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Chapter 1   

General Introduction

Molecular Sieves

Zeolites (from Greek words zeo - to boil and lithos - stone) are microporous crystalline solids 
with well-defined structures. Their name was proposed in 1756 by the Swedish mineralogist 
Axel Fredrik Cronstedt, who reported that the rapidly heated material produces large amounts 
of steam from the water previously adsorbed by the material. Their highly ordered porous 
framework commonly consists of silicon, aluminum, oxygen and charge compensating 
cations, giving origin to their classification as aluminosilicates, while their ability of defining 
the maximal size of the molecules entering the pores of a zeolite places them in the materials 
family known as molecular sieves. Natural zeolites typically form in the cavities of volcanic 
rocks as the result of elevated temperatures and pressures (~ 200 ºC and 300 MPa). Although 
they are extensively excavated for their applications in medicine, household products and 
cosmetology, their common contaminations by other ions or minerals, e.g. Fe2+, SO4

2-, quartz, 
other zeolites, and amorphous glass excludes them from many important industrial processes.
In contrast synthetic zeolites, due to a unique combination of strong Brønsted and/or Lewis 
acid sites, high surface area and adsorption capacity, as well as high thermal/hydrothermal 
stability and a well-defined microporous framework, play a crucial role as heterogeneous 
catalysts. They are widely used in many commercial processes. More specifically, they are 
indispensable in processes like, e.g. fluid catalytic cracking, the alkylation of aromatics as 
well as the oligomerization of light olefins.[1-8] 
 On an atomic scale the 3-dimensional structure of zeolites is characterized by a 
framework of linked tetrahedra, each consisting of four oxygen atoms surrounding silicon/
aluminium cations and forming open cavities in the form of channels and cages.[9] Depending 
on the number of linked tetrahedra, small, medium and large pore systems are formed, 
typically in the order of 3 and 10 Å. The charge difference between Si (4+) and Al (3+) results 
in a negative overall charge of the zeolite network, which is neutralized by the presence of 
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exchangeable cations, e.g. Na+, K+, Ca2+ and Mg2+. If the balancing cation will be exchanged 
with a proton, a Brønsted acid site is generated, as illustrated in Figure 1.1a, allowing a 
zeolite to donate a proton. 
 Although, up-to-date 194 distinct zeolite frameworks have been identified, only a 
handful is of a great industrial importance, namely Chabazite (CHA) – Methanol-to-Olefin 
(MTO) process,[10, 11] Zeolite Y (FAU) - catalytic cracking and hydrocracking of crude oil,[12-

14] Zeolite A (LTA) – water softeners in detergents and gas sensors,[15, 16] Mordenite (MOR) – 
alkylation/transalkylation of aromatics and paraffin isomerization[17] and ZSM-5 (MFI)-type 
structure - hydrocarbon isomerization and alkylation of hydrocarbons.[18-20] 
 Due to its unique properties and vast industrial importance MFI-type zeolites will 
be one of the molecular sieves discussed throughout this PhD thesis. The 3-dimensional 
microporous distribution within each zeolite topology depends on the particular zeolite 
structure type and is, by definition, highly ordered. For example, a 3-dimensional network of 
micropores within the MFI-type zeolites always consists of medium, 10-ring sinusoidal pores 
along the [010] axis (5.3×5.6 Å), intersected by the 10-ring straight pores along the [100] 
direction (with the dimensions of 5.1×5.5 Å) as schematically illustrated in Figure 1.1b.[21] 

 A second class of materials belonging to the molecular sieves family discussed in this 
PhD thesis are microporous crystalline aluminophosphates (AlPOs). This zeotype family is 
formed by the substitution of silicon atoms present in the zeolite framework with phosphorus 
atoms and are of a great value as adsorbents, membranes and heterogeneous catalysts.[22-

27] Modifications of the neutrally charged AlPOs can be done by partial substitution of Al 
(3+) with mono-, di-, or trivalent transition metal ions, leading to a negative charge of the 
zeotype’s framework as shown in Figure 1.1c.[28] Furthermore, substitution of either P (5+) or 
Al (3+) for transition metal ions with charge of (4+) and (5+) can result in a similar negative 
charge of the framework. If the formed charge will be balanced by the proton acting as 
the counter cation, Brønsted acid sites similar in nature to the ones found in microporous 
crystalline aluminosilicates (zeolites) can be formed.[29-31] These solid acid properties give 
them potential as heterogeneous catalysts for the isomerization of alkenes and catalytic 
cracking.[32-34] Moreover, introduction of transition metal ions with redox properties will 
result in materials suitable for e.g. the oxidative dehydrogenation and selective oxidation of 
hydrocarbons.[35-38] 
 The substitution of phosphorous into aluminosilicates framework leads to variety 
of different molecular sieves, including one of the most commonly studied AlPO-5 (AFI)-
type structure.[29-35] On the nano-scale, the 3-dimensional structure of tetrahedra defining the 
AFI-type materials consists of large, 12-ring straight channels with dimensions of 7.3 x 7.3 
Å aligned along the [001] axis, (Figure 1.1d) allowing 1-dimensional molecular diffusion.[39]
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Figure 1.1. a, Linked tetrahedra in a zeolite material including a Brønsted acid site; b, MFI-type zeolite 
framework displayed along the [100] and [010] axis, consisting of 10-membered rings. The straight 
pores shown have dimension of 5.1×5.5 Å, whereas the sinusoidal pores are of 5.3×5.6 Å. c, Same as 
a, but for a microporous aluminophosphate material partially substituted with the cobalt (3+) atoms 
with redox functionality; d, AFI-type zeotype framework displayed along the [001] and [010] axis, 
consisting of 12-membered rings. The straight pores shown have dimensions of 7.3×7.3 Å.

Intergrowth Structure and Molecular Diffusion Barriers

The micropore system in MFI and AFI molecular sieves guaranties a very high pore volume 
and surface area, allowing adsorption of vast amounts of molecules. The highly ordered 
porosity combined with the presence of active sites within the channels and cavities of both 
molecular sieves offer unique shape selective catalytic properties. Nevertheless, achieving 
a successful catalytic reaction involves a number of essential steps that has to be fulfilled: 
(1) diffusion of reactant through the zeolite micropores to the active site; (2) adsorption of 
reactant on the active site; (3) catalytic reaction leading to the transformation of the substrate 
into the adsorbed product; (4) desorption of the product; and (5) diffusion of the product 
through the zeolite channels. As the first and the last step of the catalytic process within 
the zeolitic material is dependent on the molecular transport through the micropores of the 
crystalline material, it is crucial to have insight in this phenomenon and its relation to the 
possible intergrowths present in the crystallite structure.
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 The characterization of zeotype materials usually focuses on the assignment of zeolite 
framework type and purity e.g. using X-ray diffraction, neutron diffraction, high resolution 
electron microscopy and NMR,[40, 41] while crystal intergrowth structures, commonly existing 
in twinned crystals, and molecular diffusion barriers are rarely considered. Moreover, several 
studies reporting on the complex intergrowth structures found in zeolite crystals do not agree 
on the model, growth mechanism and the explanation of crystal’s twinning. This introductory 
chapter discusses the state of the knowledge on intergrowth structures and molecular diffusion 
barriers of MFI- and AFI-type molecular sieves at the start of this PhD project (October 
2006).

MFI-type molecular sieves

Figure 1.2a shows an electron microscopy image of an example of classic twinned MFI-type 
zeolite crystal. 

Figure 1.2. a, SEM microphotograph of the MFI-type twinned crystal. Regions where straight and 
sinusoidal channels are open to the surface are indicated as A and B. b, Schematic representation of the 
MFI-type micropore system opened to the surface. c, Schematic representation of the MFI-type true 
single crystal reported by Geus et al. [42]. Pore orientation across the volume of the crystal is uniform, 
while straight pores are parallel to the b-axis. d, Same as c, but for a crystal reported by Price et al. [44]. 
Pore orientation varies and indicates straight channels open to the surface in region A and sinusoidal 
channels open to the surface in region B. e, same as d, but for a crystal reported by Hay et al. [47].

From a close examination of a complex overgrown structure of MFI-type crystals, 
it becomes apparent that the crystallographic orientation of the different regions of crystal 
under study is not uniform. This is indicated by regions A and B present in the crystal tip 
and main body, showing straight and sinusoidal channels of MFI opened to the surface, 
respectively, as schematically illustrated in Figure 1.2b. Before focusing on the arrangement 
and orientation of the microporous system of twinned crystals reported in the literature, it is 
important to discuss examples of studies on single MFI-type crystals. 
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 The work of Geus et al. [42] focused on the possible diffusion barriers in a single 
platelet-like zeolite MFI-type crystals, led to the observation of an intrinsic hourglass pattern. 
Recorded by the transmission light microscopy the crystal structure was reconstructed as 
six correlated subunits. However, no pore orientation changes were found to occur in the 
crystal volume (Figure 1.2c). This observations have been further supported by the atomic 
force microscopy study done by Agger et al.,[43] where the hourglass pattern found in the 
internal structure of a single zeolite crystal was explained by different refractive indices of 
the individual pyramidal segments. Interestingly, their work mentions the presence of MFI/
MEL intergrowth structures within a single zeolite crystal, which was concluded from the 
observation of varying heights of crystal terraces found on different crystal faces. 
 In contrast, the presence of an intergrowth structure of MFI-type zeolites has first 
been proposed by Price et al. on the basis of X-ray diffraction results.[44] The MFI-type 
crystals used in their study appeared to be interpenetrated twins (Figure 1.2d). The larger 
of the two twin components (indicated as green in Figure 1.2d) has pyramidal boundaries 
with the two pieces of the second component (marked as blue) suggesting the presence 
of a twinned crystal, in contrast to a single platelet-like MFI-type crystal shown in Figure 
1.2c. In addition, X-ray diffraction patterns showed two pairs of distinct diffraction sets 
and high-angle spots, proving a 90º rotation of the two twinned components. In the same 
year, the observation of the intergrowths occurring in the MFI-type crystals was reported by 
Thomas and Millward[45] where by the use of high resolution electron microscopy the authors 
were capable of recognizing the crystallographic variations on the unit cell level, assigned 
to the MFI/MEL (ZSM-5/ZSM-11) intergrowths. Later on Chen et al., [46] reported on the 
synthesis of large 90º twinned crystals of ZSM-5, where with scanning electron microscopy 
photographs the model suggested by Price et al. was supported. Hay et al. [47] suggested that 
the Price et al. model (Figure 1.2d), assigning the origin of the boundaries to the presence 
of crystallographic planes, is not fully relevant. According to Hay et al., due to the presence 
of an hourglass pattern recorded with polarized light optical microscopy, both 90º rotated 
intergrowths should be of similar sizes indicating that the twinning is initiated at a point (or 
small area) near the center of the crystal (Figure 1.2e). 
 The internal structure of ZSM-5 crystals proposed by Hay et al. was later confirmed 
in studies of Caro et al. [48] and Weidenthaler et al.[49] Their investigation of the intergrowth 
architecture carried out by a combination of n-hexane sorption uptake kinetics and optical 
light microscopy studies connected the 90º intergrowth found in MFI-type materials with 
the presence of diffusion barriers limiting the molecular transport. By comparison of the 
mass transport in single and (more commonly found) twinned crystals of silicalite-1, they 
concluded that the intergrowths were acting as the diffusion obstacles. This observation was 
used by Kociric et al.,[50] where by combining iodine molecules adsorption with polarized light 
microscopy they distinguished the intracrystalline boundaries in twinned zeolite crystals. A 
significant step forward was done in the work of Geier et al., [51] where the intracrystalline 
concentration profiles of isobutene adsorption/desorption in silicalite-1 crystals with regular 
(90º rotated) intergrowths have been studied. Their study comprising interference microscopy 
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and Monte Carlo simulations on the molecular diffusion through the internal interfaces 
separating intergrown subunits of silicalite-1 crystals allowed to conclude that the planes 
dividing the subunits of MFI-type crystals act as the diffusion barriers.

AFI-type molecular sieves

One of the first studies on the AFI-type crystal structure done by Finger et al. focused 
on the synthesis of large, well defined crystals of SAPO-5[52] and AlPO-5.[53] From close 
examination of the scanning electron microscopy images (an example of AlPO-5 crystal is 
given in Figure 1.3a) they concluded that the external morphology of the AFI-type materials 
resembles regular hexagonal rods and no crystal’s twinning can be observed (Figure 1.3b). 
Later on, work of Ganschow et al.[54] on the coumarin dye encapsulation in AlPO-5 studied 
by polarized light dependent UV-Vis absorption spectroscopy revealed that the chromophore 
molecules always align parallel to the crystal c-axis, thus indicating the direction of 12-ring 
channels.

