 

aggregates composed by smaller individual particles.
[19]

 This is illustrated in Figure 

6.4a. In contrast, the isotherms obtained for ZSM-5-500 showed a modification in the 

hysteresis cycle appearing at high partial pressures (between 0.5 and 0.9 P/Po) with 

respect to the isotherms of ZSM-5-C. The more pronounced hysteresis cycle is 

indicative of the generation of mesoporosity. Importantly, however, the XRD patterns 

of ZSM-5-C and ZSM-5-500, shown in Figure 6.5, revealed that after applying a mild 

hydrothermal treatment the overall zeolite ZSM-5 structure was maintained.  

 

Figure 6.4. Nitrogen adsorption and desorption isotherms of ZSM-5-C (a) and ZSM-5-500 (b).  

 

Figure 6.5. X-ray Diffraction (XRD) patterns of ZSM-5-C (a) and ZSM-5-500 (b).  
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Magic Angle Spinning Nuclear Magnetic Resonance 

To obtain information on the coordination changes of aluminum taking place by 

applying a mild hydrothermal treatment, 
27

Al MAS NMR spectroscopy was 

performed on ZSM-5-C and ZSM-5-500. As depicted in Figure 6.6, the NMR 

spectrum of ZSM-5-C displays peaks that can be directly attributed to 4- and 6-fold 

aluminum, located in the region of 60 – 50
[20-22]

 and 0 ppm,
[20-22]

 respectively. In the 

case of ZSM-5-500, the NMR spectrum shows an increase in the amount of 6-fold 

aluminum at the expense of 4-fold aluminum species. Additionally, a resonance in the 

region of 30 – 35 ppm, attributed to 5-fold aluminum species, was found after 

steaming.
[23]

 Consequently, these findings reveal an increase in the overall 

coordination of aluminum after performing a mild hydrothermal treatment. 

 

Figure 6.6. 27Al Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) spectra of ZSM-5-

C (a) and ZSM-5-500 (b). 

 

Temperature Programmed Desorption  

To investigate the influence that a mild hydrothermal treatment has on the acidic 

properties of zeolite ZSM-5 aggregates, temperature programmed desorption 

experiments were performed with ammonia as probe molecule.  



Chapter 6 

136 

 

 

Figure 6.7. Ammonia-Temperature Programmed Desorption (TPD) curves of ZSM-5-C (a) and ZSM-

5-500 (b). 

 

As depicted in Figure 6.7, a decrease in the overall acidity (i.e., the total area 

below the curves) was found after a mild steaming treatment. Furthermore, the 

intensity reduction as well as shift of the desorption peak appearing at higher 

temperatures is indicative of a loss of strong acid sites. Accordingly, ammonia-TPD 

informs that steaming has a significant impact on the acidic properties of ZSM-5-500.  

 

X-ray Photoelectron Spectroscopy  

To investigate a possible interplay between the above mentioned physicochemical 

variations and the amount of aluminum in the near surface of the zeolite ZSM-5 

aggregates, XPS sputter depth profiling measurements were performed on ZSM-5-C 

and ZSM-5-500. To this end, the amount of silicon and aluminum was measured over 

the first 100 nm from the zeolite surface.  

The results of the XPS analysis are summarized in Figure 6.8 and show a 

substantial decrease in Si/Al ratio after applying a mild hydrothermal treatment. Most 

notably, the Si/Al ratio over the first 100 nm decreased from 10.4 for ZSM-5-C to 

8.17 for ZSM-5-500. This observation indicates a surface re-alumination after the 

mild hydrothermal treatment applied. This re-alumination is most probably due to the 

mobility of the generated extra-framework aluminum species. 



                                                                                                                       Chapter 6

   

137 

 

 

Figure 6.8. X-ray Photoelectron Spectroscopy (XPS) sputter depth profile plot showing the Si/Al ratio 

as a function of the sputter depth for ZSM-5-C (a) and ZSM-5-500 (b). 

 

6.3.3. Nanoscale Imaging of Aluminum, Carbon Deposits and Acidity 

In order to investigate in more detail the differences in performance and 

physicochemical properties between ZSM-5-C and ZSM-5-500 STXM has been used 

to generate chemical maps of aluminum, carbon deposits and acidity, the latter 

indirectly by using pyridine as probe molecule. The results of these three sets of 

advanced STXM experiments are described below.  

 

Scanning Transmission X-ray Microscopy of the State of Aluminum upon Steaming 

Complementary to the 
27

Al MAS NMR data described above, STXM was applied to 

gain further insight into the modifications taking place in the state of aluminum within 

zeolite ZSM-5 catalyst powders. As shown in Chapter 5, this can be performed by 

measuring the absorption at the aluminum K-edge in combination with a set of 

aluminum reference compounds. To this end, the state of aluminum was characterized 

acquiring aluminum stacks of ZSM-5-C and ZSM-5-500. Subsequently, a stack fitting 

was performed with the same set of aluminum reference compounds used in Chapter 

5, namely albite (4-fold aluminum mineral), berlinite (4-fold aluminum mineral) and 

andalusite (mineral with 5- and 6-fold aluminum). The results obtained for ZSM-5-C 
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were already presented in Chapter 5 (i.e., Figure 5.8), whereas those obtained for 

ZSM-5-500 are given in Figure 6.9.  

 

Figure 6.9. Coordination and 2-D STXM maps of aluminum within ZSM-5-500. The different 

contributions have been obtained by fitting the nanoscale aluminum K-edge XA spectra of ZSM-5-500 

with the aluminum K-edge XA spectra of albite (a, red), berlinite (b, green) and andalusite (c, blue). 

 

From both figures it follows that a mild hydrothermal treatment induces an 

increase in the overall coordination environment of aluminum, being in line with the 

27
Al MAS NMR data. In addition to this coordination change, an important 

contribution of the aluminum reference spectra of berlinite was found in ZSM-5-500. 

This observation provides experimental evidence for a modification in the local 

aluminum environment without varying its coordination number. In this context, 

previous studies have reported the presence of different 4-fold coordinated aluminum 

species after steaming, arising from the generation of tetrahedrally coordinated extra-

framework aluminum (EFAL
IV

) species.
[24-26]

 These aluminum species have a peak in 

the 
27

Al MAS NMR spectra at around 53 ppm and as such they cannot be easily 
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distinguished from the framework aluminum (FAL) species in the above described 

NMR experiments.  

 

In-situ Scanning Transmission X-ray Microscopy of Carbon Deposits during MTH 

To address the question of how the differences observed in the catalytic performances 

of ZSM-5-C and ZSM-5-500 are related to nanoscopic phenomena taking place at the 

level of a single zeolite aggregate a MEMS nanoreactor was applied in combination 

with STXM. In this way, it has been possible to measure the absorption at the carbon 

K-edge for ZSM-5-C and ZSM-5-500 during MTH at 350°C.  

 

Figure 6.10. Carbon K-edge XA spectra obtained during the course of the MTH reaction at 350°C over 

ZSM-5-C (a) and ZSM-5-500 (b). Spectra are presented in black and grey for the period of 60 - 120 

min and 280 - 340 min, respectively. The inserts of every image show the cluster analysis index. In 

every case the XA spectra were obtained from the regions depicted in red in the cluster index. All the 

spectra have been normalized to the transition located at 285 eV. 

 

Thanks to the narrow energy width and chemical sensitivity of the transitions 

appearing in the carbon K-edge X-ray absorption (XA) spectra, the comparison of the 

spectral features offers a way to elucidate differences in the nature of the hydrocarbon 

species formed during MTH reaction. More specifically, among the features present 

in the carbon XA spectra, those appearing at 285 eV, 287.6 - 288.2 eV and 291 - 

293.5 eV are of particular interest for the MTH reaction as they correspond 
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respectively to transitions from the carbon 1s to the unoccupied C=C π*,
[27-31]

 C-H 

σ*
[30-32]

 and C-C σ*
[33-34]

 molecular orbitals. 

In Figure 6.10a-b, the carbon K-edge XA spectra obtained in the early stage of 

the MTH reaction (60 - 120 min) from the external regions of the zeolite ZSM-5-C 

and ZSM-5-500 aggregates, respectively, are presented. Overall, both XA spectra 

displayed different shapes, being indicative of different catalytic reactions taking 

place at the external regions of the zeolite ZSM-5 aggregates. Among the different 

transitions present in the spectra it is noteworthy to mention the broadening of the 285 

eV peak in the carbon XA spectrum of ZSM-5-C, which is related to the presence of 

non-equivalent carbon atoms.
[35]

 Importantly, these transitions can be used as a 

fingerprint of coke precursor species in the carbon K-edge XA spectra since they 

originate from aromatic species with high symmetry. To confirm this hypothesis the 

carbon XA spectra of a series of reference compounds containing different amounts of 

non-equivalent carbon atoms are presented in Figure 6.11. From this figure it can be 

concluded that the broadening of the 285 eV peak can be attributed to the presence of 

coke precursor species, such as naphthalene and/or anthracene. 

 

Figure 6.11. Carbon K-edge XA reference spectra of benzene (a), naphthalene (b), 

tetramethylnaphthalene (c), pyridine (d) and anthracene (e). The reference spectra have been digitalized 

from Hitchcock’s group gas phase core excitation database (http://unicorn.mcmaster.ca/). 

 

http://unicorn.mcmaster.ca/
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In the later stage of the MTH reaction (280 - 340 min) the peak previously 

present at 285 eV splits in several transitions in the carbon XA spectrum of ZSM-5-C. 

This observation indicates a significant increase in the amount of non-equivalent 

carbon atoms, which can be attributed to the formation of coke precursor species. In 

contrast, the carbon XA spectrum of ZSM-5-500 was similar to that obtained for 

shorter reaction times. In this case, the band located at 285 eV did not alter its shape, 

indicating a limited formation of poly-aromatic species in the external regions of the 

zeolite ZSM-5-500 aggregate. 

 

Scanning Transmission X-ray Microscopy of Brønsted Acidity Changes  

With the aim of elucidating the effect that a mild hydrothermal treatment has on the 

acidic properties of a zeolite ZSM-5 aggregate at the nanometer scale, pyridine 

adsorption experiments were performed in combination with STXM. In this manner, 

the existence of different degrees of pyridine interaction could be revealed by 

measuring the absorption at the carbon K-edge. Among the features present in the 

pyridine carbon K-edge XA spectrum, those appearing at 285 eV, 288 eV and 291 - 

293.5 eV correspond respectively to carbon 1s  π*(e2u), 1s  π*(b2g) and 1s  

σ*(e2g) transitions.
[36]

 In contrast to the carbon XA spectrum of benzene, the peak 

located at 285 eV in the pyridine XA spectrum is divided into a “b1” and “a1” 

symmetry component due to the presence of nitrogen in the aromatic ring. The latter 

transitions are highly asymmetric as a result of vibrational effects, attributed to the 

different degrees of protonation of the pyridine molecule.
[37]

 In other words, a strong 

protonation can bend the pyridine molecule further splitting the π*(e2u) transitions. 

On this basis, a more pronounced broadening of the carbon spectral shape in the range 
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going from 284 eV up to 287 eV can be explained by a wider variety of pyridine-acid 

site interactions. 

The results for ZSM-5-C, obtained from the analysis performed after pyridine 

desorption at 400°C, are summarized in Figure 6.12a. The data reveal the existence of 

two carbon K-edge XA spectra originating from the external and internal regions of 

the zeolite ZSM-5-C aggregate. Both carbon K-edge XA spectra displayed a similar 

shape although that originating from the external regions of the aggregate presented a 

slightly higher intensity in the transitions located at around 286.4 eV.  

 

Figure 6.12. Carbon K-edge XA spectra of ZSM-5-C (a) and ZSM-5-500 (b) after desorption of 

pyridine at 400°C. The insets of every image show the cluster analysis index. The colored regions in 

the cluster index correspond to the regions of the zeolite ZSM-5 aggregate from which the spectra with 

the same color coding were obtained. 

 

Figure 6.12b shows the STXM data for ZSM-5-500, revealing the existence of 

different carbon K-edge spectra arising from the internal and external regions of the 

zeolite ZSM-5 aggregate. Both carbon K-edge XA spectra displayed a reduction in 

the broadening of the peak appearing in the range going from 284 eV up to 287 eV 

when compared with the spectra of ZSM-5-C. This indicates that there is a smaller 

number of pyridine-acid site interactions in ZSM-5-500 after exposing this sample to 

pyridine. However, the differences between the carbon K-edge XA spectra collected 

from the internal and external aggregate regions are more pronounced as those 
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observed for ZSM-5-C. In particular, the comparison of the features appearing in both 

carbon K-edge XA spectra revealed a more pronounced broadening of the carbon 1s 

 π*(e2u) transitions in the internal regions of the zeolite ZSM-5 aggregate. In line 

with the previous reasoning, the existence of carbon 1s  π*(e2u) transitions spread 

over a higher energy range in the pyridine carbon K-edge XA spectra can be related to 

the presence of a wider variety of interactions between pyridine and the acid sites 

located in that region of the zeolite ZSM-5 aggregate. Accordingly, the latter 

observation suggests that after applying a mild hydrothermal treatment the core of the 

zeolite ZSM-5 aggregate somehow preserves its acidic properties to a higher extent as 

compared to the outer rim regions. In other words, STXM suggests the presence of an 

egg-yolk distribution of acidity for ZSM-5-500.   

 

6.4. Conclusions 

The effect of a mild hydrothermal treatment on the activity, selectivity and stability of 

zeolite ZSM-5 catalyst powders has been investigated during the MTH reaction at 

350°C. Small differences in the activity and selectivity have been revealed at the 

initial stages of the reaction between a calcined (i.e., ZSM-5-C) and steamed (i.e., 

ZSM-5-500) sample. At longer times on stream, however, ZSM-5-C showed a lower 

resistance towards deactivation compared to ZSM-5-500. The main difference in the 

catalytic performance of both samples arises from the production of poly-aromatic 

species in the outer regions of the zeolite ZSM-5-C aggregate, as observed with in-

situ carbon K-edge STXM. The presence of poly-aromatics in the external catalyst 

regions obviously hinders the transport properties of the reacting molecules, 

ultimately leading to severe diffusion limitations in the MTH process.
[38]

 In contrast, 

the reduced formation of poly-aromatic species within the zeolite ZSM-5-500 
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aggregate preserves its reactant accessibility towards the acid sites, which has a 

positive impact on the overall MTH stability of the catalyst material.  

Alternatively, it has been shown with aluminum K-edge STXM and 
27

Al MAS 

NMR that steaming has an impact on the state of aluminum, inducing modifications in 

its coordination as well as in its local environment. These changes result in the loss of 

a considerable number of acid sites and a re-alumination of the zeolite ZSM-5 

aggregate’s surface, as revealed by ammonia-TPD and XPS. STXM at the carbon K-

edge on both zeolite ZSM-5 aggregates after pyridine adsorption revealed a more 

prominent reduction in the number and strength of the acid sites present in the outer 

rim of the zeolite aggregates upon steaming. In other words, the formation of poly-

aromatic species during MTH goes hand in hand with the core-shell chemical maps of 

acidity before steaming.  

 

Scheme 6.1. Proposed structure-activity relationships for small zeolite ZSM-5 aggregates during the 

MTH reaction and the beneficial effect of a mild hydrothermal treatment on the overall catalyst 

stability.  

 

Scheme 6.1 summarizes our ideas related to the improved MTH stability of 

zeolite ZSM-5 aggregates after applying a mild hydrothermal treatment. We propose 
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that a lower number and strength of acid sites present in the outer rim of the zeolite 

aggregates translates into a reduction in the contact time and number of active sites 

available for the MTH reaction. As a result, there is a decrease in the amount of 

chemical transformations taking place within the ZSM-5-500 sample, which reduces 

the formation of poly-aromatic compounds. A lower production of poly-aromatic 

species at the outer rim of the mildly steamed zeolites together with the formation of 

mesoporosity reasonably preserves the diffusion properties of the reacting molecules, 

explaining the differences observed in the catalyst stability between of ZSM-5-C and 

ZSM-5-500.  
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Chapter 7 

 

Reactivity and Stability of SAPO-34 Catalyst 
Powders in the Methanol-To-Hydrocarbons Reaction 

as probed with Soft X-rays 

  Abstract 

The effect of a severe steaming treatment on the physicochemical properties and 

performance of SAPO-34 catalyst powders during the Methanol-To-Hydrocarbons 

(MTH) reaction at 400°C has been investigated with a combination of catalytic tests, 

Scanning Transmission X-ray Microscopy (STXM) as well as bulk characterization 

techniques. For this purpose, a calcined (sample name: SAPO-34-C) and steamed 

SAPO-34 catalyst powder (sample name: SAPO-34-700) have been compared. It was 

found that SAPO-34-C displays a high selectivity towards light olefins, yet showing 

poor stability as compared to zeolite ZSM-5 catalyst powders. Moreover, in-situ 

STXM at the carbon K-edge during MTH revealed an initial preferential formation of 

coke precursor species in the core of the aggregates. For longer times on stream the 

formation of coke precursor species is extended to the outer catalyst regions, 

progressively filling the whole particle. In contrast, SAPO-34-700 showed similar 

selectivity, but decreased MTH activity and stability with respect to SAPO-34-C. 

These variations in the MTH performance are related to a faster and more 

homogeneous formation of coke precursor species within the hydrothermally treated 

SAPO-34 catalyst aggregates.  

 

This work in based on the following manuscript: L.R. Aramburo, J. Ruiz-Martínez, L. Sommer, B. 

Arstad, R. Buitrago-Sierra, A. Sepúlveda-Escribano, H.W. Zandbergen, U. Olsbye, F.M.F. de Groot, 

B.M. Weckhuysen, ChemCatChem, 2012, submitted.  
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7.1. Introduction 

The Methanol-To-Hydrocarbons (MTH) process has increasingly attracted both 

academic and industrial interest as it represents a promising route to produce valuable 

hydrocarbons from methanol.
[1-7]

 Microporous silicoaluminophosphates and 

aluminosilicates, such as SAPO-34 and ZSM-5, are considered the archetype 

materials for this catalytic process. Nonetheless, the reactivity of both molecular 

sieves differs considerably and as a consequence they are often used with different 

purposes. More specifically, while ZSM-5 catalysts can be used to obtain different 

sorts of added value chemicals by varying the MTH process conditions, the use of 

SAPO-34 is mainly focused on the production of light olefins.
[8]

 Despite the high 

activity and selectivity of SAPO-34, an important limitation for its application arises 

from their susceptibility to deactivate due to the rapid formation of coke deposits.
[9-10]

 

As a result, frequent oxidative treatments are needed to regenerate the catalyst 

material, limiting the profitability of the MTH process. Additionally, during these 

treatments important modifications can take place in the physicochemical properties 

of SAPO-34, which result in substantial variations in their catalytic performance 

during MTH.  

The acidity of SAPO-34 arises when phosphorous atoms are replaced by 

silicon atoms, leading to a negatively charged framework that is balanced by protons 

attached to Si-O-Al bridges.
[11-13]

 Alternatively, different types of acid sites can be 

obtained by the substitution of two neighboring phosphorous and aluminum atoms for 

two silicon atoms. This leads to the generation of silica patches in the SAPO structure, 

better known as silicon islands.
[14-15] 

Importantly, at high temperatures the SAPO 

framework can be (locally) separated into silicon domains and the AlPO4 phase.
[14-16]

 

Thistransformation, which can take place during the oxidative treatments applied to 
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regenerate the SAPO-34 materials, has a significant influence on the catalytic 

properties as it reduces the number of acid sites available for the MTH reaction. 

Moreover, given the difference in electronegativity between silicon and aluminum 

atoms, the formation of silicon islands (n Al, 4-n Si) increases the strength of the Si-

OH-Al species located at boundaries of the SAPO and the silicon island phases.
[17-21]

  

In this Chapter, the performance of a calcined SAPO-34 catalyst (i.e., SAPO-

34-C) has been characterized during the MTH reaction at 400°C by catalytic testing 

and Scanning Transmission X-ray Microscopy (STXM) at the aluminum, silicon and 

carbon K-edge. Additionally, to increase our understanding on the influence that the 

thermal stability of SAPO-34 materials has on the structure-function relationships that 

govern their MTH performance, the reactivity of SAPO-34-C has been compared to 

that of a hydrothermally treated SAPO-34 material (i.e., SAPO-34-700). The changes 

observed in the reactivity of both SAPO-34 catalyst powders have been correlated to 

the modifications taking place in the structural, compositional and acidic properties of 

these materials, as measured with STXM, Temperature Programmed Desorption 

(TPD) with ammonia as probe molecule, 
27

Al and 
29

Si Magic Angle Spinning Nuclear 

Magnetic Resonance (MAS NMR), nitrogen and carbon dioxide sorption as well as 

X-ray Diffraction (XRD).  