Figure 1.3. a, SEM microphotograph of the AFI-type crystal. Region where straight channels are open 
to the surface is indicated as A. b, Schematic representation of the AFI-type single crystal reported by 
Finger et al. [52, 53]. Pore orientation across the volume of the crystal is uniform, straight pores are 
parallel to the crystal c-axis. c, Same as b, but for a crystal reported by Klap et al. [55]. Pore orientation 
in the crystal’ core is the same as in b; no information on the pore orientation of the additional subunits 
are given. Different polarity of AFI-type framework is indicated in red and yellow. d, Same as c, but for 
a crystal reported by Seebacher et al. [56]. e, Schematic representation of the CrAPO-5 crystal reported 
by Lehmann et al. [57], revealing an additional star-like subcomponent present in the center of the 
crystal. f, Schematic representation of the AFI-type 12-ring micropores system opened to the surface 
of the hexagonal plane.
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 The very first example of twinning taking place in AFI-type crystals was reported 
by Klap et al., [55] where by means of scanning pyroelectric microscopy they recorded the 
polarization variation in the AlPO-5 crystals. The examined AlPO-5 crystals consisted from 
two halves growing outwards from the central plane of the material. The growth direction 
was always defined by the positive polarization reversing in the crystal’s center. Importantly, 
due to the same properties of the scanning pyroelectric microscopy polarization dependency, 
no insight into the symmetry operations between the two halves of the crystal i.e. rotation or 
reflection, could be obtained. Although the exact nature of the twinning found in AFI-crystals 
was not unraveled, the observation of reversed polarity of the crystal core compared to the 
surface regions in the center of the crystals led to a schematic reconstruction of the expected 
internal architecture model. This complex structure found with pyroelectric microscopy was 
connected to the electron microscopy photographs of not fully crystallized AlPO-5 crystals, 
suggesting an occurrence of a secondary nucleation processes resulting in the intergrowth 
crystal model shown in Figure 1.3c.
 The investigation of the AlPO-5 internal structure was continued in the work of 
Seebacher et al.[56] where by in-situ synthesis of  DCM dye (4-(Dicyanomethylene)-2-methyl-
6-(4-dimethylaminostyryl)-4H-pyran) within the AlPO-5 composite, a heterogeneous 
distribution of chromophore was recorded by confocal fluorescence microscopy. Hindered 
diffusion of the dye molecules in the AFI-type crystals allowed the reconstruction of their 
internal architecture as two pyramidal caps surrounded by six subunits (Figure 1.3d). In a 
follow up study of Lehmann and coworkers[57] on the intracrystalline concentration profiles 
of methanol examined with interference microscopy and FTIR microscopy detailed insight in 
the internal structure of chromium-substituted AlPO-5 (CrAPO-5) crystals was obtained. The 
recorded concentration profiles revealed a highly inhomogeneous intracrystalline distribution 
of the adsorbed methanol molecules, which were ascribed to a star-like intergrowth in the 
center of CrAPO-5 (Figure 1.3e).
 Their subsequent work on the inhomogeneous distribution of water adsorbed under 
low pressure in CrAPO-5 and silicon-substituted AlPO-5 (SAPO-5),[58] revealed no star-like 
patterns present in SAPO-5 crystals. In addition, the differences in the concentration profiles 
of CrAPO-5 and AlPO-5 were related to the varying internal structures of both materials. 
Lastly, the methodology used by Chmelik et al.[59] confirmed the work of Lehman and co-
workers associating the observed concentration profiles with the intracrystalline and external 
crystal surface limitations for the molecular uptake, i.e. molecular diffusion barriers.
 Despite numerous studies on the internal structures and related molecular diffusion 
barriers of MFI- type and AFI-type materials, no general consensus has been reached so 
far. Both internal architectures seem to be composed of different number of subunits and 
exist as both, single and twinned crystals. Nevertheless, in all cases the areas in which the 
building blocks are interconnected (seemingly regardless from their pore orientation) hinder 
the molecular diffusion and act as transport barriers, leading in extreme cases to blockage of 
certain parts of the zeolite crystal from the reactant molecules.[60] 
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Scope and Outline of the PhD thesis

In this PhD thesis, MFI- and AFI-type molecular sieves are studied on both the nano- and 
micro-meter scale using a variety of microscopic, spectroscopic and surface sensitive 
techniques. The goal of this approach is threefold: (1) resolving the intergrowth structure; (2) 
relating these structures to the crystal growth mechanism and (3) understanding the diffusion 
limiting behavior of the related intracrystalline and external transport barriers. 

In Chapter 2, a novel method is presented for determining the intergrowth structure 
of molecular sieves. The formation of light-absorbing and light-emitting template derived 
molecules during the thermal treatment of individual zeolite crystals has been monitored 
by a combination of optical and confocal fluorescence microscopy. As explained in the 
introduction, the studied zeolite materials in most cases are not single crystals, but consist 
of subunits varying the accessibility to the porous network and allowing subsequent 
visualization of the individual building blocks. This concept has been successfully applied 
to three different zeotype crystals: CrAPO-5 (AFI structure), SAPO-5 (AFI structure), and 
ZSM-5 (MFI structure), allowing visualization of their internal architecture and related 
molecular diffusion barriers.

Chapter 3 focuses on the elucidation of the internal architecture of large ZSM-
5 crystals. 18 different MFI-type zeolite crystals varying in their morphology, size and 
chemical composition have been analyzed with an innovative approach, based on confocal 
fluorescence microscopy, combined with focused ion beam milling, electron backscatter 
diffraction, atomic force microscopy and X-ray photoelectron spectroscopy. This correlative 
characterization approach allowed to propose a general consensus on the presence of internal 
and outer surface barriers as well as on the evolutionary intergrowth architecture of MFI-type 
molecular sieves.

The studies on the internal architecture and presence of molecular diffusion barriers 
discussed throughout this PhD thesis are connected to the template decomposition process. 
Therefore, Chapter 4 focuses on the understanding of chemical reactions occurring during 
the in-situ detemplation of as-synthesised zeolite ZSM-5 crystals. Here, the complementarity 
of UV-Vis and confocal fluorescence micro-spectroscopy is demonstrated as the zeolite 
crystals become dark and fluorescent upon heating. Spectral analysis allowed collection 
of the UV-Vis absorption spectra, together with the fluorescence emission spectra in the 
range of 400 – 750 nm. In this way, additional information about the product formation 
and distribution within the zeolite crystals volume could be obtained. In addition, polarized 
light dependent UV-Vis absorption measurements are applied to analyze the development of 
template derivatives with respect to the 90º rotational intergrowths of ZSM-5 crystals.

The experiments described in Chapter 5 focus on finding the relevant intergrowth 
structure of AFI molecular sieves. Herein, we systematically study 8 different micron-sized 
AFI-type crystals belonging to the MeAPO-5 family, having a wide range of morphologies 
and chemical composition. Confocal fluorescence microscopy, focused ion beam with 
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electron backscatter diffraction and atomic force microscopy are used to shed new insight 
in the internal architecture and molecular diffusion barriers. The obtained results allow us 
to propose a unified intergrowth architecture of the AFI-type materials and explain why the 
materials with the same internal structure appear to be different when studied with optical 
based microscopy.

 In Chapter 6, a new methodology is introduced to visualize the 3-dimensional 
distribution of mesopores generated in steamed ZSM-5 crystals. Focused ion beam milling 
and scanning electron microscopy tomography allowed examination of large zeolite crystals 
without the need of dissecting lamella and on a much larger scale than commonly applied for 
transmission electron tomography. Our findings correlate the mesoporosity introduced upon 
steaming with the parent zeolite accessibility and crystallographic orientation, proving the 
importance of knowing the exact orientation of each component within the architecture of 
individual zeolite crystals.

Chapter 7 focuses on the porosity, acidity and reactivity variations of steamed post-
treated ZSM-5 crystals. The dealumination process of individual coffin-shaped ZSM-5 zeolite 
crystals is studied with a combination of UV-Vis micro-spectroscopy, synchrotron-based IR 
spectroscopy, confocal fluorescence microscopy, atomic force microscopy, focused ion beam 
milling, high resolution scanning electron microscopy and X-ray photoelectron spectroscopy. 
The complementarity of our study reveals insight into the nature, location and strength of the 
Brønsted and Lewis acid sites in parent and steamed ZSM-5 crystals proving the great impact 
of steaming post-treatment on the internal and outer-surface barriers for molecular diffusion. 
The accompanying changes in the reactivity and accessibility performance of the zeolite 
crystals are tested in two catalytic reactions, namely the acid catalyzed oligomerization of 
styrene and the Methanol-to-Olefin reaction.

Chapter 8 summarizes the main findings of the above-mentioned chapters and puts 
forward an outlook for future research. 
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Chapter 2

 

 

Intergrowth Structure of Zeolite Crystals as 
Determined by Optical and Fluorescence Microscopy 

of the Template Removal Process

 

 
Abstract

The template removal process in zeotype materials has been mapped by a combination of in-
situ Optical and Confocal Fluorescence Microscopy (CFM). Upon the thermal treatment of 
zeolites containing organic template, light absorbing and emitting species are formed allowing 
visualization of the crystal’s internal architecture and revealing molecular diffusion barriers. 
This concept has been successfully applied to five different zeolite crystals of micrometer 
sizes. The study includes one CrAPO-5 (AFI-topology), three SAPO-5 (AFI-topology) and 
one ZSM-5 (MFI-topology) crystals. It has been found that both zeolite families have similar 
internal structures, however they seem not to be fully dependent on the framework type. 

This work is based on the following manuscript: L. Karwacki, E. Stavitski, M. H. F. Kox, J. Kornatowski, B. M. 
Weckhuysen, Angew. Chem. Int. Ed. 2007, 46, 7228.
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1. Introduction

The hydrothermal synthesis of zeolites often requires a structure-directing agent molecule 
to ensure the assembly of their long-range highly ordered porous structure. These template 
molecules, e.g. alkyl amines like triethylamine - TEA, or tetrapropylammonium bromide 
- TPABr, have to be removed from the formed micropores in order to use the crystalline 
materials as either adsorbents or shape-selective catalysts. To accomplish this, zeolites 
are calcined (thermally treated in an oxidative atmosphere) after synthesis to remove the 
organic template and allow reactant molecules to enter the channel system. The thermal 
decomposition of template molecules in different molecular sieves has been extensively 
studied using mainly thermo-analytical techniques,[1, 2] mass spectrometry[3, 4] and nuclear 
magnetic resonance.[5] However, these methods are bulk techniques, averaging out chemical 
information over the whole catalyst volume. On the contrary, relatively few attempts were 
undertaken to investigate physicochemical processes taking place in a single zeolite crystallite 
in a space and time resolved manner. The predominant method of choice to study calcination 
processes is IR microscopy, possessing a limited spatial resolution.[6]

 In this Chapter, a novel experimental approach based on the in-situ mapping of 
the organic template removal process in individual zeolite crystals is presented, allowing 
determining the intergrowth structure of the zeolite materials. The formation of light absorbing 
and emitting species during the thermal treatment has been followed by a combination of 
Optical and Confocal Fluorescence Microscopy (CFM). As the accessibility of the porous 
network in the zeolite crystal subunits varies,[7, 8] the individual building blocks can be readily 
visualized by following the template removal process in time. 

2. Experimental

2.1. Materials

CrAPO-5 (chromium aluminophosphate-5) and SAPO-5 (silicon aluminophosphate-5) 
crystals were synthesized hydrothermally without agitation in Teflon-lined autoclaves using 
triethylamine as template. The gel compositions were as follows: CrAPO-5 (sample I): 0.9 
Al2O3 : 1.05 P2O5 : 0.05 Cr2O3 : 1.55 TEA : 270 H2O : 0.1 CH3COOH heating was kept at 
190°C for 72 h. SAPO-5: 1 Al2O3 : 1.03 P2O5 : 0.2 SiO2 : 1.55 TEA : 270 H2O for SAPO-5 
samples II and IV varying in silica source. Sample III had 0.15 SiO2 and 750 H2O. The 
crystallization process was carried out for 63 h at 190°C and the obtained materials have 
been purified by multiple decantation, filtered, washed and dried at 110°C overnight. Large 
ZSM-5 crystals (sample V) were grown by reacting silica (Ludox AS40) and Al2O3 taken as 
hydrargillite with tetrapropylammonium bromide – (TPABr, Fluka) and NaHCO3 used as the 
sodium salt. The composition of the reacting gel was: 90 SiO2 : 1 Al2O3 : 12 Na2O : 2076 H2O : 
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9 TPABr. The synthesis gel was heated in a Teflon-lined stainless steel autoclave at 453 K and 
autogeneous pressure was applied for 96 h without agitation. After completion of the process, 
the autoclave was cooled down slowly and the materials obtained were filtered, washed and 
dried. In Table 2.1 all samples under investigation are listed, displaying their dimensions, 
Length/Width aspect ratio and framework type, while scanning electron microscopy (SEM) 
images of the large zeotype crystals under investigation are presented in Figure 2.1.  

Table 2.1. Overview of the investigated zeotype crystals. The five crystals used as showcases are listed 
as I-V.  The framework type is AFI for crystals I-IV and MFI for crystal V.