 

7.2. Experimental 

7.2.1. Molecular Sieve Materials 

As mentioned before, two different SAPO-34 catalyst powders, namely a calcined and 

a hydrothermally treated sample, have been investigated. The starting material, with 

dimensions of approximately 200 - 800 nm, is a commercial sample with a 

Si/(Si+Al+P) ratio of 0.037. The template of the as-prepared SAPO-34 material was 
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removed by calcination at 650°C (5ºC/min, 360 min) in a quartz tubular oven 

(Thermoline 79300). Subsequently, the sample was ion exchanged with a 10 wt% 

ammonium nitrate solution (Acros Organic, 99+%) at 70ºC. After a waiting time of 

30 days, SAPO-34-C was obtained by calcination at 650°C (5ºC/min, 360 min). 

SAPO-34-700 was obtained performing a hydrothermal treatment on SAPO-34-C in a 

quartz tubular oven (Thermoline 79300) following the same procedure as that 

described in Chapter 4. The sample was first preheated at 120ºC (30 min, 2ºC/min) 

subsequently increasing the temperature to 700ºC (5ºC/min, 180 min) under a 

nitrogen flow (180 ml/min) saturated with water at 100ºC. After the hydrothermal 

treatment, SAPO-34-700 was calcined at 650°C (5ºC/min, 360 min) in a quartz 

tubular oven (Thermoline 79300).  

 

7.2.2. Characterization Methods 

X-ray Diffraction  

X-ray Diffraction (XRD) patterns were obtained from 5 to 90 2θ with a Bruker-AXS 

D8 Advance powder X-ray diffractometer, equipped with an automatic divergence 

slit, a Våntec-1 detector and a Cobalt Kα 1,2 (λ - 1.79026 Å) source. 

 

Nitrogen and Carbon Dioxide Sorption 

The porosity of the samples was obtained from the nitrogen and carbon dioxide 

adsorption isotherms at −196°C and 0°C, respectively, using a specially designed 

automatic volumetric equipment which features two pressure sensors (0–1.3 kPa and 

0–0.1 MPa). The samples were degassed at 1 × 10
−4

 Pa and 300°C for 4 h. The total 

volume of micropores (VN2), size lower than 2 nm, was determined by the application 

of Dubinin–Radushkevich equation to the nitrogen adsorption isotherms. The volume 
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of narrow micropores (CO2V0), size lower than 0.7 nm, was also determined by the 

application of Dubinin–Radushkevich equation to the carbon dioxide adsorption 

isotherm.  

 

Magic Angle Spinning Nuclear Magnetic Resonance 

Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) experiments were 

performed at 11.7 T on a Bruker Avance III spectrometer. The 
27

Al NMR experiments 

used a 3.2 mm triple resonance MAS probe, while the 
29

Si NMR experiments were 

carried out using a 4 mm double resonance MAS probe. The 
27

Al MAS NMR spectra 

were obtained using π/12 pulses at a rf-field of 94 kHz, 10000 scans and with a 

recycle delay of 0.5 s. The MAS rate was 20 kHz for the 
27

Al MAS NMR. The 
29

Si 

MAS NMR spectra were obtained using π/2 pulses at a rf-field of 38.4 kHz, 6000 

scans and with a recycle delay of 40 s at a MAS rate of 10 kHz. The chemical shifts of 

27
Al and 

29
Si were externally referenced to 1 M aluminum nitrate (Al(NO3)3(aq)) and 

4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS), respectively. 

 

Scanning Electron Microscopy 

To acquire Scanning Electron Microscopy (SEM) images the samples under 

investigation were sprinkled on an aluminum stub with a carbon sticker and sputter 

coated with 10 nm Pt/Pd (Cressington Sputter Coater 208HR + Cressington thickness 

controller MTM20). Then, crystal sizes and morphology were determined with a 

Technai FEI XL 30SFEG scanning electron microscope using a through-the-lens 

detection system in combination with an immersion lens. 
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Temperature Programmed Desorption  

Temperature Programmed Desorption (TPD) measurements were performed using a 

Micromeritics AutoChemII 2920 apparatus with ammonia as probe molecule. The 

sample, 0.15 g in both cases, was first pretreated in helium (25 ml/min) for 30 min at 

600°C, then cooled down to 100°C and saturated with ammonia to equilibrium state. 

Prior to desorption, samples were flushed in helium for 30 min. Subsequently, the 

ammonia desorption was performed in the range of 100°C to 600°C at a heating rate 

of 10°C/min. 

 

Catalytic Testing 

Catalyst tests were performed without pressing and sieving the catalyst. In each case 

30 mg of catalyst material was used and the reaction temperature was set at 400°C. 

The MTH reaction products were analyzed with an online gas chromatography (GC) 

connected to the outlet of a fixed bed reactor (i.d., 10 mm) using a heated transfer 

line. The inlet of the reactor was connected to helium, which was bubbled through 

methanol (Antonides-Interchema, 99%) kept at 20°C (PMeOH = 130 mbar) in a 

saturation evaporator (WHSV = 5.56 gg
-1

h
-1

). The first GC analysis of the effluent 

product was performed after 5 min on stream. Subsequent to reaction, 15 mg of the 

deactivated catalyst sample were transferred to a Teflon tube where 1 ml of 15% 

hydrofluoric acid was added. After a waiting time of 30 min, 1 ml of 

dichloromethane, containing hexachloroethane as internal standard was added to the 

Teflon tube. Then, 1 µl of the resulting organic phase was analyzed in an Agilent 

6890 N GC equipped with an Agilent 5793 Mass Selective (MS) Detector. An HP-

5MS column (60 m, 0.25 mm i.d., stationary phase thickness 0.25 µm) and an inlet 

split of 1:5 were used for this purpose. 
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Scanning Transmission X-ray Microscopy  

In-situ Scanning Transmission X-ray Microscopy (STXM) experiments were 

performed on the interferometrically controlled STXM microscope at beamline 

11.0.2 of the Advanced Light Source (ALS) of the Lawrence Berkeley National 

Laboratory (LBNL, Berkeley, USA).
[22]

 To obtain information under realistic 

working conditions a Micro-Electro-Mechanical System (MEMS) nanoreactor
[23]

 

was used in combination with a 40 nm zone plate. Prior to MTH, SAPO-34-C and 

SAPO-34-700 were activated at 450°C flowing helium (2 ml/min) during 30 min. 

Afterwards, the temperature was decreased to 400°C and methanol (Antonides-

Interchema, 99%) was introduced via saturation of helium flow (2 ml/min) at 0°C 

during 180 min. Aluminum and silicon chemical contour maps were obtained 

using the pre-edge and edge images, after being aligned and converted to optical 

density with the aXis2000 software package 

(http://unicorn.mcmaster.ca/aXis2000.html). The pre-edge image (1560 eV for 

aluminum and 1835 eV for silicon) was subtracted from the edge image (1565.5 

eV for aluminum and 1845 eV for silicon) resulting in the contour map. The 

absorption at the carbon K-edge was characterized collecting a series of images 

over small energy increments, combining these to form a spectral image sequence 

(stack). More specifically, the stacks were obtained in the range of 280 – 320 eV 

using an energy resolution of 0.15 eV. After aligning the image sequence, a 

principal component analysis (PCA) was used to obtain the primary components in 

the data set. Subsequently, a cluster analysis was performed to classify pixels 

according to similarities in their spectra.
[24]

 The pixel size used in the image sets 

was 40 nm. The absorption at the silicon K-edge was characterized collecting a 

series of stacks in the range of 1830 – 1890 eV using an energy resolution of 0.2 



Chapter 7    

156 

 

eV. Afterwards, a PCA and a cluster analysis were performed to classify pixels 

according to similarities in their spectra. The STXM data was analyzed using 

aXis2000 software. 

 

7.3. Results and Discussion 

7.3.1. Performance Changes by Applying a Severe Hydrothermal Treatment 

In a first set of experiments, the catalytic performance of calcined SAPO-34 catalyst 

aggregates (i.e., SAPO-34-C) was tested during MTH reaction at 400°C. The catalytic 

conversion and selectivity patterns are summarized in Figure 7.1. The catalytic tests 

showed that SAPO-34-C was characterized by an induction period in the early stages 

of the MTH reaction.
[25]

 Interestingly, after the induction period the catalyst material 

did not show a full methanol conversion, but rather a conversion close to 80%. The 

reduced initial catalyst activity is reasonably attributed to the storage and calcination 

treatment performed after template removal. To corroborate this hypothesis the same 

catalytic test was performed on a SAPO-34 sample that was stored for a period of ~ 3 

days after template removal and did not undergo a calcination treatment (sample 

name: SAPO-34-P).  

 

Figure 7.1. (a) Methanol conversion at 400°C over SAPO-34-C (solid line) and SAPO-34-P (dash line) 

versus time-on-stream. (b) Selectivity towards C2, C3, C4, C5 and C6 versus MTH conversion over 

SAPO-34-C at 400°C. 
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As shown in Figure 7.1a, SAPO-34-P presented a better initial catalytic 

performance than SAPO-34-C. This is in line with literature as it has been reported 

that the physicochemical properties of SAPO-34 materials may change after template 

removal.
[26-27]

 In particular, depending on the storage time and the temperature at 

which dehydration is performed the material can undergo irreversible modifications, 

which lead to a decrease in MTH performance.
[28]

 In agreement with these studies, the 

conversion of SAPO-34-C rapidly decreased to 30% after 160 min time-on-stream. 

On the other hand, the selectivity pattern of the SAPO-34-C sample, shown in Figure 

7.1b, is typical for SAPO-34 materials due to its high production of light olefins. 

Furthermore, GC-MS measurements of the hydrocarbon species retained in SAPO-34-

C after performing the MTH reaction revealed the presence of a mixture of 

methylbenzenes (i.e., tetraMB and pentaMB) and methylated naphthalenes, as 

illustrated in Figure 7.2, which is also characteristic for SAPO-34 materials. 

 

Figure 7.2. GC-MS analysis of the retained hydrocarbons in SAPO-34-C after the MTH reaction at 

400 ºC.  

 

To elucidate the effect of a severe hydrothermal treatment on the catalytic 

performance of SAPO-34 materials, SAPO-34-700 and SAPO-34-C have been 
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compared. The catalytic data for SAPO-34-700 is summarized in Figure 7.3a, 

showing a shorter induction period and a 20-25% reduction in methanol conversion 

with respect to SAPO-34-C. The product selectivity, on the other hand, was similar 

for both SAPO-34 catalyst powders under investigation, presenting only a small 

increase in the production of aromatics within SAPO-34-700 (Figure 7.3b). In line 

with the product selectivity, the retained hydrocarbon analysis performed after the 

MTH reaction on SAPO-34-700, showed similar species as those present in the 

SAPO-34-C sample. The corresponding GC-MS data are given in Figure 7.4. More 

specifically, SAPO-34-700 contained a mixture of methylbenzenes (i.e., tetraMB and 

pentaMB) and methylated naphthalenes after reaction. In view of the results presented 

in Figures 7.3 and 7.4, it can be concluded that a hydrothermal treatment on SAPO-34 

catalyst powders leads to a lower MTH activity and stability, without modifying the 

product selectivity.  

 

Figure 7.3. (a) Methanol conversion at 400°C over SAPO-34-700 versus time-on-stream. (b) 

Selectivity towards C2, C3, C4, C5 and C6 versus MTH conversion over SAPO-34-700 at 400°C. 

 

Interestingly, the effect of a hydrothermal treatment on SAPO-34 catalyst 

powders is very different from that described in Chapters 5 and 6 for steamed zeolite 

ZSM-5 catalyst powders. Most notably, in the latter case steaming had a negative 

influence on the MTH activity, but a positive effect on the MTH stability.  
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Figure 7.4. GC-MS analysis of retained hydrocarbons in SAPO-34-700 after the MTH reaction at 400 

ºC.  

 

7.3.2. Physicochemical Changes by Applying a Severe Hydrothermal Treatment 

To obtain detailed insight into the effect that a hydrothermal treatment has on the 

physicochemical properties of SAPO-34 materials nitrogen and carbon dioxide 

sorption, XRD, SEM, ammonia-TPD as well as 
29

Si and 
27

Al MAS NMR 

measurements were performed on the SAPO-34-C and SAPO-34-700 samples.  

 

Nitrogen Sorption, Carbon Dioxide Sorption and X-ray Diffraction 

In a first set of experiments, the nitrogen physisorption measurements indicated that 

SAPO-34-C and SAPO-34-700 were mainly microporous materials with identical 

adsorption and desorption isotherms. In contrast, the carbon dioxide physisorption 

isotherms revealed a 23% reduction in the micropore volume of SAPO-34-700. Both 

nitrogen and carbon dioxide sorption results are given in Table 7.1 and Figure 7.5.  
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Table 7.1. BET surface area and micropore volume obtained from the nitrogen physisorption isotherms 

and micropore volume obtained from the carbon dioxide isotherms of SAPO-34-C and SAPO-34-700. 

 

 

 

 

 

 

 

Figure 7.5. (a) Nitrogen adsorption and desorption isotherms of SAPO-34-C (black) and SAPO-34-700 

(red). (b) Pore distribution for SAPO-34-C (black) and SAPO-34-700 (red). (c) Carbon dioxide 

isotherms of SAPO-34-C (black) and SAPO-34-700 (red). 

 

Figure 7.6. X-ray Diffraction (XRD) patterns of SAPO-34-C (a) and SAPO-34-700 (b). 

         SAPO-34-C        SAPO-34-700 

BET (m2/g)  594 593 

N2 V0 (cm3/g) 0.22 0.22 

CO2 V0 (cm3/g) 0.35 0.27 
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In a next set of experiments the XRD patterns of SAPO-34-C and SAPO-34-

700 were measured. The results, presented in Figure 7.6, are indicative for a loss of 

crystallinity during the hydrothermal treatment, as evidenced by the broadening of the 

XRD peaks. Furthermore, the increase in the overall background of the XRD pattern 

of SAPO-34-700 suggests an increasing amount of amorphous material present in this 

sample 

 

Scanning Electron Microscopy 

The SEM microphotographs of SAPO-34-C and SAPO-34-700 are presented in 

Figure 7.7. These microphotographs reveal an increased level in the number of cracks 

in SAPO-34-700, suggesting a reduction in the effective diffusion path of reactants 

within this sample.  

 

Figure 7.7. Scanning Electron Microscopy (SEM) image of SAPO-34-C (a-b) and SAPO-34-700 (c-d).  

 

Temperature Programmed Desorption  

To compare the acidic properties of SAPO-34-C and SAPO-34-700 temperature 

programmed desorption measurements were undertaken with ammonia as a probe 
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molecule. As shown in Figure 7.8, both samples under investigation contained a 

combination of strong and weak acid sites, evidenced by the presence of two 

ammonia-TPD peaks occurring at low and high desorption temperatures. 

Interestingly, the decrease in peak intensity is more prominent at low desorption 

temperature for SAPO-34-700 than at high desorption temperature. This suggests a 

selective reduction in the amount of weak acid sites during steaming.  

 

Figure 7.8. Ammonia-Temperature Programmed Desorption (TPD) profiles of SAPO-34-C (a) and 

SAPO-34-700 (b).  

 

Magic Angle Spinning Nuclear Magnetic Resonance  

It is known that the acidity of SAPO-34 is determined by the amount and local 

environment of silicon atoms within the framework of the chabazite structure. More 

in particular, the generation of silicon islands decreases the total number of acid sites, 

but induces the formation of strong acid sites within the SAPO-34 and silicon phase 

boundaries. To get further insight into the presence of silicon islands within SAPO-

34-C and SAPO-34-700 the first coordination sphere around silicon atoms was 

studied with 
29

Si MAS NMR. The results, given in Figure 7.9a, show the presence of 

peaks at -90 ppm and at -110 ppm in the NMR spectrum of SAPO-34-C. These NMR 

peaks are attributed to silicon atoms coordinated to four (Si(4Al)) or none (Si(0Al)) 

aluminum atoms, respectively.
[29]

 Accordingly, the presence of the -100 ppm peak in 

the NMR spectrum of SAPO-34-C reveals the existence of silicon islands in this 
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sample. The NMR spectrum of SAPO-34-700, on the other hand, discloses a 

significant reduction in the number of isolated silicon atoms as evidenced by the 

decrease in the intensity of the -90 ppm NMR peak. This observation is in line with 

previous studies performed on SAPO-34 materials and indicates a redistribution of 

silicon atoms occurring at high steaming temperatures.
[16, 21]

  

 

Figure 7.9. 29Si (a) and 27Al (b) Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) 

spectra of SAPO-34-C (I) and SAPO-34-700 (II). 

 

Complementary to the 
29

Si MAS NMR experiments, 
27

Al MAS NMR 

measurements on SAPO-34-C and SAPO-34-700 were performed. As presented in 

Figure 7.9b, the NMR spectrum of SAPO-34-C is characterized by peaks at around 

60-50 ppm and 0 ppm, indicative for the presence of a mixture of 4- and 6-fold 

aluminum coordinated species, respectively.
[30-32]

 In the NMR spectrum of SAPO-34-

700, the variation of the above mentioned peaks is informative for a substantial 

increase in the amount of 6-fold aluminum species at the expense of 4-fold aluminum 

species. Furthermore, the NMR spectrum of SAPO-34-700 presents a resonance in the 

region of 30-35 ppm, attributed to 5-fold aluminum.
[33]

 Consequently, the changes 

observed in the 
27

Al MAS NMR spectra of SAPO-34-C and SAPO-34-700 reveal an 

increased dislodgement of framework aluminum after a hydrothermal treatment. 
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7.3.3. Nanoscale Imaging of Aluminum, Silicon and Carbon Deposits 

In order to investigate in more detail the differences in performance and 

physicochemical properties between SAPO-34-C and SAPO-34-700 STXM has been 

used to generate chemical maps of silicon, aluminum and carbon deposits, the latter 

in-situ making use of a specially designed nanoreactor. The results of these two sets 

of advanced STXM experiments are described below. 

 

Scanning Transmission X-ray Microscopy of Aluminum and Silicon  

To obtain nanoscale insight into the distribution of silicon and aluminum within the 

two SAPO-34 catalyst powders under investigation, aluminum and silicon chemical 

maps have been measured with STXM. The obtained contour maps, depicted in 

Figure 7.10, reveal the presence of silicon islands within SAPO-34-C and SAPO-34-

700. In both samples the silicon patches are heterogeneously distributed within the 

SAPO-34 matrix, with sizes extending up to a few hundred nanometers. 

Complementary, a series of stacks were obtained at the silicon K-edge to 

elucidate possible differences in the nature of the silicon species present in both 

samples under investigation. Interestingly, as depicted in Figure 7.11, the analysis of 

the silicon K-edge X-ray absorption (XA) spectra obtained from SAPO-34-C reveals 

more defined X-ray absorption near edge structure as compared to that obtained from 

SAPO-34-700 molecular sieves. This observation suggests a partial amorphization of 

the framework after applying the hydrothermal treatment.
[34]
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Figure 7.10. Aluminum 2-D STXM map of SAPO-34-C (a) and SAPO-34-700 (b) as well as silicon 2-

D STXM map of SAPO-34-C (c) and SAPO-34-700 (d). The scale bar represents 1 µm and the pixel 

size is 20 nm. 

 

 

Figure 7.11. (a) Silicon K-edge contour map of SAPO-34-C. (b) Silicon K-edge XA spectra of SAPO-

34-C (black) and SAPO-34-700 (red). (c) Silicon K-edge contour map of SAPO-34-700. The scale bar 

represents 1 µm and the pixel size is 20 nm. The silicon XA spectra were obtained performing a stack 

on the region of interest marked with white circles in (a) and (c).  
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Scanning Transmission X-ray Microscopy of Carbon Deposits during MTH  

To gain insight into the nanoscopic phenomena during the MTH reaction, STXM was 

applied in combination with an in-situ MEMS nanoreactor. For this purpose, the 

absorption at the carbon K-edge was measured as a function of time-on-stream. The 

results for SAPO-34-C are shown in Figure 7.12.  

 

Figure 7.12. Carbon K-edge XA spectra and cluster index obtained after 60 (a), 90 (b) and 120 min (c) 

of reaction for SAPO-34-C. (d) Carbon K-edge XA spectra and cluster index obtained after the cooling 

period subsequent to reaction for SAPO-34-C. The colored regions in the cluster index correspond to 

the aggregate regions from which the spectra with the same color coding were obtained. The scale bar 

represents 500 nm. 