Sample Crystal 
Dimensions 

L×W×T  (µm)

Aspect ratio
(L/W) Framework type

Type Number

CrAPO-5 I 25×25×22 1.00 AFI

II 50×50×45 1.00 AFI

SAPO-5 III 60×40×36 1.50 AFI

IV 35×20×18 1.75 AFI

ZSM-5 V 200×55×55 3.60 MFI

Figure 2.1. SEM microphotographs of the crystals under study, listed according to an increasing aspect 
ratio (crystals I-V). Scale bar represents: 10 μm for crystal I, 15 μm for crystals II and III, 7 μm for 
crystal IV and 40 μm for crystal V (see Table 2.1 for the exact dimensions and additional information).
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2.2. Methods

The microscopic measurements were performed using a Linkam FTIR 600 in-situ 
spectroscopic cell equipped with a temperature controller (Linkam TMS 94) and mounted to 
the optical or confocal fluorescence microscope. Schematic representations of the in-situ cell 
along with the photograph are presented in Figure 2.2.  

Figure 2.2. Schematic representation a and photograph b of the in-situ spectroscopic cell used for the 
microscopic analysis of the template removal process. 

2.2.1. Optical micro-spectroscopy

As-prepared zeolite samples were heated in a Linkam FTIR 600 in-situ cell attached to the 
optical microscope stage. During heating the cell was flushed with N2 (20 ml/min). The 
samples were heated to 500 K with a rate of 10 K/min, then to 700 K (800 K for ZSM-5) with 
a rate of 5 K/min and kept at this temperature for 120 min. Optical microphotographs were 
acquired with an Olympus BX41M upright research microscope equipped with a 50×0.5 
NA high working-distance microscope objective lens and a 75W tungsten lamp used for 
illumination. The microscope was equipped with a CCD video camera (ColorViewIIIu, Soft 
Imaging System GmbH) and an optical fiber mount. A rotatable polarizer was introduced 
between the objective lens and detector to tune the particular light polarization. A schematic 
illustration and photograph of the UV-Vis micro-spectroscopic set-up can be found in Figure 
2.3. 
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Figure 2.3. a, Photograph of the UV-Vis micro-spectroscopy set-up. The microscope is placed on 
the anti-vibration table in order to avoid interferences during imaging. b, Zoomed-in digital camera 
mounted on the front port of the microscope. The rear optical fiber port is connected to the spectrometer 
allowing simultaneous acquisition of the optical images and spectra. c, The in-situ reactor cell sitting on 
the table of the UV-Vis microscope. Light passes through the transparent window of the cell and allows 
studying the changes in the specimen coloration in the real time.

2.2.2. Confocal fluorescence microscopy

The confocal fluorescence microscopy set-up was based on a Nikon Eclipse LV150 
microscope with a 50×0.55 NA dry objective. Measurements were performed using a 
Linkam FTIR 600 in-situ spectroscopic cell mounted to the confocal fluorescence 
microscope. Schematic representations of the microscopic set-up and the photographs are 
presented in Figure 2.4. The measurement conditions were identical to the experiments 
performed with the UV-Vis micro-spectroscopy setup (N2 stream (20 ml/min), heating 
to 500 K with a ramp of 10 K/min and then to ~800 K (5 K/min ramp)). Samples were 
immediately cooled to room temperature after obtaining the strongest fluorescence 
signal. Confocal images were acquired with a Nikon D-Eclipse C1 head equipped 
with three lasers (405 nm, 488 nm and 561 nm). The emission was detected with three 
photomultiplier tubes in the range 425-475, 510-550 and 575-635 nm for the three lasers, 
respectively (in order to avoid channel overlap). Full stacks of the confocal slices were 
used to reconstruct the three-dimensional spatial distribution of the fluorescent species in 
the individual zeolite crystals.  
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Figure 2.4. a, Photograph of the confocal fluorescence microscopy set-up. The microscope is placed on 
the anti-vibration table in order to avoid interferences during imaging. b, Zoomed-in confocal head of 
the microscope. Recorded image can be seen either in the binoculars, through the confocal head, or the 
camera. c, The in-situ reactor cell sitting on the table of the confocal fluorescence microscope. Light 
passes through the transparent window of the cell and allows studying the changes of the specimen 
fluorescence emission in real time. d, Schematic illustration of the light pathways in the confocal 
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fluorescence microscope. Laser light passes through the pinhole and is reflected by the dichromatic 
mirror focused on a certain volume of the specimen. The photo excited sample emits the signal through 
the dichromatic mirror and the pinhole to the detector. Out-of-focus light is being cut off on the detector 
pinhole.

2.2.3. Scanning electron microscopy

Crystals were sprinkled on an aluminum stub with a carbon sticker and subsequently sputter 
coated with 10 nm Pt/Pd (Cressington Sputter Coater 208HR + Cressington thickness 
controller MTM20). Crystal’s size and morphology were determined with a Tecnai FEI 
XL 30SFEG Scanning Electron Microscope (SEM) from FEI. The microscope is shown in 
Figure 2.5. A secondary electron detector (SE) and back scatter detector (BSE) were used.

Figure 2.5. Photograph of the SEM microscope. Images illustrate the location of the electron column 
and both, secondary electron detector (SE) SE and back scatter detector (BSE). 

3. Results and discussion

In a first attempt of obtaining detailed information about the internal architecture of micron-
sized zeotype crystals the template removal processes within CrAPO-5 materials was 
investigated with in-situ optical microscopy. The crystals with the average dimensions 
of 25×25×22 μm appear flawless under the bright-field illumination, however, micro-
photographs taken during the heating process show that the crystals attain a dark coloration. 
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Surprisingly, thermal treatment of the crystals results in a non-uniform color pattern. Figure 
2.6, shows the optical micro-photographs taken upon the detemplation of the CrAPO-5 
crystals (crystal I). First, a darkening is observed on the hexagonal flat planes of the crystals 
at ~ 640 K, followed by the side planes at 675 K. Eventually, the hexagonal face clears up, 
showing only remaining darkening on the outskirt of the plane. At the same time a darkening 
front on the side planes advances towards the central part as the temperature increases. As 
the heating continues (after 30 min at 700 K), the crystals regain translucency, indicating the 
complete removal of the template derivatives. 

Figure 2.6. Optical microphotographs of CrAPO-5 crystals (crystal I) taken during thermal detemplation. 

Along the in-situ optical microscopy measurements, wide-field and confocal 
fluorescence microscopy images were taken during CrAPO-5 heating as illustrated in Figure 
2.7. Furthermore, by using the same in-situ cell as for the optical microscopy measurements 
a full comparison of the data becomes possible. As evidenced from Figure 2.7a strong 
fluorescence emerges at 615 K; as the heating continues, the features of the spatial pattern 
follow those observed with optical microscopy, with an exception of a star-like feature, 
observable at 640 K. The fluorescence patterns, observed at the relatively early stage of 
heating, appear due to the formation of fluorescent products in the inner subunits. Although 
the template derivatives generated in the outer section of the crystal can be gradually removed 
upon heating, above 95% of crystal volume emits strong fluorescent signal. Remarkably, 
apart of the wide-field fluorescence measurements, formation of fluorescent species within 
the zeolite crystal can be directly mapped in three dimensions using confocal fluorescence 
microscopy, allowing an unequivocal visualization of the crystal’s internal architecture and 
the diffusion barriers. 
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Figure 2.7. a, Wide-field fluorescence microphotographs of CrAPO-5 crystals (crystal I) taken upon 
the template decomposition. Fluorescence intensity is normalized in order to avoid under- and over- 
exposure, with the strongest signal at 675 K. b and c, Confocal fluorescence microscopy images of 
CrAPO-5 crystals along the top and side planes taken at ~ 660 K. A set of three lasers (405,  488 and 
561nm) was used, whereas the detection was carried in the 425-475, 510-550 and 575-635 nm regions 
color-coded as blue, green and red, respectively. 

 Figures 2.7b and c show the confocal fluorescence slices taken along two different 
axes of the CrAPO-5 crystal at 660 K. As the depth of the focal point changes, star-like 
(Figure 2.7b) and hourglass patterns (Figure 2.7c) can be noticed, supporting an internal 
structure of the CrAPO-5 crystals.[8] The reconstructed internal architecture comprises from 
two central hexagonal pyramidal subunits (with the star-like plane in crystal’s middle) and 
six smaller rectangular blocks surrounding them (see Figure 2.8). An analogous model was 
presented before by Lehmann et al., where it was deduced from the distribution of adsorbed 
methanol investigated with interference microscopy.[8]
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Figure 2.8. a, 3-dimensional representation of the reconstructed intergrowth structures (based on 
confocal fluorescence measurements) of the large zeotype crystals under study (CrAPO-5 – upper 
subunit is not shown, SAPO-5 and ZSM-5). b, Same as a, but for the ‘opened’ representation of the 
crystal. Front subunits of CrAPO-5 and SAPO-5 are not shown.  

In order to assess the relevance of our model for AFI-type crystals based on the 
CrAPO-5 material, a series of three different batches of SAPO-5 crystals (crystals II-IV) 
varying in size and morphology were analyzed. Figure 2.9a shows a series of the wide-
field fluorescence images recorded upon the thermal treatment of crystal II. Again, a 
clear presence of an hour-glass pattern can be observed e.g. around 635 K, however here 
pyramidal subunits meet in a single point in the center of the crystal, rather that at a plane as 
in the case of CrAPO-5. Unfortunately, as the studied SAPO-5 crystals do not posses a flat 
hexagonal plane, or their L/W aspect ratio extends above one (Figure 2.1), wide-field and 
confocal fluorescence images were collected only from the rectangular plane of the materials 
under study. Consequently, in order to resolve the three dimensional structure of the above 
mentioned samples confocal fluorescence images of different crystal’s planes were collected 
as visualized in Figure 2.9b. 

All SAPO-5 crystals demonstrate a similar fluorescence pattern upon heating, 
however, the recorded data leads to the proposal that SAPO-5 crystals comprise two 
pyramidal-shaped subunits, meeting in a single spot at the center of the crystal, rather than 
in a plane. This is illustrated in Figure 2.8, where the general model for SAPO-5 crystal is 
shown. 
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Figure 2.9. a, Wide-field fluorescence microphotographs of SAPO-5 crystals taken upon the 
detemplation. Fluorescence intensity is normalized in order to avoid under- and over- exposure, with 
the strongest signal recorded at 625 K. b, Confocal fluorescence microscopy images of SAPO-5 
crystals II-IV, taken at ~ 620 K. Crystals where excited with 561 nm laser, whereas emission was 
collected between 575-635 nm. Images are presented as thermal maps, the warmer the color the higher 
the intensity. 

 In a final study, ZSM-5 crystals (crystal V) with dimensions of 50×200×50 μm were 
examined with the same methodology. Figure 2.10 shows the presence of a clear hour-glass 
shape in both the wide-field fluorescence and confocal fluorescence images. Although the 
optical images do not reveal strong differences in the amount of the template derivatives, 
an excellent contrast can be obtained if optical microscopic images are taken under crossed 
polarizers (Figure 2.10c) as described previously by Weidenthaler and co-workers.[9] The 
presence of the pattern is indicative of 90° twin-intergrowths common for large ZSM-5 
crystals.[7, 10-12]  A representation of the intergrowth structure is schematically shown in Figure 
2.8. 
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Figure 2.10. a, Wide-field fluorescence microphotographs of ZSM-5 crystals (crystal V) taken upon the 
thermal treatment. Fluorescence intensity is normalized in order to avoid under- and over- exposure, 
with the strongest signal detected at 780 K. b, Confocal fluorescence microscopy images of ZSM-
5 crystal (V), taken at ~ 780 K. Crystals where excited with 561 nm laser, whereas emission was 
detected between 575-635 nm. Images are presented as thermal map, the warmer the color the higher 
the intensity of the fluorescence signal. 

 All models presented in Figure 2.8 show remarkable similarities between their 
internal architectures. More specifically, the model intergrowth structure include two 
pyramidal subunits, interconnected in the centre of the zeolite crystal (either a single point 
or a plane), and is being surrounded by four or six building blocks. This suggests that most 
AFI-type crystals at the early stage of the synthesis, will depend on a rapid growth along one 
direction (usually the long crystalline c-axis), possibly resulting in a dumbbell shaped crystal, 
observed at the early stages of the synthesis.[13] Subsequently, surrounding subunits will fill 
the centre of the crystal forming a regular shape. In addition, a secondary nucleation process 
may occur at the interface between the primary and secondary subunits, making the diffusion 
barriers separating them defect-rich. 
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4. Conclusions

In this Chapter the thermal decomposition of template molecules in various zeotype materials 
in the form of micron-sized crystals have been studied. As a result of the thermal treatment of 
as-prepared zeotype crystals the formation of light-absorbing and fluorescent intermediates 
can be monitored in an in-situ manner, allowing the imaging of their spatial distribution in 
both 2-D (optical micro-spectroscopy) and 3-D (confocal fluorescence microscopy). Upon 
diffusion of the formed template molecule derivatives internal molecular diffusion barriers 
can be observed, allowing their 3-D reconstruction and the visualization of the crystal’s 
internal architecture. The described method is generally applicable to the study of zeolite 
intergrowths and it will be used throughout the remainder of the PhD thesis to localize and 
differentiate molecular diffusion barriers within molecular sieves.
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Chapter 3

 

 

Morphology Dependent MFI-type Zeolite 
Intergrowth Structures Leading to Distinct Internal 

and Outer Surface Molecular Diffusion Barriers

 

 
Abstract

A wide range of MFI-type zeolite crystals with varying morphology and chemical 
composition has been investigated using a novel approach, correlating Confocal Fluorescence 
Microscopy (CFM) with Focused Ion Beam milling (FIB), Electron Backscatter Diffraction 
(EBSD), Transmission Electron Microscopy (TEM) lamelling and diffraction, Atomic Force 
Microscopy (AFM) and X-ray Photoelectron Spectroscopy (XPS). A unified view on the 
morphology-dependent MFI-type intergrowth structures is demonstrated and evidence for the 
presence and nature of internal and outer surface barriers for molecular diffusion is provided. 
It has been found that internal surface barriers not only originate from a 90º mismatch in 
structure and pore alignment, but also from small angle differences of 0.5-2º for particular 
crystal morphologies. In addition, outer surface barriers appear to be composed of a silicalite 
outercrust with a thickness varying from 10-200 nm. 