 

Among the features present in the carbon K-edge XA spectra, those appearing 

at 285 eV, 287.6 - 288.2 eV, 289.5 eV and 291 - 293.5 eV correspond respectively to 

transitions from the carbon 1s to the unoccupied C=C π*,
[35-39]

 C-H σ*,
[38-40]

 C-OH 

3p/σ*
[37]

 and C-C σ
[41-42]

 molecular orbitals. As shown in Figure 7.12a, after 60 min 

of reaction none of these transitions were clearly defined in the carbon K-edge XA 



                                                                                                                     Chapter 7   

167 

 

spectra of SAPO-34-C. Furthermore, STXM revealed local heterogeneities during the 

genesis of the species that constitute the catalytic scaffold in the Hydrocarbon Pool 

(HCP) mechanism.
[43-45]

 In particular, the spectrum arising from the outer regions of 

the SAPO-34-C aggregate exhibited more defined features than that of the inner 

aggregate regions. This points towards a faster formation of the carbonaceous species 

in the external regions of the SAPO-34 catalyst aggregate, being in agreement with 

studies performed on micron-sized SAPO-34 catalysts.
[46-47] 

 

For longer times on stream (i.e., 90 min, Figure 7.12b), SAPO-34-C displayed 

well-defined carbon K-edge XA spectra originating from the internal and external 

regions of the catalyst aggregate. The obtained carbon K-edge XA spectra, however, 

showed distinct spectral features as well as relative intensities. These differences can 

be attributed to the presence of discrete carbon phases heterogeneously distributed 

within the SAPO-34-C aggregates during MTH reaction. Most notably, the spectra 

originating from the inner regions of the SAPO-34-C aggregate showed a lower 

relative intensity of the 285 eV peak with respect to the transitions located between 

286 eV and 287 eV, which arise due to the presence of non-equivalent carbon atoms 

in a sp
2
 hybridization state.

[48] 
Importantly and as described in more detail in Chapters 

5 and 6, the latter transitions can be used as a fingerprint of coke precursor species in 

the carbon K-edge XA spectra since they originate from aromatic species with high 

symmetry (i.e., naphthalene, anthracene). To confirm this observation, the 

experimental carbon XA spectrum obtained from the internal catalyst region has been 

compared in Figure 7.13 with a series of reference compounds differing in their 

number of non-equivalent carbon atoms. From this figure it follows that the 

differences observed in the carbon XA spectra are indicative for the existence of 

spatial heterogeneities in the distribution of coke precursor species within the SAPO-
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34-C aggregates. More specifically, the coke precursor species are distributed in a 

core-shell fashion way within SAPO-34-C, being preferentially located in the inner 

regions of the aggregate.  

 

Figure 7.13. Carbon K-edge XA spectra of benzene (I), ethene (II), naphthalene (III), 

tetramethylnaphthalene (IV), phenanthrene (V), anthracene (VI) and carbon K-edge XA spectrum 

obtained after 120 min of time-on-stream from the internal regions of SAPO-34-C aggregates.  

 

To elucidate whether the heterogeneities observed in the distribution of the 

generated carbon phases persist for longer times on stream, the same analysis was 

performed after 120 min of reaction. The results, summarized in Figure 7.12c, 

confirm the presence of a core-shell distribution of carbon species, in which the coke 

precursor species are preferentially located in the core of the catalyst aggregate. It is 

noted, however, that the spectral differences observed after 120 min of reaction 

decreased compared to a shorter time-on-stream. Consequently, this finding illustrates 

the dynamic character of the coke formation process over SAPO-34 catalysts during 

MTH reaction. Additionally, it is noted that the distribution of coke precursor species 
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within the calcined SAPO-34 catalyst powders is in clear contrast to that reported in 

Chapters 5 and 6 for calcined zeolite ZSM-5 catalyst powders. Notably, in the latter 

the coke precursor species are distributed in a core-shell fashion way, yet displaying a 

preferential location of these species in the outer regions of the catalyst aggregate. 

Accordingly, these differences suggest that while the deactivation of zeolite ZSM-5 

aggregates finds its origin in diffusion limitations arising from the spatial disposition 

of coke precursor species,
[3, 49]

 in calcined SAPO-34 materials this is most probably 

linked to a gradual loss of acid sites available for the MTH reaction. 

Previous studies performed on SAPO-34 materials have reported that the coke 

formation process does not end once the methanol flow has been stopped.
[46]

 To 

investigate these phenomena the absorption at the carbon K-edge was measured after 

the cooling period subsequent to reaction. As depicted in Figure 7.12d, a more 

homogeneous distribution of carbon phases was found throughout the catalyst 

aggregate after quenching the SAPO-34-C sample to room temperature. Accordingly, 

this finding shows that certain catalyst regions are still active during the cooling 

period and highlights the importance of performing in-situ characterization studies to 

fully understand coke formation processes at the nanometer scale.  

In a similar manner to the analysis performed for SAPO-34-C, the reactivity of 

SAPO-34-700 was characterized with in-situ STXM. For comparison purposes, the 

STXM measurements were performed with the same settings as those used for SAPO-

34-C. The results, presented in Figure 7.14, show a series of similar carbon K-edge 

XA spectra originating from different regions of the SAPO-34-700 sample. Most 

notably, after 30 min of reaction SAPO-34-700 showed the presence of well defined 

carbon K-edge XA spectra originating from both the outer and inner catalyst regions. 

This is in contrast with the situation described for SAPO-34-C and can be reasonably 
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attributed to a shorter MTH induction period after performing a hydrothermal 

treatment. 

 

Figure 7.14. Carbon K-edge XA spectra and cluster index obtained after 30 (a), 90 (b) and 120 min (c) 

of reaction for SAPO-34-700. (d) Carbon K-edge XA spectra and cluster index obtained after the 

cooling period subsequent to reaction for SAPO-34-700. The colored regions in the cluster index 

correspond to the aggregate regions from which the spectra with the same color coding were obtained. 

The scale bar represents 500 nm. 

 

For longer reaction times, namely 90 and 120 min, the carbon K-edge XA 

spectra obtained from the inner and outer regions of the SAPO-34-700 aggregates 

displayed the same features with equal intensity ratios. This observation is in contrast 

with the results obtained from SAPO-34-C and reveals the presence of similar carbon 

deposits throughout the SAPO-34-700 catalyst aggregate at different times on stream. 

This is depicted in Figures 7.14b-c. 

As shown in Figure 7.14d, after the cooling period subsequent to reaction a 

similar increase in the peak appearing between 287.6 eV and 288.2 eV was observed 
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in the carbon K-edge XA spectra arising from the inner and outer regions of the 

SAPO-34-700 aggregate. This observation reveals that all regions within SAPO-34-

700 display a similar activity during the cooling period subsequent to reaction.  

 

7.4. Conclusions 

The reactivity of SAPO-34 catalyst powders has been investigated during the MTH 

reaction at 400°C showing important differences with the other archetype catalyst for 

this catalytic process, namely zeolite ZSM-5. Catalytic testing reveals a high 

selectivity towards light olefins and a rapid loss of activity in SAPO-34. Both, the 

catalyst stability and selectivity are related to the formation of highly substituted 

methylbenzenes and poly-aromatic species during MTH. Interestingly, in-situ STXM 

showed a heterogeneous and dynamic formation of coke precursor species within 

SAPO-34-C. Most notably, in the beginning of the reaction coke precursor species 

formation is preferentially favored in the core of the catalyst aggregates. With further 

methanol addition coke precursor species formation becomes more prominent in the 

external regions of the catalyst, progressively filling the entire SAPO-34 catalyst 

particle.  

Comparison of calcined and a severely steamed SAPO-34 samples disclosed 

important changes in both their physicochemical properties and reactivity during 

MTH. More specifically, the performance of a severe hydrothermal treatment partially 

destroys the SAPO-34 framework and increases the amount of cracks present within 

the catalyst samples. Furthermore, a redistribution of the silicon species contained in 

the SAPO-34 matrix has been found after steaming, which decreases the degree of 

crystallinity of the catalyst material as well as its number of acid sites. Importantly, 

the physicochemical changes taking place during a hydrothermal treatment result in a 
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decrease in both MTH activity and stability, without modifying the product 

selectivity. In-situ imaging of the formation of carbon deposits with STXM reveals 

the rapid and more prominent generation of coke precursor species in the steamed 

SAPO-34 sample as compared to its non-steamed counterpart.  
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Chapter 8 

 

Summary, Concluding Remarks and Future 
Perspectives 

 

Spatiotemporal heterogeneities are an integral part of heterogeneous catalysis. As 

such, being aware of their existence and more importantly understanding the interplay 

between these heterogeneities at the different length scales of importance to catalysis 

is indispensable to elucidate the working principles of catalytic solids. Nonetheless, 

unraveling the influence that heterogeneities within a catalytic material may have on 

its overall performance is far from trivial and still represents a scientific challenge. It 

requires the development and use of advanced in-situ characterization techniques, 

capable of bridging the different length scales, ranging from the level of the reactor 

(e.g., meters), catalyst pellet (e.g., millimeters), catalyst particle (e.g., micrometers) 

and catalytically active phase (e.g., nanometers). Moreover, such a selection of 

techniques should be applied under relevant reaction conditions, being able to 

characterize the inorganic as well as the organic phases present in the catalyst material 

and desirably causing the least possible interference with its working principles.  

Within this context, an array of bulk and micro-spectroscopic characterization 

techniques has been used in this PhD thesis to increase our understanding of the effect 

of a hydrothermal treatment on the physicochemical properties and related reactivity 

of the archetypal molecular sieves, namely ZSM-5 and SAPO-34, for the Methanol-

to-Hydrocarbons (MTH) reaction. For this purpose, two different catalyst systems 

have been investigated. Part I of this PhD thesis has focused on large zeolite ZSM-5 

crystals, which can serve as viable model systems to elucidate the effect of steaming 
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on the porosity, pore accessibility, acidity and MTH reactivity of these catalytic 

solids. In contrast, small commercially available ZSM-5 and SAPO-34 catalyst 

powders have been under investigation in Part II of this work. Interestingly, as also 

became evident from this work, the starting molecular sieves contain already 

heterogeneities, which upon steaming became less or more pronounced. In other 

words, by applying a hydrothermal treatment on ZSM-5 and SAPO-34 we have 

altered the degree of local heterogeneity within these molecular sieves, enabling us to 

explore these features in great detail with a range of micro-spectroscopic methods. In 

this manner, new insights in the origin and impact of spatiotemporal heterogeneities 

on MTH catalysis have been obtained.  