This work in based on the following manuscript: L. Karwacki, M. H. F. Kox, D. A. M. de Winter, M. R. Drury, J. D. 
Meeldijk, E. Stavitski, W. Schmidt, M. Mertens, P. Cubillas, N. John, A. Chan, N. Kahn, S. R. Bare, M. Anderson, 
J. Kornatowski, B. M. Weckhuysen, Nat. Mater. 2009, 8, 959.

Lukasz Karwacki and Marianne Kox equally contributed to this work and therefore this Chapter is part of both PhD 
theses. 
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1. Introduction

The internal structure and related molecular diffusion barriers of large ZSM-5 crystals 
belonging to the MFI-type family are still under debate. Certain crystals seem to be 
optically perfect, while others show planes possibly related to the presence of intergrowths. 
Two different models of the coffin shaped ZSM-5 have been so far put forward and are 
schematically illustrated in Figure 3.1. The first one (Figure 3.1a), describing the crystal as a 
90° rotational intergrowth and having six subunits, is denoted as the two-component model.
[1-3] The second model (Figure 2.2b) suggests three types of components in the crystal body, 
different orientation of the pore system and is denoted as the three-component model.[4-6] As 
a consequence, the suggested models posses different overall pore geometry, which will have 
an impact on the molecular diffusion behavior within the material.  

Figure 3.1. a, “Opened” representation of two-component models of coffin-shaped zeolite ZSM-5 
crystal. b, same as a, but for the three-component model. Orientations of crystal axes in the individual 
subunits vary according to the colour coding. The straight pores align with the b crystal axis, whereas 
the sinusoidal channels are parallel with the crystal axis a.

In order to better understand the catalytic properties of MFI-type zeolites, it is 
crucial to obtain fundamental insight into the true internal architecture, diffusion barriers and 
external topology. In this Chapter, a detailed study of the 18 different individual MFI-type 
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zeolite crystals is presented, correlating the crystal’s morphology, intergrowth structure and 
the presence of internal and external diffusion barriers. In order to obtain a detailed image 
on the MFI-type intergrowth structure, a novel correlative characterization approach was 
employed, based on Confocal Fluorescence Microscopy (CFM), Focused Ion Beam (FIB) 
milling and Electron Backscatter Diffraction (EBSD), Transmission Electron Microscopy 
(TEM) lamelling and diffraction, Atomic Force Microscopy (AFM) and X-ray Photoelectron 
Spectroscopy (XPS).  

2. Experimental

2.1. Materials

Figure 3.2 shows scanning electron microscopy (SEM) images of the MFI-type crystals 
under investigation, while in Table 3.1 all examined MFI-type crystals are listed displaying 
their morphology (aspect ratio), dimensions and chemical composition (Si/Al ratio). The 
crystals were synthesized following a procedure elaborated for growing large crystals having 
a MFI-type structure (for details see the original recipe in[7]). The standard composition of the 
reaction gel (as the formal molar oxides ratio) was 90 SiO2 : 1 Al2O3 : 12 Na2O : 2100 H2O : 9 
TPABr, where TPABr denotes tetrapropylammonium bromide, used as the template molecule. 
Crystals XVIII were prepared with tetrapropylammonium hydroxide (TPAOH) in the same 
amount. The silicalite-1 samples III and IV where synthesized without Al compound, while 
the gel for sample IV contained only 1000 H2O. The SiO2 source was Ludox AS40 and 
Al2O3 was taken as hydrargillite. The sodium salt was mostly NaHCO3, except Na2HPO4 for 
samples VI and VIII, Na3PO4 for XIII, Na2SO4 for XII, and Na2SO3 for XIV. Samples III, 
VIII, and XVIII were synthesized with addition of methanol to the reaction gel (9, 9 and 20 
moles, respectively). The hydrothermal treatment of the reaction gels was performed without 
stirring at 456 K in stainless steel autoclaves with Teflon inlays for 5 to 12 days. The products 
were recovered by standard filtration, washing, and drying at approximately 400 K overnight. 
The raw materials for the synthesis of crystals I were (1) Ludox AS40, (2) TPABr (Fluka), (3) 
Al2(SO4)3

.18H2O (Baker) and (4) NH4OH (29%), with molar compositions of 6.65 (NH4)2O 
/ 0.67 TPA2O / 0.025 Al2O3 / 10 SiO2 / 121 H2O. For synthesis, (1) and (2) were mixed, 
consequently (3) was added and mixed for 5 min, followed by addition of (4) and mixing 
for ~ 7 min. Subsequent heating was carried out 2 h to 453 K (7 days soak time under static 
conditions), followed by washing and drying at 393 K for 12 h.
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Figure 3.2. SEM microphotographs of the MFI-type crystals under study, listed according to a 
decreasing aspect ratio. Scale bar represents: 10 μm for crystal I, 5 μm for crystal II, 25 μm for crystals 
III and IV, 40 μm for crystal V, 50 μm for crystal VI, 40 μm for crystal VII, 20 μm for crystal VIII, 20 
μm for crystal IX, 10 μm for crystal X, 30 μm for crystals XI and XII, 15 μm for crystal XIII, 30 μm 
for crystal XIV, 25 μm for crystals XV and XVI, 2 μm for crystal XVII and 10 μm for crystal XVIII.

2.2. Methods

2.2.1. Confocal fluorescence microscopy 

The confocal fluorescence microscopy set-up is based on a Nikon Eclipse LV150 
microscope with a 50×0.55 NA dry objective. Measurements were performed using a 
Linkam FTIR 600 in-situ spectroscopic cell equipped with a temperature controller and 
mounted to the fluorescence microscope. For typical measurements, as-prepared samples 
were placed in the in-situ cell and heated under a N2 stream (20 ml/min), first to 500 K 
with a ramp of 10 K/min and then to 800 K (5 K/min ramp). Consequently, the samples 
were immediately cooled to room temperature. Confocal images were acquired with a 
Nikon D-Eclipse C1 head equipped with three lasers (405 nm, 488 nm and 561 nm). The 
emission was detected with a photomultiplier tube combined with the three detection 
filters sensitive in the range 425-475, 510-550 and 575-635 nm for the three lasers. 
Full stacks of the confocal slices were used to reconstruct the three-dimensional spatial 
distribution of the fluorescent dyes in the individual MFI-type zeolite crystals.  
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Table 3.1. An overview of the investigated MFI-type crystals. The four crystals used as showcase are 
listed as (A-D).  Small case letters indicate to which parent intergrowth group (A-D) they belong. Si/Al 
ratios were determined by energy-dispersive X-ray (EDX) analysis in combination with SEM.

Sample Aspect ratio
(L/W)

Crystal Dimensions 
L×W×T  (µm)

Si/Al ratio
(from EDX)Type Number

A I 4.80 100×20×20 ~ 20

B II 4.60 50×11×11 over 2000

c III 3.50 195×55×55 over 2000

c IV 2.80 205×75×75 over 2000

c V 2.40 260×110×110 42

c VI 2.20 280×130×130 24

c VII 2.15 200×90×90 42

c VIII 1.90 80×40×40 10

c IX 1.90 125×60×60 45

c X 1.85 90×50×50 12

c XI 1.85 130×70×70 45

c XII 1.75 210×120×120 24

c XIII 1.65 60×35×35 36

d XIV 1.60 145×90×90 18

c XV 1.60 125×75×75 50

D XVI 1.60 115×70×70 40

c XVII 1.20 12×10×10 over 2000

C XVIII 1.15 70×60×60 24

2.2.2. Focused ion beam milling and electron backscatter diffraction

FIB-EBSD measurements were performed on the Dualbeam (Nova Nanolab600, FEI); a 
combination of a gallium ion beam and a scanning electron microscope (SEM). The set-
up is shown in Figure 3.3. As the zeolites are made of light elements and have extremely 
low densities (under 2 g/cm3), they are poor electron scatterers and make their imaging 
a challenging task.[8] In order to prevent amorphization of the milled surface FIB milling 
experiments were performed using low beam energies (typically 5 kV) and ion currents of 
8.4 nA and 1 nA for rough milling and polishing of the surface, respectively. Furthermore, 
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milling was performed parallel to the surface of interest, to further avoid the possibility of 
amorphization. The electron beam conditions used to obtain the diffraction patterns were 30 
kV for the acceleration voltage and 0.63 nA for the current. 
 As zeolites give rise to rather weak diffraction patterns and due to the electron beam 
sensitivity of zeolites, enhancing the signal-to-noise ratio by increasing the data collection 
time is hardly possible. Therefore, automated recognition of the diffraction bands by the 
software could not be performed. Nevertheless, after the bands were selected manually, is 
was feasible to index the patterns with an orthorhombic structure of ZSM-5.[9] Unambiguous 
indexing of the patterns is possible if certain diffraction bands, either the {133}, {804} or 
{151} type bands could be recognized. 

Figure 3.3. Photograph of the FEI Dualbeam microscope set-up. The insertion shows the photograph 
taken inside the vacuum chamber of the microscope, illustrating the location of the ion beam, electron 
beam, gas injection system (GIS, e.g. for Pt deposition), cathode luminescence (CL) detector and the 
location/direction of the EBSD detector. 

2.2.3. Scanning electron microscopy

Crystals were sprinkled on an aluminum stub with a carbon sticker and subsequently sputter 
coated with 10 nm Pt/Pd (Cressington Sputter Coater 208HR + Cressington thickness 
controller MTM20). Crystal’s size and morphology were determined with a Tecnai FEI XL 
30SFEG Scanning Electron Microscope (SEM) from FEI. A secondary electron detector (SE) 
and back scatter detector (BSE) were used.
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2.2.4. Lamella preparation and transmission electron microscopy 
measurements

The preparation of a TEM lamella has been done using the FEI Dualbeam setup. In a first 
step, parts of a zeolite crystal were milled off, followed by attachment of the remainder 
to an Omniprobe, using gas injection system for Pt deposition. Consequently, the lamella 
was mounted on a TEM grid and secured using Pt deposition. Finally, certain parts of the 
lamella were milled off to obtain regions of 100 nm thickness using a beam energy of 5 kV 
and ion current of 70 pA (see the details of the lamella preparation in Figure 3.12). TEM 
measurements were conducted in a FEI 200kV FEG microscope, using a double tilt holder, 
with bright field diffraction contrast imaging and selected area diffraction patterns (SADP) 
collected from areas of a few microns in diameter.  All images and diffraction patterns were 
recorded digitally with a CCD camera.

Figure 3.4. Photograph of the TEM microscope. Insertion shows the photograph of the microscope 
vacuum chamber with the fluorescent disc acting as a projector system. CCD detector acting as the 
digital detector is localized underneath the fluorescent disc allowing to obtain digital images of the 
specimen.

2.2.5. 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 
have been mounted in a polymeric Crystalbond 509 resin on a glass slit and placed under a 
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Xiovert 200, Zeiss inverted microscope. The entire crystal surface was measured in several 
steps, varying the scanned area from 15 × 15 µm to 0.5 × 0.5 µm. The individual images have 
been reconstructed into one image using JPK processing software. 

Figure 3.5. a, Photograph of the AFM setup based on the scanning head and inverted microscope. b, 
A photograph showing the details of the NanoWizard II scanning head. AFM tip is moved down to the 
specimen by the three piezoelectric elements placed in three corners of the scanning head. 

2.2.6. X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) data were collected using either 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 x 10-9 mbar. The XPS spectra were collected using monochromatic AlKα 
radiation (1486.6 eV). Charging was neutralized using the instrument’s combined low energy 
electron flood gun and low energy argon ion gun. 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 MFI-type 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. Bulk averaged 
signal was obtained by grinding the zeolite crystals prior to XPS analysis. For this, XPS was 
performed using a 100 μm beam, rastered over an area of 1400 × 300 μm. In that case, the 
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ground samples were dispersed on a tape.
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, 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).