 

8.1. Summary 

In Chapter 2, large zeolite ZSM-5 crystals have been used as model systems to gain 

knowledge into the effect that a hydrothermal treatment has on their porosity, acidity 

and reactivity. For this purpose, a series of methods, namely atomic force microscopy, 

high resolution scanning electron microscopy, focused ion beam-scanning electron 

microscopy milling and imaging, X-ray photoelectron spectroscopy, UV-Vis micro-

spectroscopy and synchrotron-based Fourier transform infrared microscopy have been 

used. This approach has shown that under mild and severe steaming conditions the 

extracted aluminum species and the (partial) dissolution of the zeolite crystals cause 

significant surface roughening accompanied by a local enrichment of aluminum. 

Furthermore, it has been revealed that steaming under mild conditions leads to the 

development of surface mesoporosity, while preserving the Brønsted acidity of large 

zeolite ZSM-5 crystals. In contrast, a severe steaming treatment induces the 

generation of a mesoporous network throughout the crystal, but causes a significant 
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decrease in Brønsted acidity. It has been found that the relatively well preserved 

Brønsted acidity in combination with the structural modifications taking place under 

mild steaming conditions are responsible for an improved reactivity during the 4-

fluorostyrene oligomerization and the methanol-to-hydrocarbons reactions with 

respect to the parent material. On the other hand, the severe decrease in Brønsted 

acidity occurring under harsher steaming conditions is reflected in the limited 

capability of large zeolite ZSM-5 crystals to catalytically convert 4-fluorostyrene and 

methanol. 

Insight into the modifications occurring in the pore accessibility and Brønsted 

acidity of large zeolite ZSM-5 crystals during steaming has been obtained in Chapter 

3 using an array of bulky fluorescent dyes (i.e., proflavine, stilbene and nile blue A) 

and two selective staining reactions (i.e., fluorescein synthesis and 4-fluorostyrene 

oligomerization) in combination with confocal fluorescence microscopy. The 3-D 

visualization of cracks, mesopores and ‘cavities’ has revealed an architecture 

dependent modification of the structural properties of large zeolite ZSM-5 crystals, 

which is additionally fully reliant on the hydrothermal treatment conditions applied. 

Furthermore, it has been found that besides the generation of mesoporosity a steaming 

post-treatment opens up the boundaries between the different crystal sub-units, 

making them accessible for bulky molecules. The oligomerization of 4-fluorostyrene, 

on the other hand, has indicated that a hydrothermal treatment increases the 

accessibility towards Brønsted acid sites. Additionally, this selective staining reaction 

has revealed a relatively well preserved Brønsted acidity after mild steaming, in 

contrast to the preferential reduction observed close to the surface of severely steamed 

zeolite ZSM-5 crystals. 
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In Chapter 4 the effect that a hydrothermal treatment has on the 

physicochemical properties of zeolite ZSM-5 powders has been investigated and 

correlated to the variations displayed in their reactivity towards the oligomerization of 

4-fluorostyrene. For this purpose, a calcined and a set of hydrothermally treated 

zeolite ZSM-5 powders have been studied with a combination of bulk characterization 

techniques, UV-Vis micro-spectroscopy and scanning transmission X-ray 

microscopy. It has been found that the reactivity during the oligomerization of 4-

fluorostyrene is dependent on the steaming temperature conditions, displaying a more 

selective production of linear dimeric carbocation species with increasing severity of 

the hydrothermal treatment. Complementary, scanning transmission X-ray 

microscopy at the carbon K-edge has shown a heterogeneous distribution of cyclic 

and linear dimeric carbocations within a single zeolite ZSM-5 aggregate. In particular, 

a shrinking carbon core-shell has been found, in which the relative amount of cyclic 

dimeric species is higher in the core relative to the shell. A hydrothermal treatment 

changes this spatial distribution, leading to a more selective production of linear 

species throughout the whole zeolite ZSM-5 aggregate at the expense of their cyclic 

counterparts.  

The influence of a severe hydrothermal treatment on the state of aluminum 

and carbon during the methanol-to-hydrocarbons reaction performed over zeolite 

ZSM-5 catalyst powders has been investigated in Chapter 5 using a combination of 

bulk characterization techniques and scanning transmission X-ray microscopy. This 

approach revealed important spatial heterogeneities in the distribution of aluminum 

within calcined zeolite ZSM-5 powders. More specifically, a heterogeneous 3-D 

distribution of 6-fold aluminum species has been found within calcined zeolite ZSM-5 

aggregates. The severely steamed catalyst powders, on the other hand, showed an 
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increase in the amount of 5- and 6-fold aluminum species, which partially revert to 

lower aluminum coordination environments during dehydration at high temperatures. 

Additionally, it has been revealed that a fraction of the 4-fold aluminum species is 

present in a distorted coordination environment after steaming. The use of an in-situ 

nanoreactor has allowed correlating the bulk methanol-to-hydrocarbons performance 

of both powdered samples with the nature and distribution of the generated carbon 

species at the nanometer scale. In this manner, it has been found that the lower MTH 

stability of calcined ZSM-5 catalyst powders is related to the presence of discrete 

carbon phases distributed in a core-shell fashion within the zeolite aggregate. In 

particular, a preferential formation of coke precursor species was found in the outer 

regions of the catalyst particle. In contrast, the higher stability shown after steaming is 

related to the presence of a single and homogeneously distributed carbon phase 

throughout the zeolite aggregate.  

In Chapter 6 the structure-function relationships that govern the methanol-to-

hydrocarbons performance of calcined and mildly steamed ZSM-5 catalyst powders 

have been explored with a combination of catalytic tests, UV-Vis micro-spectroscopy, 

scanning transmission X-ray microscopy and bulk characterization techniques. With 

this approach it was found that a steaming post-treatment leads to an improved 

methanol-to-hydrocarbons stability, without modifying the activity and selectivity of 

ZSM-5 catalyst powders. In-situ imaging of the formation of carbon deposits with 

scanning transmission X-ray microscopy has shown a relation between the bulk 

performances of both ZSM-5 samples and the formation of carbon species at the level 

of a single zeolite ZSM-5 aggregate. More specifically, the lower stability displayed 

by the calcined ZSM-5 catalyst powder finds its origin in the diffusion limitations 

induced by the presence of poly-aromatic species in the outer rim of the catalyst. In 
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contrast, the limited production of poly-aromatic species observed after steaming has 

shown to preserve the reactant accessibility towards the acid sites for longer times on 

stream. Furthermore, it has been revealed that the limited production of coke 

precursor species after steaming is related to a modification in the structural and 

acidic properties of ZSM-5 catalyst powders. More specifically, the decrease in the 

number and strength of acid sites, on the one hand, and the presence of mesoporosity, 

on the other hand, improves the diffusion properties of zeolite ZSM-5 catalyst 

powders, while minimizing undesired consecutive reactions.  

In Chapter 7, the effect that a severe hydrothermal treatment has on the 

physicochemical properties and reactivity of SAPO-34 catalyst powders during the 

methanol-to-hydrocarbons reaction has been investigated with a combination of 

catalytic testing, scanning transmission X-ray microscopy and a series of bulk 

characterization techniques. It was found that calcined SAPO-34 molecular sieves 

present a high selectivity towards light olefins and a rapid loss of activity. The use of 

an in-situ nanoreactor has shown the dynamic and heterogeneous formation of carbon 

species, which are characterized by an initial preferential formation of coke precursor 

species in the core of calcined SAPO-34 aggregates. For longer times-on-stream the 

formation of coke precursor species is extended to the outer catalyst regions, 

progressively filling the catalyst particle. The performance of a steaming post-

treatment has shown to have a negative impact on both activity and stability, as a 

result of the rapid formation of coke precursor species throughout the steamed catalyst 

aggregates. Additionally, it has been found that the performance differences of 

calcined and hydrothermally treated SAPO-34 catalyst powders are related to a 

redistribution of silicon atoms at high temperatures. The changes in the local 

environment of silicon species during steaming lead to a preferential reduction in the 
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amount of weak acid sites as well as to a decrease in the degree of crystallinity of the 

catalyst material.  

 

8.2. Concluding Remarks 

Based on the summary points described above several important conclusions can be 

made regarding (1) the presence of spatiotemporal inorganic and organic 

heterogeneities within molecular sieves; (2) the deactivation processes taking place 

during MTH reaction within ZSM-5 and SAPO-34 molecular sieves and (3) the 

similarities between small and large zeolite ZSM-5 crystals. In what follows, we 

discuss them in more detail.  

 

8.2.1. Inorganic and organic heterogeneities within molecular sieves 

Inorganic heterogeneities in space  

There are two types of inorganic heterogeneities noted within the two molecular 

sieves under study: spatial differences in chemical composition and porosity.  

First of all, calcined zeolite ZSM-5 possesses a non-homogeneous aluminum 

distribution as it was found that this material contains a heterogeneously distributed 

mixture of 4- and 6-fold coordination environments as well as a depletion of 

aluminum near the zeolite outer surface. Steaming of the calcined ZSM-5 leads to an 

increased amount of higher aluminum coordination environments, which can be 

partially reverted to lower aluminum coordination environments during dehydration at 

high temperatures. Besides these changes in the aluminum coordination number a 

surface re-alumination is observed after steaming as well as a variation in the 

environment of 4-fold coordinated aluminum species. In a similar manner, it was 

found that the local environment of silicon species in SAPO-34 is very heterogeneous 
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after calcination as a large number of silicon islands are found to be non-

homogeneously distributed within the molecular sieve aggregate. Steaming leads to a 

redistribution of silicon atoms, which results in a decrease of isolated silicon species. 

Steaming is found to increase the accessibility of ZSM-5 via the generation of 

a mesoporous network as well as by opening the boundaries between the different 

crystal domains. In addition, steaming leads to the generation of ‘cavities’, which are 

mesoporous defects connected to the crystal outer surface via a micropore system. 

The extent of these structural modifications in zeolite ZSM-5 is influenced by both 

the internal architecture and the severity of the steaming post-treatment. More 

specifically, these porosity changes are more prominent after high steaming 

temperatures and in regions where sinusoidal pores are open to the outer surface. In 

contrast to ZSM-5 zeolites, steaming of SAPO-34 decreases the microporosity 

without generating a mesoporous network.  