Figure 3.6. Photograph of the X-ray photoelectron spectroscopy setup. Insertion shows the zoomed-
in photograph of the setup, illustrating the location of the ion and electron beams, cylindrical sector 
analyzer (CSA) and the monochromator. 

3. Results and discussion

To reveal the intergrowth structure of the 18 MFI-type crystals under investigation (Figure 
3.2 and Table 3.1), the as-synthesized crystals were thermally treated up to 780 K to 
partially decompose the organic template molecules. The resulting confocal fluorescence 
images taken at the middle depth cross-section of the crystals are shown in Figure 3.7. All 
crystals demonstrate the previously described ‘hourglass pattern’ and based on their confocal 
fluorescence images it is proven that the intergrowth structures varies from one crystal to 
another.
  To explore these differences in more detail, four crystals belonging to the different 
groups of intergrowths will be discussed in the remainder of this Chapter. These crystals, 
namely I, II, XVI and XVIII, will be further denoted as crystals A-D, respectively (Table 3.1 
and Figure 3.7). Crystal A can be assigned to the classic MFI-type twin intergrowth, having 
six subunits with pyramidal boundaries and is described in detail in Chapter 1, whereas a 
schematic illustration can be found in Figure 3.1a. As visualized, the crystal has the simplest 
type of hourglass pattern. In case of crystal B, examination of the fluorescence image reveals 
the presence of an additional middle component, resulting in seven subunits. Crystals C and 
D, comprising of 10 and 11 components, respectively, are similar to crystals A and B with the 
difference arising from the presence of four diagonal subunits, further denoted as wedges. It 
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is important to stress that until now, the presence of these four wedges along with the middle 
piece, have never been experimentally evidenced in the literature.

Figure 3.7. Confocal fluorescence images of the MFI-type crystals under study recorded halfway 
through the crystal and listed according to a decreasing aspect ratio. Scale bar represents: 10 μm for 
crystal I, 5 μm for crystal II, 25 μm for crystals III and IV, 40 μm for crystal V, 50 μm for crystal VI, 
40 μm for crystal VII, 20 μm for crystal VIII, 20 μm for crystal IX, 10 μm for crystal X, 30 μm for 
crystals XI and XII, 15 μm for crystal XIII, 30 μm for crystal XIV, 25 μm for crystals XV and XVI, 
2 μm for crystal XVII and 10 μm for crystal XVIII (see Table 1 for the exact dimensions). The images 
are presented in grayscale; the brighter the image, the higher the fluorescence intensity.

In order to determine the crystallographic orientation of the 6 to 11 components, 
identified by fluorescence microscopy, EBSD measurements were undertaken after FIB 
milling of the crystals halfway through their thickness. Figure 3.8a illustrates the SEM 
images of crystals A-D, indicating from which regions diffraction patterns were recorded, 
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whereas Figures 3.8b and c show the corresponding indexed EBSD patterns.  

Figure 3.8. a, SEM microphotographs of a ZSM-5 crystal A after ion milling halfway through the 
crystals’ side planes. Regions from which diffraction patterns have been recorded are indicated by the 
orange circles and blue squares. b and c, Indexed diffraction patterns obtained from the blue squares 
and orange circles, respectively. Diffraction patterns were indexed manually based on an orthorhombic 
structure of ZSM-5.

Strikingly, it appears that in all four crystals only two distinct diffraction patterns 
can be observed, changing the orientation of the a- and b- axis with respect to the common 
crystallographic c-axis. Note that the b-axis lines up with the orientation of the straight pores. 
Therefore, taking together all EBSD data, it can be concluded that the 18 crystals under 
investigation are fully consistent with the classic 90º rotational twin intergrowth, and they 
represent an evolution of the same intergrowth structure. Indeed, the diffraction patterns 
recorded in the middle components of crystals B and D, reveal an identical crystallographic 
orientation as for the two subunits present along the c-axis (color coded in blue). In addition 
to that, the diagonal wedges have the same orientation as the pyramidal subunits present along 
the a- and b- axis (color coded in orange). To visualize this conclusion, Figure 3.9 shows 
the three-dimensional representations of the crystals internal architectures and indicates the 
crystallographic orientation of the individual subunits. 
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Figure 3.9. “Opened” representation of the MFI-type crystals with distinct morphologies and 
intergrowth structures for crystals A, B, C and D. Subunits differing in their crystallographic orientation, 
i.e. pore geometry, are colour coded in blue and orange, indicating a 90º rotation over the common 
crystallographic c-axis. The orientation of the crystallographic a-, b- and c-axis is indicated. 
 
 As the presence of internal molecular diffusion barriers within zeolites could have 
a large impact on their catalytic performances,[10-14] it is essential to obtain a fundamental 
understanding of the relationship between the crystal morphology and the presence of the 
different subunits. Although the dimensions range between 12 × 10 × 10 μm and 280 × 130 
× 130 μm (see Table 3.1 and Figure 3.2), the Length/Width (L/W) aspect ratio varies from 5 
to nearly 1. To examine the correlation between the aspect ratio of the crystals and the size 
of the subunits (angles of α and β subunits, Figure 3.10a), these parameters, based on the 
confocal fluorescence data, are plotted in Figure 3.10b.

Figure 3.10. a, Schematic representation of the internal architecture of crystal C (halfway through 
its thickness). The different subunits are labelled as α, β, γ. b, The relation between the Length/Width 
(L/W) aspect ratio of the examined crystals and the angles of the α (left Y-axis) and β (right Y-axis) 
subunits. The data points from left to right correspond to samples (XVIII) to (I) in Table 3.1.

Chapter 3



� 45

Three different regions can be distinguished. The first one, going from nearly cubical 
crystals (L/W ~ 1) to crystals with an aspect ratio of 1.8 where both α and β subunits decrease. 
In the second region, between aspect ratio 1.8 and 4, subunit β continues to decrease linearly, 
whereas the size of subunit α remains unchanged, showing an inflection point around 1.8. 
Finally, for ratios above 4, subunit β disappears completely, and subunit α slowly starts to 
decrease. This suggests that the appearance of the additional subunits is caused by a relative 
change in crystal’s growth rates. 

Figure 3.11 shows a schematic growth model for a MFI-type zeolite crystal, 
illustrating the above mentioned effect of change in relative a/b growth rates on the observed 
intergrowth structure. A cross-section of a single MFI-type crystal is presented in Figure 
3.11a. The dashed boundaries represent the planes where the (100) and (101) faces meet. 
Upon growth, due to a layer advancement mechanism, a mismatch at places where the steps 
from each face meet might be present, hence producing a plane with a higher concentration of 
defects that may act as a diffusion barrier. In Figure 3.11b, the same crystal, 90º rotated over 
the c-axis and having one crystal face, is shown. Here, the dashed lines are solely present 
to indicate the angle θ. As a consequence of a higher growth rate along the a-axis (ka) as 
compared to the b dimension (kb), clear differences in angles τ and θ appear. Combination of 
the two crystal planes (obtained by superimposing) leads to a complex intergrowth structure 
as shown in Figure 3.11c and d for the cross-section and the upper view, respectively. 

Figure 3.11. a, Cross-section of a MFI-type single crystal, viewed from the top (dashed lines represents 
the planes where (101) and (100) faces meet). b, Same as a, but side view representation (dashed 
line illustrates that the angle θ is smaller than angle τ in (a), as ka>kb). c, Intergrown MFI-type crystal 
obtained by the superimposing images of two individual crystals as shown in a and b. Straight pores 
are parallel to the surface for subunit A and open to the outer surface for the subunits B and C. d, Same 
as c, but for the upper view of the crystal. e, SEM image of crystal IX (see Table 3.1 and Figure 3.2) 
visualizing an intergrown twin ZSM-5 crystal where ka>kb. Notice the remarkable similarity between 
the crystal’s schematic drawing and the appearance of the synthesized twinned crystal, presented in 
d and e, respectively. Color coding indicates alignment of the straight pores which is identical to the 
crystal models presented in Figure 3.9.
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Here, due to the effect of twinning along with the aforementioned growth rate 
differences, three types of subunits with distinct crystallographic orientations (A-C) and two 
boundaries (depicted by full and dashed lines) emerge. It is reasonable to assume that the 
wedges only appear when τ > θ, i.e. when ka > kb. In addition, it is noteworthy to refer to 
the similarity between the image presented in Figure 3.10a and the superimposed image 
presented here. Moreover, the SEM image of a MFI-type crystal with low aspect ratio (crystal 
IX) presented in Figure 3.11e appears to be identical to the hypothetical growth model, which 
is presented in Figure 3.11d. Dependent on the initial twinning growth rate, crystal structures 
with or without the middle component can develop, i.e. if twins form at the start of the growth 
then there would be no central sub-unit, whereas the middle piece could be observed when 
initially only one orientation grows.

So far, the combination of CFM, FIB sectioning and EBSD has allowed us to explain 
the presence of molecular diffusion barriers for the crystals with classical 90º rotational 
mismatch in pore alignment. However, no insight has been obtained regarding the barriers 
related to the presence of the wedges (subunits β). For this purpose, a TEM lamella with 
dimensions of 50 × 60 μm has been dissected out of crystal D by FIB milling (Figure 3.12).

 

Figure 3.12. Series of the SEM images of crystal D, illustrating the subsequent steps in the lamella 
preparation. 1) Marked area from which a TEM lamella was taken (grey dashed bar). Scale bar, 20 µm. 
2) Preliminary milled crystal. Scale bar, 10 µm. 3) Omniprobe needle with attached lamella (indicated 
by the white arrow) is being attached to the TEM grid. Scale bar, 100 µm. 4) Lamella mounted to the 
TEM grid. Scale bar, 30 µm. 5) Thinned down regions of the lamella. Scale bar, 8 µm. The black dashed 
rectangle indicates the area from where TEM diffraction patterns were recorded. 

Consequently, the lamella was transferred to the TEM set-up and a high resolution 
image of a 18 μm × 9 μm × 100 nm lamella region was recorded (Figure 3.13a and b). 
Detailed examination of the TEM bright field diffraction contrast image shows distinct 
boundaries between different regions on the TEM lamella (Figure 3.13b). Importantly, the 
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boundaries are not straight, but have slight curvature, are often branched and cross-linked 
with each other. 

Figure 3.13. a, Schematic illustration of crystal D indicating the area of the lamella. b, TEM image of 
the lamella. Distinct diffraction patterns are indicated with colors blue and orange. Notice irregularity 
in the boundaries present in the material c, Electron diffraction patterns recorded from regions indicated 
on the lamella with orange squares. d, Same as c, but for regions marked on the lamella by blue squares.

Subsequently, TEM diffraction patterns were recorded from different regions of 
the lamella. Two distinct patterns can be recognized (Figure 3.13c and d), which are color 
coded by orange and blue squares. Indexing of the TEM diffraction patterns was confirmed 
by recording EBSD patterns from the same points on the TEM lamella after TEM analysis. 
This is presented in Figure 3.14. The area from the lamella where EBSD patterns have been 
recorded is displayed in Figure 3.14a, whereas the corresponding diffraction patterns are 
presented in Figure 3.14 b along with the indexed patterns. 
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Figure 3.14. a, High resolution TEM image of the lamella. Bright regions correspond to a lamella 
thickness of approximately 100 nm. The white dashed rectangle indicates the area from where TEM 
diffraction patterns were recorded. b, EBSD diffraction patterns recorded from the lamella region 
marked as A in a along with corresponding manually indexed patterns (left) and marked as B in a 
(right).

 Previous electron diffraction work by Dorset et al. on zeolite ZSM-5 demonstrated 
that the diffraction pattern arising from region I on the lamella (Figure 3.13c and 3.15c), 
corresponds to the [010] direction, parallel to the electron beam.[15, 16] In more detail, this 
implies that in region I (subunit γ) the straight pores run parallel to the incident electron beam. 
Similar electron diffraction patterns have been observed for the wedge region II (subunit 
β, Figure 3.15c), which is in agreement with the results obtained by EBSD measurements. 
However, whereas the present EBSD orientation measurements have an angular resolution of 
about 1-2°, significantly smaller angular differences can be observed using TEM diffraction. 
Bright field TEM images and the electron diffraction patterns from region I and II show 
the presence of a small angle boundary between subunits γ and β, suggesting a framework 
rotation of the wedge subunit β with respect to subunit γ, leading to molecular diffusion 
barriers. 

Figure 3.15. a, Schematic of the lamella alongside the boundaries between different subunits, expected 
from the three-dimensional model of crystal D (Figure 3.9) i.e. region I (subunit γ, straight pores 
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running parallel to the electron beam), II (subunit β), and III (subunit α). b, Schematic representation 
of the lamella and the boundaries expected based on the fluorescence microscopy measurements taking 
the curvature of the boundaries into account (curved white boundaries represents subunit β – region II). 
c, Lamella indicating high and low angle boundaries based on the electron diffraction data, presented by 
continuous and dashed lines respectively and separating regions I (subunit γ), II (subunit β), III (subunit 
α). The white region refers to the presence of a wedge.

 Indeed, although these small angle boundaries are not observable using EBSD, the 
differences appear to be significant enough to hinder molecular transport of the fluorescent 
derivatives formed during the template decomposition and allow their visualization in 
the CFM measurements. The diffraction pattern arising from region III (subunit α, Figure 
3.13d and Figure 3.15c) corresponds to the beam parallel to [100].  The boundary between 
region II and III therefore is a high angle boundary, representing a framework rotation of 
approximately 90º. Moreover, apart from the expected 90º rotated boundaries, additional 
low angle sub-grain boundaries with small framework misorientations in the range of 0.5° to 
2° are present in region III. These regions are likely to be due to the presence of the wedge 
zones.
 In Figure 3.15a, a schematic representation of the lamella is presented (based on the 
dimensions of the crystal and the exact position from which the lamella has been dissected). 
However, as can be observed from close examination of the confocal fluorescence image 
of crystal D (Figure 3.7), the boundaries between different subunits are not straight, but 
highly curved towards the center of the crystal. This curvature is also clearly visible in the 
TEM image (Figure 3.13b). It seems that the curvature has a significant influence on the 
exact location of the boundaries in the measured lamella (Figure 3.15b). In this Figure, the 
location of the wedge zone, predicted from the crystal having straight boundaries is indicated 
in black. In white, a wedge region is marked, taking the curvature of the wedge boundaries 
into consideration. The experimental boundaries (Figure 3.15c), based on the TEM and 
EBSD measurements, clearly indicate the presence of the three expected subunits, i.e., α, 
β and γ, however, their exact location is slightly different from those expected. Apart from 
the boundaries’ curvature and the presence of low angle boundaries within region III, these 
observations imply that the intergrowth region is not straightforward but rather complex. 
 In order to investigate the internal diffusion barriers in more detail, the ZSM-5 
crystals have been stained with stilbene dye molecules (4-(4-diethylaminostyryl)-1-methyl-
pyridinium-iodide) as was reported by Seebacher et al. to visualize the location of defect 
sites.[17] For that purpose, after calcination of the crystals (823 K for 24 h) a 2mM stilbene-
butanol solution was added to the crystals. Typically, 60 min after addition the crystals 
were placed under the confocal fluorescence microscope. The result is presented in Figure 
3.16a, showing fluorescence images of crystal D after 1) template decomposition and 2) 
stilbene inclusion. In Figure 3.16b the location of the intergrowth barriers in this region are 
schematically depicted. From close examination of the crystals, it appears that the template 
derivatives are (partially) hindered in their diffusion due to the presence of internal barriers 
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leading to non-homogeneous fluorescence, allowing visualization of barriers I and II. If there 
were no barriers present, a homogeneous fluorescence would be expected. Barrier I, where 
the subunits are rotated by 90º, is clearly visualized by the presence of the stilbene dye. 
These molecules give rise to a strong fluorescent signal once confined, but are too large to 
enter the micropores of the zeolites. As a result, they highlight the diffusion barriers, which 
are large enough to accommodate the dye molecules. Importantly, it can be seen that the dye 
is only present in barrier I. Figure 3.16a leads to the conclusion, that the barrier I is much 
larger and more accessible than the wedge barrier II. Based on these findings, a schematic 
representation of the described diffusion hindrance is depicted in Figure 3.16c. Consequently, 
whereas (bulky) molecules are free to travel through barrier I, no access to barrier II from the 
outer surface is provided.

Figure 3.16. a, Confocal fluorescence images of the upper right corner of crystal D after 1) template 
removal treatment, and 2) introduction of the stilbene dye. The images are presented in greyscale; the 
brighter the image, the higher the fluorescent intensity. Scale bar is 15 µm. b, Schematic illustration of 
crystal D, showing the different subunits (α, β and γ) along with the location of the distinct diffusion 
barriers (I and II). c, Schematic representation of the internal diffusion barriers separating subunit α, β 
and γ. Barrier I imposes a 90º degrees rotational difference and is formed by the disordered structure 
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along the boundary (indicated by the spheres), whereas barrier II indicates a displacement along the 
boundary, caused by a mismatch in structure of 0.5-2º. Pink arrows indicate the transport of template 
derivatives, whereas green arrows correspond to the stilbene dye molecules.

 With the knowledge of the internal molecular diffusion barriers in mind, it is 
important to shed light on potential external diffusion barriers. Over the past years, various 
routes to modify the diffusion barriers have been reported.[12, 18] However, in most cases the 
exact nature of these surface barriers has remained unclear. In order to obtain more insight 
on this matter, the surfaces of the most simple and most complex intergrowth structures, i.e., 
crystals A and D, have been examined with AFM.[19-23] The results for crystal A are given in 
Figure 3.17, whereas the images of crystal D are presented in Figure 3.18. 
 

Figure 3.17. a, AFM image of the top plane of the crystal A. Scale bar represents 10 µm. b, Same as 
a, but for the side plane. c, Enlarged AFM images from regions: I – crystal’s top plane and region II – 
crystal’s side plane. Scale bar represents 2 and 3 µm respectively, for region I and II. 

Figure 3.18. SEM image of crystal D (scale bar is 20 µm) together with AFM images recorded on 
different planes of the crystal (scale bar is 0.5 µm). The individual steps were determined to be ~ 1 nm 
in height, which is half of the unit cell length for either a- or b-. For the (100) face this means half of a 
unit cell on a, i.e. the width of one of the pentasil chain. 

 Here, it can be seen that the AFM patterns for an individual crystal A and D show the 
presence of steps along with interlaced spirals in case of the latter. These observations prove 
that the surfaces are crystalline. In addition, the images recorded from different crystal faces, 
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i.e. top and side plane, contain the same features. Based on these findings, in combination 
with EBSD and TEM diffraction measurements it is unambiguously shown that the MFI 
crystal types studied in this work evidence a 90º rotational intergrowth. Interestingly, in the 
work of Agger et al.,[21] a silicalite-1 crystal, with distinct top and side planes is presented, 
based on AFM measurements. These observations were assigned to the presence of a true 
monocrystal, i.e. the absence of a 90º intergrowth structure. 

In addition to the AFM findings, XPS was performed on six different crystals to 
investigate their surface composition. From close examination, it appears that all measured 
crystals are depleted in Al, however the thickness of the depletion varies from one crystal 
type to another. These variations are listed in Table 3.2, from which it is clear, that in most 
cases even at the outer surface region traces of Al were detected. However, in the most 
extreme situation (crystal D) no traces of surface Al could be detected. 

Table 3.2. Overview of the surface and bulk Si/Al ratio for the six MFI-type crystals analyzed with 
XPS. The crystals are listed in the order of decreasing aspect ratio. The Si/Al ratios are averaged 
values over three XPS scans guaranteeing the reproducibility of the results. 

Sample Si/Al ratio
(surface)

Si/Al ratio
(bulk)Type Number

A I 163.2 17.0

c X 13.1 11.8

c XIII 43.6 16.6

c XIV 10.4 9.3

D XVI ∞ 15.8

C XVIII 16.6 7.9

 To further elaborate on these findings, sputter depth profiling was employed to 
investigate the approximate thickness of the silicalite outer crust. The result for crystal A and 
D are presented in Figure 3.19 and 3.20, respectively, where the Si and Al content are plotted 
as a function of sputter depth. In the case of crystal A, 0.1 wt.% of Al was found on the 
exterior of the crystal surface, whereas for crystal D in the upper ~ 200 nm surface region no 
Al is detected. In both cases the amount of Si remains equal throughout the measured volume. 
Examining the change of Si/Al ratio as a function of sputter depth (Figures 3.19 and 3.20) thus 
implies that the variations are solely due to changing Al content. It is noteworthy that during 
these measurements no steady-state in the Al content was reached. The occurrence of an 
inhomogeneous Al distribution, i.e. Al zoning, is known for zeolite ZSM-5 crystals.[24-26] For 
the crystals presented here, the presence of a silicalite outer crust might inherently be caused 
by the synthesis procedure, knowing that e.g. the template molecule used for the synthesis 
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is similar. Apart from that, the crystals under study require a large size for characterization 
purposes as compared to the zeolites applied in industrial catalysis, which in turn could affect 
the diffusion limitations. 

Figure 3.19. a) XPS sputter depth profile plot, showing the Si and Al atomic wt.% as a function of 
sputter depth for three examined crystals A. Here, it can be observed that the ~ 10-20 nm surface region 
is depleted in Al, however, some traces can be detected (0.1 atomic wt.%). The Si content remains equal 
over the measured crystal volume. b, Corresponding Si/Al ratio plot as function of sputter depth for the 
three crystals A.  

Figure 3.20. a, XPS Al2p and Si2p spectra recorded on four individual ZSM-5 crystals D. The signal 
stems from a ~ 40 Å deep surface region. b, XPS sputter depth profile plot, showing the Si and Al 
content as a function of sputter depth. c, Resulting Si/Al ratio as a function of sputter depth.
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4. Conclusions

In this Chapter a detailed study on the correlation between intergrowth structures for MFI-
type zeolite crystals and the crystal morphology, as well as the presence of internal and 
external diffusion barriers is presented. The existence of four distinct intergrowth types was 
experimentally evidenced. In all cases the internal architecture originates from the same 
intrinsic 90º rotational intergrowth structure. The combination of confocal fluorescence 
microscopy and electron backscatter diffraction proves that the observation of an hourglass 
pattern can’t only be attributed to different refraction indexes of distinct parts of the crystal, 
but originates from a change in crystallographic orientations. The measured intergrowth 
structures imply that the sinusoidal MFI pore system (oriented along a) is opened to the 
exterior of the main part of the crystals, whereas the straight channels (oriented along the 
b axis) are only directly accessible at the edge regions of the MFI-type crystals.  Moreover, 
the presence of four additional diagonal wedge subunits was for the first time observed. 
Dependent on the relative crystal growth rates, i.e. ka and kb, the formation of these additional 
wedge subunits was explained. The presence of two distinct internal diffusion barriers was 
demonstrated, imposed by a mismatch in pore orientation either by 0.5-2º or by 90º. Outer 
diffusion barriers were found to be a result of silica zoning, leading to the presence of a 
silicalite outer crust.  
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Chapter 4

  

 

Insight in the Template Decomposition Process of 
Large Zeolite ZSM-5 Crystals: A Combined In-situ 
UV-Vis/Confocal Fluorescence Micro-Spectroscopy 

Study
 

 
Abstract

A combination of in-situ UV-Vis and confocal fluorescence micro-spectroscopy was used 
to study the template decomposition process in large zeolite ZSM-5 crystals. Correlation of 
polarized light dependent UV-Vis absorption spectra with confocal fluorescence emission 
spectra in the 400 – 750 nm region allowed extracting localized information on the nature and 
concentration of chemical species arising upon detemplation at the single particle level. It 
has been found by means of polarized light dependent UV-Vis absorption measurements that 
the progressive growth of molecules follows the orientation of the straight channels of ZSM-
5 crystals. Oligomerizing template derivatives lead to the consequent buildup of methyl-
substituted benzenium cations and more extended coke-like species, which are thermally 
stable up to ~ 740 K. Complementary confocal fluorescence emission spectra showed nearly 
equal distribution of these molecules within the entire volume of the thermally treated zeolite 
crystals. The strongest emission bands were appearing in the orange/red part of visible 
spectrum, confirming the presence of large polyaromatic molecules.  

This work is based on the following manuscript: L. Karwacki, B. M. Weckhuysen, submitted.
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1. Introduction

As explained in Chapter 2, the hydrothermal synthesis of zeolites often requires a structure-
directing molecule to ensure the assembly of their long-range highly ordered structure. The 
template molecules have to be removed from the zeolite framework to allow the accessibility 
of the micropores formed. To do so, zeolite crystals are most commonly thermally detemplated 
in an oxidative (calcination) or inert (pyrolysis) atmosphere.[1-4] 
 Many attempts have been made to unravel the mechanism of the template 
decomposition process in MFI-type zeolite crystals using bulk techniques, such as 
nitrogen sorption[5], gas chromatography,[3] thermoanalytical techniques,[1, 6] X-ray powder 
diffraction[7, 8] and mass spectrometry[9]. Unfortunately, as the chemical information of the 
detemplation process of zeolites is averaged over the whole sample volume, more detailed, 
spatially resolved approaches have to be called in. Few successful attempts in this direction 
involve optical, fluorescence and IR microscopy, which gave new insight into the template 
decomposition process.[5, 10, 11] Nevertheless, no in-situ attempts of relating the chemical 
information of the template derivatives to the internal architecture of MFI-type materials has 
yet been made. 

In this Chapter, we report on an experimental approach combining UV-Vis and 
confocal fluorescence micro-spectroscopy to map in-situ the template decomposition process 
in large zeolite ZSM-5 crystals. Correlation of polarized light dependent UV-Vis absorption 
spectra with fluorescence emission spectra in 400 – 750 nm region leads to localized chemical 
information on the origin and nature of template derivatives during realistic detemplation 
conditions.