 

Organic heterogeneities in space and time 

The existence of heterogeneities in the acidic and structural properties of calcined 

ZSM-5 zeolite powders is translated into a core-shell distribution of different reaction 

products after the oligomerization of 4-fluorostyrene. More specifically, the 

generation of a linear carbocation species is favored at the outer regions of zeolite 

aggregates, while the cyclic dimeric carbocation species are preferentially formed in 

the internal regions. Steaming changes the reactivity of zeolite ZSM-5, increasing the 

formation of linear carbocation species throughout the aggregate at the expense of 

their cyclic carbocation counterparts.  

During the MTH reaction over calcined ZSM-5 discrete carbon phases are 

generated, leading to a carbon core-shell distribution, in which the coke precursor 
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species are preferentially located in the external regions of the zeolite particle. In 

contrast, the generation of mesoporosity upon steaming in combination with a 

decrease in the number as well as strength of acid sites is considered to be responsible 

for the appearance of a single carbon phase during the MTH process. The distribution 

of coke precursor species generated during the MTH reaction over calcined SAPO-34 

presents important differences with calcined ZSM-5. In contrast, to the core-shell 

distribution of coke precursor species observed for ZSM-5 an egg-yolk distribution is 

found for SAPO-34. This is illustrated in Figure 8.1. Furthermore, the spatial 

distribution of coke precursor species within SAPO-34 is time dependent. An initial 

preferential formation of coke precursor species takes place in the core of calcined 

SAPO-34, being extended to the outer catalyst regions for longer reaction times.  

 

8.2.2. ZSM-5 and SAPO-34 Deactivation in Methanol-To-Hydrocarbons 

Processes  

The deactivation of calcined zeolite ZSM-5 catalysts during the MTH process is 

governed by the formation of coke precursor species. The preferential distribution of 

these species in the outer regions of the catalyst particle induces severe diffusion 

limitations for longer reaction times, consequently having a negative impact on the 

MTH stability (Figure 8.1). Interestingly, the performance of a hydrothermal 

treatment increases the MTH stability as a result of a reduction in the formation rate 

of coke precursor species. The limited production of coke precursor species in 

steamed ZSM-5 can be explained by the modifications taking place in the structural 

and acidic properties. More specifically, a reduction in the number and strength of 

acid sites leads to a decrease in the amount of chemical transformations taking place 

during the MTH reaction, especially at the outer rim of the catalyst particle. 
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Additionally, the presence of a mesoporous network enhances the diffusion of 

reactant molecules minimizing undesired consecutive reactions. 

 

Figure 8.1. Schematic representation of the coke formation process during the MTH reaction as well as 

carbon K-edge XA spectra and related cluster index obtained for calcined SAPO-34 (a-b), calcined 

ZSM-5 (c-d), steamed SAPO-34 (e-f) and steamed ZSM-5 (g-h) powders. The colored regions in the 

cluster index correspond to the regions of the zeolite aggregate from which the spectra with the same 

color coding were obtained. Scale bar equals 500 nm (b,f) and 300 nm (d,h). 

 

In contrast to calcined ZSM-5, the deactivation of calcined SAPO-34 during 

the MTH process is not determined by the preferential formation of coke precursor 

species at the outer rim of the catalyst particle. In this case, the coke precursor species 

are initially formed in the inner regions of the catalyst particle, progressively filling 
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the whole particle with increasing reaction times. Accordingly, the deactivation of 

calcined SAPO-34 is most probably determined by the progressive deposition of 

carbonaceous species on the acid sites rather than by the strong diffusion limitations 

at the external regions of the catalyst particle. This is illustrated in Figure 8.1. 

Steaming of SAPO-34 negatively impacts the MTH activity and stability. This effect 

can be explained by the redistribution of silicon atoms after steaming, which results in 

a lower amount of acid sites. Whereas in the case of ZSM-5 the strong acid sites are 

preferentially affected, they are relatively well preserved within steamed SAPO-34.  

 

8.2.3. Similarities between Small and Large Zeolite ZSM-5 crystals 

Regardless the obvious differences existing between large zeolite ZSM-5 crystals and 

ZSM-5 zeolite powders several interesting similarities can be obtained from Parts I 

and II of this PhD thesis. Most notably, both calcined ZSM-5 materials present a 

depletion of aluminum species near the zeolite surface and show a local re-

alumination after applying a hydrothermal treatment. Additionally, upon steaming 

both large and small ZSM-5 crystals present a similar modification in their structural 

and acidic properties. More specifically, under mild steaming conditions the 

introduction of structural defects is important, whereas the development of a 

mesoporous network and the generation of cracks become more prominent after 

applying harsher steaming conditions. Alternatively, the reduction in Brønsted acidity 

taking place during a hydrothermal treatment is heterogeneous in both types of ZSM-

5 materials, being preserved to a higher extent in the internal zeolite regions.  
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8.3. Future Perspectives 

Further developments in the field of in-situ spectroscopy can be of great assistance to 

increase our understanding of the structure-function relationships that govern the 

activity, selectivity and stability of molecular sieves. Within this context, technical 

improvements in the field of soft X-ray nanotomography would be very beneficial to 

elucidate the effect that the presence of spatial heterogeneities have on several 

important bulk properties of molecular sieves. As an example, a decrease in the data 

acquisition time, increase in the spatial resolution, improvements in data handling as 

well as a further automatization of the tomographic set-up would allow to perform 

advanced in-situ 3-D studies able to unravel the dynamic transformations and 

migration of the acid sites within zeolite materials under different working conditions. 

Furthermore, 3-D scanning transmission X-ray microscopy with soft X-rays in 

combination with selective staining reactions, able to discriminate between e.g. Lewis 

and Bronsted acid sites, could help to better understand the local interplay between 

both forms of acidity.  

Moreover, the use of different in-situ X-ray absorption techniques can be of 

great help to further mimic the working environment of industrially relevant catalytic 

solids. An interesting candidate for this purpose is the full-field Transmission X-ray 

Microscope. Given the high penetration power of hard X-rays, needed to overcome 

the attenuation induced by high pressures and high sample thicknesses, and the 

reduced acquisition time of this technique, insight into the nanoscopic phenomena 

taking place under industrially relevant reaction conditions can be obtained within 

few seconds. In this manner, the introduction of transition metals, such as copper, iron 

and cobalt, into the zeolite framework could open the door to study bifunctional 

catalysts under relevant reaction conditions. Following this approach, valuable 2-D 
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and 3-D information on the oxidation state of the metal active sites and their local 

environment can be obtained, improving the fundamental understanding of catalytic 

processes taking place at the nanometer scale. Examples could be Cu/ZSM-5 and 

Co/ZSM-5, which are known to be active for the activation of methane, as well as 

Fe/ZSM-5, which can alter the product formation in the Fischer-Tropsch synthesis 

process. 

In summary, the combination of bulk techniques with in-situ time-resolved 

micro-spectroscopic methods allows to obtain new 2-D and 3-D insights into the 

working principles of zeolites and zeotype materials. This powerful approach enables 

obtaining a global as well as local picture of the physicochemical properties and 

catalytic performances of molecular sieves under relevant reaction conditions. Within 

this context, expanding the arsenal of characterization tools in combination with the 

development of reactions able to probe specific functionalities of molecular sieves, 

such as Lewis and redox properties, can be of great assistance to rationally design 

new catalytic materials. 

 

8.4. Samenvatting 

In Hoofdstuk 2 zijn grote ZSM-5 zeolietkristallen als modelsysteem gebruikt om 

kennis te verwerven over het effect dat een hydrothermale behandeling heeft op hun 

porositeit, zuurheid en reactiviteit. Hiervoor is een reeks van methoden gebruikt, te 

weten atomaire kracht microscopie, hoge resolutie scanning elektronen microscopie, 

etsen met een gefocusseerde ionenbundel – en vervolgens in beeld brengen met een 

scanning elektronen microscoop, röntgen foto-elektron spectroscopie, UV-Vis micro-

spectroscopie en synchrotron-gebaseerde Fouriergetransformeerde infrarood 

microscopie. Deze aanpak heeft aangetoond dat geëxtraheerde 
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aluminiumverbindingen en het (gedeeltelijk) oplossen van de zeolietkristallen onder 

milde en hevige stoomomstandigheden een aanmerkelijke verruwing van het 

oppervlak veroorzaken die vergezeld gaat van een locale verrijking met aluminium. 

Daarnaast is gebleken dat het stomen onder milde omstandigheden leidt tot de 

ontwikkeling van mesoporositeit aan het oppervlak, terwijl de Brønsted zuurheid van 

de grote ZSM-5 zeolietkristallen behouden blijft. Daarentegen leidt een hevige 

stoombehandeling tot het ontstaan van een mesoporeus netwerk door de kristallen 

heen, maar veroorzaakt ook een substantiële afname in de Brønsted zuurheid. Het 

bleek dat de relatief goed geconserveerde Brønsted zuurheid in combinatie met 

structuurveranderingen die optreden onder milde stoomomstandigheden 

verantwoordelijk is voor een verbeterde reactiviteit tijdens de oligomerisatie van 4-

fluorostyreen en de methanol-naar-koolwaterstoffen reacties in vergelijking met het 

uitgangsmateriaal.  Daartegenover staat dat de sterke afname in Brønsted zuurheid die 

optreedt bij heftiger  stoomomstandigheden terug te zien is in het beperkte vermogen 

van de grote ZSM-5 zeolietkristallen om 4-fluorostyreen en methanol katalytisch om 

te zetten. 

In Hoofdstuk 3 werd inzicht verkregen in de veranderingen die optreden in de 

toegankelijkheid van de poriën en Brønsted zuurheid van grote ZSM-5 

zeolietkristallen tijdens stoming. Hiervoor werden een serie van volumineuze 

fluorescente kleurstoffen (te weten proflavine, stilbeen en nijlblauw A) en twee 

selectieve kleuringsreacties (namelijk de synthese van fluoresceine en de 

oligomerisatie van 4-fluorostyreen) gebruikt, in combinatie met confocale 

fluorescentie microscopie. De driediemensionale visualisatie van de barsten, 

mesoporiën en holten onthulde een architectuurafhankelijke modificatie van de 

structuureigenschappen van grote ZSM-5 zeolietkristallen, die daarnaast volledig 
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afhankelijk is van de toegepaste hydrothermale behandeling. Bovendien bleek dat een 

stoombehandeling, naast het genereren van mesoporositeit, de grenzen tussen de 

verschillende kristalbouwstenen  opent, wat ze toegankelijker maakt voor 

volumineuze moleculen. De oligomerisatie van 4-fluorostyreen toonde aan dat een 

hydrothermale behandeling de toegankelijkheid naar de Brønsted zure plaatsen 

vergroot. Daarnaast liet deze selectieve kleuringsreactie zien dat een relatief goed 

geconserveerde Brønsted zuurheid aanwezig is na milde stoming. Dit in tegenstelling 

tot de preferentiële vermindering dichtbij het oppervlak die waargenomen werd voor 

hevig gestoomde ZSM-5 zeolietkristallen. 

In Hoofdstuk 4 werd het effect van een hydrothermale behandeling op de 

fysicochemische eigenschappen van ZSM-5 zeolietpoeders onderzocht en in verband 

gebracht met de variaties die ze tentoonspreidden in hun reactiviteit tijdens de 

oligomerisatie van 4-fluorostyreen. Met dit doel werd een serie van gecalcineerde en 

hydrothermaal behandelde ZSM-5 zeolietpoeders bestudeerd met een combinatie van 

bulk  karakteriseringmethoden, UV-vis micro-spectroscopie en scanning transmissie 

röntgen microscopie. Hieruit bleek dat de reactiviteit tijdens de oligomerisatie van 4-

fluorostyreen afhing van de stomingstemperatuur en een selectievere productie van 

lineaire dimerische carbocationen liet zien wanneer de hevigheid van de 

hydrothermale behandeling werd verhoogd. Complementair hieraan toonde scanning 

transmissie röntgen microscopie een heterogene verdeling van cyclische en lineair 

dimerische carbocationen in een ZSM-5 zeolietaggregaat aan. Om precies te zijn: er 

werd voor koolstof een krimpende koolstof kern-schil verdeling gevonden, waarin de 

relatieve hoeveelheid van de cyclisch dimerische verbindingen hoger is in de kern, 

vergeleken met de schil. Een hydrothermale behandeling verandert deze ruimtelijke 
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verdeling en leidt tot een selectievere productie van lineaire verbindingen in het 

gehele ZSM-5 zeolietaggregaat, ten koste van hun cyclische tegenhangers. 

De invloed van een hevige hydrothermale behandeling op de toestand van 

aluminium en koolstof tijdens de methanol-naar-koolwaterstoffen reactie uitgevoerd 

op ZSM-5 zeolietpoeders werd onderzocht in Hoofdstuk 5 met een combinatie van 

bulk  karakteriseringtechnieken en scanning transmissie röntgen microscopie. Deze 

aanpak onthulde belangrijke plaatsafhankelijke heterogeniteiten in de verdeling van 

aluminium in gecalcineerde ZSM-5 zeolietpoeders. Meer specifiek werd een 

heterogene driedimensionale verdeling van 6-voudige aluminiumverbindingen 

aangetroffen in gecalcineerde ZSM-5 zeolietaggregaten. De hevig gestoomde 

katalysatorpoeders daarentegen lieten een toename in de hoeveelheid 5- en 6-voudige 

aluminiumverbindingen zien, die deels terugvielen naar lagere 

aluminiumcoördinatietoestanden gedurende dehydratatie bij hoge temperaturen. 

Daarnaast bleek dat een deel van de 4-voudige aluminiumverbindingen na stoming 

aanwezig is in een verstoorde coördinatieomgeving. Complemtair hieraan maakte het 

gebruik van een in-situ nanoreactor het mogelijk om de bulk  prestaties op het gebied 

van de methanol-naar-koolwaterstoffen reactie te correleren met de aard en verdeling 

van de gegenereerde koolstofverbidingen op nanometer-schaal. Op deze manier werd 

gevonden dat de lagere Methanol-naar-Koolwaterstof stabiliteit van gecalcineerde 

ZSM-5 zeolietpoeders verband houdt met de aanwezigheid van bepaalde 

koolstoffases, die op een kern-schil manier verdeeld zijn in het zeolietaggregaat. In 

het bijzonder werd een preferentiële vorming van cokes-voorlopers gevonden in de 

buitenste delen van het katalysatordeeltje. In tegenstelling hiermee werd de grotere 

stabiliteit na stoming in verband gebracht met de aanwezigheid van een enkele en 

homogeen verdeelde koolstoffase in het zeolietaggregaat. 
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In Hoofdstuk 6 werden de structuur-functie verbanden onderzocht die de 

prestaties van gecalcineerde en mild gestoomde ZSM-5 zeolietpoeders tijdens de 

methanol-naar-koolwaterstoffen reactie bepalen. Dit werd gedaan met een combinatie 

van katalytische tests, UV-Vis micro-spectroscopie, scanning transmissie röntgen 

microscopie en bulk  karakteriseringsmethoden. Met deze aanpak werd gevonden dat 

een stoombehandeling leidt tot een verbeterde methanol-naar-koolwaterstoffen 

stabiliteit zonder dat de activiteit en de selectiviteit van de ZSM-5 katalysatorpoeders 

wordt veranderd. In situ beeldweergave van de vorming van koolstofafzettingen met 

scanning transmissie röntgen microscopie heeft aangetoond dat er een verband is 

tussen de bulk -prestaties van beide ZSM-5 monsters en de vorming van 

koolstofverbindingen op het niveau van een afzonderlijk ZSM-5 zeolietaggregaat. 

Meer specifiek heeft de lagere stabiliteit die gecalcineerde ZSM-5 katalysatorpoeders 

laten zien zijn oorsprong in diffusiebeperkingen die veroorzaakt worden door de 

aanwezigheid van poly-aromatische verbindingen in de buitenste rand van de 

katalysator. In tegenstelling hiermee bleek de beperkte productie van poly-

aromatische verbindingen die waargenomen werd na stoming de reactant-

toegankelijkheid van de zure plaatsen gedurende een langere reactietijd te handhaven. 

Daarnaast werd duidelijk dat de beperkte vorming van cokes-voorlopers na stoming 

verband houdt met een verandering in de structuur- en zuurheidseigenschappen van 

ZSM-5 katalysatorpoeders.  De afname van zure plaatsen in aantal en sterkte aan de 

ene kant en de aanwezigheid van mesoporositeit aan de andere kant verbeteren de 

diffusie-eigenschappen van ZSM-5 zeolietpoeders, terwijl ongewenste vervolgreacties 

worden geminimaliseerd. 

In Hoofdstuk 7 is het effect van een hevige hydrothermale behandeling op de 

fysicochemische eigenschappen en reactiviteit van SAPO-34 katalysatorpoeders 
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gedurende de methanol-naar-koolwaterstoffen reactie onderzocht met een combinatie 

van katalytisch testen, scanning transmissie röntgen microscopie en een reeks bulk  

karakteriseringsmethoden. Het bleek dat gecalcineerde SAPO-34 moleculaire zeven 

een hoge selectiviteit vertonen voor de vorming van lichte olefines en snel hun 

activiteit verliezen. Door het gebruik van een in-situ nanoreactor kon de dynamiek en 

de heterogene vorming van koolstofverbindingen worden aangetoond. Deze wordt 

gekenmerkt door een initiële vorming van cokes-voorlopers, bij voorkeur in de kern 

van de gecalcineerde SAPO-34 aggregaten. Bij langere reactietijden breidt de 

vorming van cokes-voorlopers zich uit naar de buitenste delen van de katalysator, 

hierbij het katalysatordeeltje voortschrijdend vullend. Het uitvoeren van een 

stoombehandeling bleek een negatief effect te hebben op zowel de activiteit als de 

stabiliteit, vanwege de snelle vorming van cokes-voorlopers in de gestoomde 

katalysatoraggregaten. Daarnaast werd gevonden dat prestatieverschillen van 

gecalcineerde en hydrothermaal behandelde SAPO-34 katalysatorpoeders verband 

houden met een herverdeling van siliciumatomen bij hoge temperaturen. De 

veranderingen in de plaatselijke omgeving van de siliciumsoorten gedurende stoming 

leiden zowel tot een voorkeursreductie in de hoeveelheid zwak zure plaatsen als tot 

een vermindering van de microporositeit en de mate van kristalliniteit van het 

katalysatormateriaal. 
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List of Abbreviations 

Λex    Excitation wavelength 

ALPO    Aluminophosphate      

ALS     Advance light source     

AFM     Atomic force microscopy    

ART    Algebraic reconstruction technique 

BET     Brunauer-Emmett-Teller 

CCD    Charge coupled device 

CFM     Confocal fluorescence microscopy   

CHA     Chabazite  

CLS     Canadian light source   

EFAL     Extra-framework aluminum   

FAL    Framework aluminum  

FAU     Faujasite       

FIB-SEM    Focus ion beam scanning electron microscopy 

FTIR     Fourier transform infrared spectroscopy 

GC     Gas chromatography  

GC-MS    Gas chromatography coupled mass spectrometry 

HCP     Hydrocarbon pool   

HRSEM    High resolution scanning electron microscopy  

i.d.    Internal diameter 

LBNL    Lawrence Berkeley national laboratory 

MAS     Magic angle spinning  

MAS NMR    Magic angle spinning nuclear magnetic resonance 

MB    Methylbenzene 

MEMS    Micro-electro-mechanical system   

MFI    Mobil five 

MOR     Mordenite 

MS    Mass selective       

MTG    Methanol-to-gasoline     

MTH      Methanol-to-hydrocarbons 

MTO     Methanol-to-olefins  

MTP     Methanol-to-propylene     
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NA     Numerical aperture 

NMR     Nuclear magnetic resonance 

PCA     Principal component analysis  

Ref.     Reference 

RT    Room temperature 

SAPO     Silicoaluminophosphate     

SE     Secondary electron 

SLS     Swiss light source      

STXM    Scanning transmission X-ray microscopy  

TEM     Transmission electron microscopy    

TMB    Trimethylbenzene 

TPD     Temperature programmed desorption 

UV-Vis    Ultraviolet-visible 

XA     X-ray absorption      

XPS     X-ray photoelectron spectroscopy 

XRD     X-ray diffraction  

WHSV    Weight hourly space velocity  

ZSM-5    Zeolite Socony Mobil 5  
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momentos siempre ha habido un sabio consejo y sobre todo mucho cariño de vuestro 

lado. Muchas gracias por vuestro valioso apoyo.  

 

Luis Aramburo 

Utrecht, September 2012.  
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