2. Experimental

2.1. Materials

ZSM-5 crystals with dimensions of 100×20×20 μm3 and a Si/Al ratio of ~ 17 were provided 
by ExxonMobil, Machelen, Belgium. The raw materials for the synthesis of these ZSM-5 
crystals were (1) Ludox AS40, (2) TPABr (Fluka), (3) Al2(SO4)3 . 18 H2O (Baker) and (4) 
NH4OH (29%), with molar compositions of 6.65 (NH4)2O / 0.67 TPA2O / 0.025 Al2O3 / 10 
SiO2 / 121 H2O. For synthesis, (1) and (2) were mixed, consequently (3) was added and 
mixed for 5 min, followed by addition of (4) and mixing for ~ 7 min. Subsequent heating 
was carried out 2 h to 453 K (7 days soak time under static conditions), followed by washing 
and drying at 393 K for 12 h. The characteristics of these coffin-shaped crystals have been 
discussed in detail in Chapter 3 where they were marked as crystal A.
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2.2. Methods

The micro-spectroscopic measurements were performed using a Linkam FTIR 600 in-situ 
spectroscopic cell equipped with a temperature controller (Linkam TMS 94) and mounted to 
the UV-Vis and confocal fluorescence microscope. A schematic representation of the in-situ 
cell along with some photographs are presented in Chapter 2.  

2.2.1. UV-Vis micro-spectroscopy

As-prepared zeolite samples were heated in a Linkam FTIR 600 in-situ cell attached to the 
optical microscope stage. During heating the cell was flushed with N2 (20 ml/min). The samples 
were heated to 550 K with a rate of 15 K/min, then to 800 K with a rate of 5 K/min and kept at 
this temperature for 60 min. The UV-Vis absorption measurements in the range 400 – 700 nm 
were performed during the partial detemplation using a set-up based on an Olympus BX41 
upright research microscope with a 50×0.5 NA high working-distance objective lens. 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 (ColorViewIIIu, 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 BV). Spectra were collected 
every 30 s since the start of the experiment. A rotatable polarizer was introduced between the 
objective lens and detector to separate the desirable light polarization. 

2.2.2. Confocal fluorescence micro-spectroscopy

The confocal fluorescence micro-spectroscopy set-up was based on an ECLIPSE 90i 
upright microscope with a 50×0.55 NA dry objective. Measurements were performed 
using a Linkam FTIR 600 in-situ spectroscopic cell mounted to the confocal fluorescence 
microscope. Photographs of the microscopic set-up are presented in Figure 4.1. The 
samples were heated to 550 K with a ramp of 15 K/min and then to the final temperature 
(670 K, 700 K, 740 K, 760K, 780K and 800K) with a rate of 5 K/min under a N2 stream 
(20 ml/min). After achieving the desired temperature, samples were immediately cooled 
to room temperature. Confocal fluorescence emission spectra were acquired with a Nikon 
A1 Confocal Laser Microscope System equipped with six laser lines (405 nm, 457 nm, 
488 nm, 514 nm, 561 nm and 640 nm). The emission spectra were detected with 32 
channels detector in the range 420-500, 470-550, 505-585, 530-610, 575-655 and 655-735 
nm for the six laser lines, respectively. The collected emission spectra overlap allowing 
their normalization and stitching into a single spectrum in the approximate range 400-
750 nm. Full stacks of the confocal fluorescence slices were used to obtain the spectral 
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information from the entire crystal volume. 

Figure 4.1. a, Photograph of the confocal fluorescence micro-spectroscopy set-up. The microscope is 
placed on an anti-vibration table in order to avoid interferences during imaging. b, Zoomed-in confocal 
head of the microscope allows collection of either a standard fluorescence emission intensity in fixed 
spectral regions, or a flexible combination of excitation-emission ranges, allowing recording of the 
emission spectra in the 400 – 750 nm region. c, The in-situ reactor cell sitting on the table of the 
confocal fluorescence microscope. Light passes through the transparent window of the cell and allows 
studying the changes of the specimen fluorescence emission in real time. 

3. Results and discussion

To better understand the mechanism of zeolite ZSM-5 detemplation and connect it to 
information obtained during the in-situ spectroscopic studies on template removal, Figure 
4.2 illustrates the degradation of tetrapropylammonium (TPA) and the mechanism of the 
template derivatives development.
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Figure 4.2. a, Simplified mechanism of TPA template degradation within ZSM-5 zeolite crystals. Two 
processes occur (1) Hofmann elimination reaction and (2) β-elimination reaction, both leading to the 
formation of propene molecules. b, Simplified mechanism of propene-to-aromatics conversion occurring 
during detemplation of ZSM-5 crystals. Aromatic molecules are formed from alkenes by successive 
deprotonation, hydride transfer to carbenium ions, cyclization via electrocyclic transformation and 
dehydrogenation reactions.

 Two gradual template decomposition steps can be distinguished.[2, 12] At low 
temperature a Hofmann elimination of TPA to tripropylamine (Pr3N) and propene (Figure 
4.2a (1)) occurs. In a second step the degradation of Pr3N to lower amines and consequently 
to propene is possible via β-elimination. Finally, the unsaturated products undergo 
oligomerization, cyclization and aromatization leading to the gradual increase in the 
molecular size and aromaticity.[13] In addition, from studies of Mores et al.[14] it becomes 
apparent that increasing the molecular size leads to generation of polymethylated aromatic 
species and consequently coke-like molecules. This is in line with Bilger et al. reporting on 
the generation of molecules like toluene, mesitylene, naphthalene and bigger[3] and leads us 
to expect an intense blackening of the ZSM-5 crystal upon detemplation. 
 In a first set of experiments as-prepared ZSM-5 crystals were thermally treated 
in the in-situ reaction cell. From Chapters 1-3 it is evident that large zeolite materials are 
not single crystals, but consist of different subunits.[15] In case of the ZSM-5 crystals under 
investigation two different regions of micropores orientation can be distinguished.[16, 17] This 
is illustrated in Figure 4.3, where a schematic representation of an individual ZSM-5 crystal 
is shown based on the results proposed in Chapters 2 and 3. The orange regions represent 
the areas of the crystal where straight channels are perpendicular and open to the surface, 
whereas in the light blue regions sinusoidal channels open to the surface can be found. 
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Figure 4.3. 3-dimensional representation of an individual ZSM-5 zeolite crystal indicating crystal’ tip 
and main body areas. Pore orientations vary; straight channels are open to the surface in the crystal tip 
(orange areas), while the blue area of the body has sinusoidal channels opened to the surface. Indicators 
I and II denote the light polarization direction during the UV-Vis absorption measurements. Four 
examined areas A-D are explained in the remainder of this Chapter.

 Two different zeolite crystals were studied with polarization dependent optical and 
UV-Vis absorption experiments. In both cases crystal’s region A have been measured. First, 
light polarization was set in the position I (indicating a 90º rotation between the straight 
channels parallel to the ZSM-5 crystal surface). In the second experiment the light polarization 
direction (II) was aligned with the straight channels of ZSM-5 (Figure 4.3). Upon thermal 
treatment optical images of the crystals under study have been collected. This is shown in 
Figure 4.4a and c.
 Upon detemplation both ZSM-5 crystals start to be colored at ~ 670 K. Continued 
heating of crystal I (Figure 4.4a) lead to a significant darkening at approximately 760 K, with 
a maximum around 780 K, indicating an increase in the oligomerization/aromatization of 
the template derivatives.[3] After ~ 45 min at 800 K the crystal appears less colored, which is 
caused by the thermal breakdown of the coke-like molecules. Observations of the darkening 
of crystal I are accompanied by polarized light UV-Vis absorption spectra (Figure 4.4b), 
where it was found that after 15 min at 800 K a broad UV-Vis absorption band with maximum 
at 410 nm extends to the visible region of  the electromagnetic spectrum. 
 In contrast, the optical images collected from crystal II (polarized light in the direction 
parallel to the ZSM-5 straight channels) appear different (Figure 4.4c). The coloration of the 
crystal already appears at ~ 740 K and is followed by an intense blackening of the crystal. 
Surprisingly, even after 45 min at 800 K the coloration of the crystal increases. This suggests 
that the molecules generated in the straight channels of ZSM-5 are more resistant towards 
thermal breakdown. The UV-Vis absorption spectra of crystal II reveal a strong dependency 
between the polarized light and the molecules aligned in the straight channels of ZSM-5 
(Figure 4.4d). In order to closely inspect the spectral changes of crystal II under study Figure 
4.5 shows the UV-Vis absorption spectra at distinct temperatures at which optical images 
were collected (Figures 4.4b).
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Figure 4.4. a, Optical images of the ZSM-5 crystals upon thermal treatment. Light is polarized in the 
direction I shown in Figure 4.3. b, Complementary time-resolved UV-Vis absorption spectra recorded 
during the detemplation of ZSM-5 crystal, shown in a. c and d, Same as a and b, but for a second ZSM-
5 crystal. Light is polarized in the direction II. 
 
 The spectra in Figure 4.5 reveal more detailed information on the nature of the 
template decomposition in the straight channels of ZSM-5. An absorption band at ~ 410 
nm is present (Figure 4.4d) similarly to the one found for crystal I (Figure 4.4b). From the 
numerous spectroscopic studies on the unsaturated carbenium ions in zeolites it is apparent 
that the absorption band around 410 nm belongs to the π–π* transitions in methyl-substituted 
benzenium cations.[18-20] This assignment is in line with the molecular growth mechanism 
shown in Figure 4.2b and leads us to expect further increase in the molecular sizes and 
arise of the more extended conjugated aromatic species leading to the red shift in the optical 
absorption region. Indeed, at approximately 550 K (~ 20 min of detemplation) an absorption 
band at 500 nm emerges. Upon temperature increase to ~ 700 K, the band intensity is boosted 
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and the band maximum shifted to approximately 530 nm and at 740 K shifts further to the 570 
nm position. At 670 K a third absorption band emerges at ~ 470 nm and gradually increases 
with the temperature of detemplation, while the 570 nm band visible at 740 K further shifts 
towards 620 nm at 800 K after 45 min, suggesting the generation of large aromatics.

Figure 4.5. UV-Vis absorption spectra recorded during the detemplation of crystal II (light polarization 
direction follows direction of the straight channels), at temperatures in which optical images have been 
collected. The vertical lines at 405, 457, 488, 514, 561 and 640 nm indicate six laser lines used for the 
acquisition of confocal fluorescence spectra in the 400 – 750 nm region.

 No distinct absorption bands could be distinguished above 640 nm, suggesting that 
sizes of the molecules generated in the straight channels of ZSM-5 are partially hindered 
by the spatial constrains effect. This behavior is not uncommon for zeolite ZSM-5 and was 
previously reported by Kox et al. and Buurmans et al. using styrene and thiophene compounds 
as spectroscopic probe molecules.[21-25]

 As the observed UV-Vis absorption bands partially overlap and are highly influenced 
by background changes, additional information on the detemplation process of large ZSM-
5 crystals has been obtained with confocal fluorescence micro-spectroscopy. Knowing that 
the detection limit of the fluorescence emission significantly exceeds UV-Vis absorption and 
that the obtained spectral information are complementary[26] an array of six laser lines was 
used to investigate the molecules formed within detemplated ZSM-5 crystals. The exact 
excitation wavelengths of lasers used for the confocal fluorescence micro-spectroscopy study 
are indicated in Figure 4.5.  
 Combination of the 405, 457, 488, 514, 561 and 640 nm excitation lines with the 
adjustable detector array allows recording fluorescence emission spectra in the 400 – 750 nm 
region. This is shown in Figure 4.6 where three different volumes of the ZSM-5 crystal were 

Chapter 4



� 65

studied with the confocal fluorescence emission micro-spectrometer (regions B-D illustrated 
in Figure 4.3).

Figure 4.6. a, Fluorescence emission spectra of the template decomposition process in the ZSM-5 
crystals recorded. The temperature dependent spectra are collected from the plane color-coded in green 
in Figure 4.3 (region B). b and c, Same as a, but for the crystal planes indicated in Figure 4.3 as red 
and blue, respectively. The darker the color of the spectra, the higher the temperature (or longer time) 
of the detemplation.

The collected fluorescence emission spectra of volumes B – D (Figure 4.6) indicate 
a nearly uniform character and distribution of the template derivatives generated within the 
different ZSM-5 crystal’s volumes during the detemplation process. At the same temperatures 
the fluorescence emission spectra from different volumes are comparable, however, small 
variations in the spectral intensity are observed. 

Almost no fluorescence is recorded at 670 K, which is in line with the optical images 
of the transparent ZSM-5 crystal in Figure 4.4. The intensity of the broad emission band 
appearing at 610 nm at ~ 700 K is greatly enhanced at 740 K where two additional shoulders 
at 570 and 660 nm emerge. At this point fluorescence emission is maximal and further 
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increase of the temperature (or time) causes decomposition of the previously generated 
template derivatives, which is followed by a decrease in the spectral intensity.

Comparison of Figures 4.5 and 4.6, i.e. UV-Vis absorption and fluorescence emission 
spectra, shows the complementary character of the approach. The UV-Vis absorption band 
visible at ~ 530 nm at 700 K is shifted in the emission spectrum to ~ 630 nm. Its further 
development to a 570 nm absorption band at 740 K (Figure 4.5) is accompanied with the 
580 nm shoulder appearing in the fluorescence emission band. Lastly, a distinct fluorescence 
emission band with maximum at 670 nm at 760 K (Figure 4.6) may be connected to the 
development of a 470 nm UV-Vis absorption band (Figure 4.5). It is important to stress the 
advantageous aspect of the remarkable sensitivity of the fluorescence emission spectroscopy. 
Here, the decay of the template derivatives above 740 K is clearly visible, while the emerging 
background in the UV-Vis absorption spectra most probably obscures this observation. 

To facilitate the understanding of the template derivatives distribution within the 
volume of the zeolite crystal, partially detemplated samples have been visualized by confocal 
fluorescence microscopy upon thermal treatment. Figure 4.7 illustrates the progress in the 
template derivatives formation/decomposition in an individual ZSM-5 crystal. 
As prepared ZSM-5 zeolite crystals are colorless and non-fluorescent. Upon heating, 
weak UV-Vis absorption bands assigned to template derivatives oligomerization[3] start 
arising already below 500 K, accompanied by a weak fluorescence emission. The distinct 
fluorescence emission signals appear around 670 K in all 400 – 750 nm region and gradually 
increase in intensity up to 740 K, at which all examined detection regions indicate significant 
fluorescence. This points towards a variety of generated template derivatives. Further 
increase in the temperature shifts the highest emission signal from light blue/green towards 
orange/red part of the electromagnetic spectrum, suggesting a continued growth of coke-
like molecules and leading to the formation of species, such as poly-substituted aromatics.[3] 
This is continued up to 780 K, where a further increase in the emission in the red part of the 
visible spectrum is observed. As the temperature increase promotes the growth of conjugated 
systems, while spatial constrains of the micropores partially limit it, a certain amount of 
molecules will decompose to smaller fractions resulting in the spectral shift towards the blue 
region of the spectrum. This is best observed at 800 K, where the contribution of the green/
yellow part of the spectrum (510 – 575 nm) is more intense than the red region (575 – 735 
nm).
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Figure 4.7. Time evolution of the template decomposition process in ZSM-5 crystals visualized by 
the confocal fluorescence microscopy. With increasing temperature, the fluorescence intensity raises, 
shifts and eventually fades away. A set of six laser lines (405, 457, 488, 514, 561 and 640nm) and 
detection channels (425-475, 475-515, 510-550, 525-575, 575-635 and 675-735 nm) was used. Pairs 
laser/detector are color-coded as blue, dark green, light green, orange, red and dark red, respectively. 
All crystal slices are collected at the crystal’s middle depth.
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4. Conclusions

In-situ UV-Vis and confocal fluorescence micro-spectroscopy are a powerful combination 
for the spatially resolved mapping of the template decomposition process in large ZSM-5 
crystals. It has been evidenced that upon increasing the detemplation temperature methyl-
substituted benzenium cations are being generated leading to large coke-like derivatives. 
Polarization dependent UV-Vis absorption spectra revealed a significant accumulation of 
the large poly-substituted aromatics within the straight channels of ZSM-5. Moreover, the 
complementarity of polarization dependent UV-Vis absorption measurements and localized 
confocal fluorescence emission spectral analysis unraveled the uniform detemplation within 
the volume of the individual ZSM-5 crystals, as well as the temperature influence on the 
varying sizes of generated molecules. The appearance of small differences in the diffusion 
rate of the generated molecules studied by confocal fluorescence microscopy of a porous 
catalyst body allowed visualization of the internal architecture and molecular diffusion 
barrier of zeolite crystals as well as further confirmed the presence of a 90º intergrowth 
structure within large ZSM-5 crystals.
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Chapter 5

  

   

Unified Internal Architecture and Surface Barriers 
for Molecular Diffusion of Microporous Crystalline 

Aluminophosphates
  
  
  

Abstract

Micron-sized crystals of aluminophosphates molecular sieves with AFI-type structure have 
been studied by Confocal Fluorescence Microscopy (CFM) during template removal, Focused 
Ion Beam (FIB)-Electron Backscatter Diffraction (EBSD) and Atomic Force Microscopy 
(AFM) to evaluate the internal architecture and presence of internal and surface barriers for 
molecular diffusion. The CFM study in combination with EBSD analysis revealed a uniform 
internal structure of all MeAPO-5 crystals (where Me is Cr, Si, V, Zn, Be, Co, Cu and Mo). 
The appearance of hourglass and star-like patterns are caused by the existence of low angle 
rotation diffusion barriers, whereas AFM has proven that the large AlPO-5 crystals are in fact 
twinned, with the twin plane parallel to the hexagonal face and located approximately at the 
center of the crystal. Importantly, external morphology variations originating from the crystal 
growth mechanism are only indirectly related to the different metal framework atoms. 

This work is based on the following manuscript: L. Karwacki, H. E. van der Bij, J. Kornatowski, P. Cubillas, M. R. 
Drury, D. A. M. de Winter, M. W. Anderson, B. M. Weckhuysen, Angew. Chem. Int. Ed. 2010, 49, 6790. 



72

1. Introduction

In Chapter 2 Confocal Fluorescence Microscopy (CFM) with mapping of the template 
derivatives during thermal treatment allowed us to study the internal architecture of different 
microporous crystalline aluminophosphates. It has been concluded that two members of the 
AFI family, namely CrAPO-5 and SAPO-5, having seemingly the same morphology, yield 
a different internal structure and hence might contain different molecular diffusion barriers. 

In this Chapter a systematic study on 8 micron-sized members of the AFI family with 
a wide range of morphologies and chemical composition is carried out. Confocal Fluorescence 
Microscopy (CFM), with Focused Ion Beam (FIB)-Electron Backscatter Diffraction (EBSD) 
and Atomic Force Microscopy (AFM) are used to shed new insight into the internal structure 
and molecular diffusion barriers of microporous crystalline aluminophosphates and to resolve 
the discrepancy in the internal architectures of AFI zeotype materials as discussed in Chapter 
1. As a result, a unified AFI intergrowth structure is proposed.

2. Experimental

2.1. Materials

The materials studied consisted of eight micron-sized crystals: CrAPO-5, SAPO-5, VAPO-
5, ZnAPO-5, BeAPO-5, CuAPO-5, CoAPO-5 and MoAPO-5. All were hydrothermally 
synthesized in Teflon-lined autoclaves without agitation under autogeneous pressure at 463 
K from synthesis gels containing triethylamine (TEA) as the structure-directing agent. Metal 
framework atoms were incorporated during synthesis through isomorphous substitution. 
The standard chemical composition of the reaction gel included 85% orthophosphoric acid 
(H3PO4), a solution containing 2.345% Al2O3, TEA, H2SO4 and distilled water. The gels were 
formed by reacting diluted H3PO4 with TEA and dropping this solution into the aluminum 
hydroxide with stirring. The formal molar composition of the gel was 1 Al2O3 : 1 P2O5 : 1.55 
TEA, H2SO4 and water content varied between 300 and 1000 units. The crystallization time 
varied from sample to sample between 24 and 144 h. After synthesis the autoclaves were 
cooled, washed and separated from any byproducts by threefold decantation.[1-3] The obtained 
MeAPO-5 crystals have a 1-dimensional pore system and hexagonal morphology.[4] Upon 
calcination the unit cell changes from the hexagonal to the orthorhombic, however this does 
not influence the morphology of the crystals.[5] The dimensions of the studied materials vary 
from sample to sample as illustrated in Figure 5.1. Table 5.1 includes the details about the 
materials used in this study.
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Figure 5.1. SEM microphotographs of the crystals under study, listed according to an increasing aspect 
ratio (crystals I-VIII). Scale bar represents: 4 μm for crystal I, 10 μm for crystal II, 5 μm for crystals 
III, 10 μm for crystal IV, 25 μm for crystal V, 20 μm for crystal VI and VII and 50 μm for crystal VIII 
(see Table 5.1 for the exact dimensions and material information). The crystals are divided into two 
groups: ‘type A’ - where crystal’s L\W is ≤1 and ‘type B’ - where L\W aspect ratio is above 1 (including 
the spindel-like crystals VII and VIII). 

Table 5.1. Overview of all MeAPO-5 crystals differing in their morphology and chemical composition.

Sample Crystal 
Dimensions 

L×W×T  (µm)

Aspect ratio
(L/W)

Crystal 
type

Temperature of the 
highest contrast in 

CFM (K)
Substituted 

metal Number

Cr I 15×20×18 0.75 A 700

Si II 50×55×50 0.9 A 750

V III 35×35×30 1.0 A 300

Zn IV 85×40×35 2.0 B 700

Be V 170×55×50 3.2 B 300

Co VI 120×30×27 4.0 B 950

Cu VII 150×38×34 3.9 B 300

Mo VIII 380×55×50 7.0 B 300
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2.2. Methods

2.2.1. Confocal fluorescence microscopy

The template decomposition of MeAPO-5 was carried out in an in-situ cell (Linkam FTIR 600) 
mounted to the Confocal Fluorescence Microscope (CFM) stage. The samples were heated 
in-situ under a N2 stream (20 ml/min). Confocal scans were taken at temperatures which 
revealed a maximum fluorescence contrast. These temperatures, at which diffusion barriers 
are clearly visible, vary from crystal to crystal and can be found in Table 5.1. Afterwards 
the samples were cooled to room temperature and a Nikon Eclipse LV150 microscope with 
a 50×0.55 NA dry objective was used for the fluorescence investigations. Confocal images 
were acquired with a Nikon D-Eclipse C1 head equipped with a 561 nm laser. The emission 
was detected with a photomultiplier tube in the range 575-635 nm. Full stacks of the ~1.2 µm 
thick confocal slices were used to reconstruct the three-dimensional spatial distribution of the 
fluorescent species in the zeolitic material. 

2.2.2. Focused ion beam milling and electron backscatter diffraction

All Focused Ion Beam (FIB) milling and Electron Backscatter Diffraction (EBSD) 
measurements were performed on the Dualbeam (Nova Nanolab600, FEI); a combination 
of a SEM and a FIB utilizing gallium ions. In order to record EBSD patterns from a milled 
surface, amorphization of a milled zeotype has to be prevented. For that, FIB milling was 
performed using low beam energies (5 kV) and ion currents of 8.4 nA and 1 nA for rough 
milling and polishing of the surface, respectively. The electron beam conditions used to obtain 
the diffraction patterns were acceleration voltage (30 kV) and current (0.63 nA). Indexing 
of the recorded diffraction patterns was performed manually, using an AlPO-5 orthorhombic 
structure.[5] EBSD patterns from zeolites are weak and difficult to index because there can be 
multiple solutions,[6] however unambiguous indexing is feasible if for example the {155}-, 
{1-5-5}-, {1-53} and {15-3}-type bands can be recognized.

2.2.3. Scanning electron microscopy

Crystals were sprinkled on an aluminum stub with a carbon sticker and subsequently sputter 
coated with 10 nm Pt/Pd (Cressington Sputter Coater 208HR + Cressington thickness 
controller MTM20). Crystal’s size and morphology were determined with a Tecnai FEI XL 
30SFEG Scanning Electron Microscope (SEM) from FEI. Secondary electron detector (SE) 
and back scatter detector (BSE) were used.
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2.2.4. 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 have been 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 12 × 12 µm to 
1 × 1 µm. The individual images have been reconstructed into one image using JPK image 
processing software.

3. Results and discussion

SEM microphotographs of the MeAPO-5 crystals under study are shown in Figure 5.1, 
while Table 5.1 summarizes the different morphologies and varying values of Length to 
Width (L/W) aspect ratios of the micron-sized crystals. Crystals containing Cr, V and Si 
incorporated into the AFI structure grow with similar lengths of a-, b- and c-axis, resulting 
in L/W aspect ratios ~ 1 and smaller, and will be further denoted as crystals type A. On the 
contrary, MeAPO-5 crystals (where Me is Zn, Be, Co, Cu and Mo) have an a- and b-axis 
of similar length and a much longer c-axis (two to seven times) and are further referred to 
as crystals type B. Additionally, crystals of CuAPO-5 and MoAPO-5 grow in the form of 
spindel-like crystals, leading to materials thicker in the middle of the a/b plane, than the end 
of the prism, and differing from the pencil-like morphology. 

In order to obtain insight into the internal architecture of the crystals, CFM scans 
of partially detemplated materials were taken at the middle depth of the crystals, along the 
a/b– and c-axis as described in Chapter 2. The results are given in Figure 5.2, where the 
difference in the amount of the fluorescent template derivatives allows us to visualize the 
internal architecture of the crystals under investigation. 

If we carefully examine confocal fluorescence data collected from the crystals 
(I-VIII) along a-axis, it is clear that in all the cases we have an identical internal structure 
i.e. hourglass pattern, comprising of two pyramids with the hexagonal basis and six filling 
surrounding subunits. Additionally, the subcomponents of all samples originate from the 
nucleus point within the center of the crystal. Interestingly, inspection of the CrAPO-5 crystal 
standing on its hexagonal basis allowed us to obtain confocal information along the c-axis 
and shows the star-like pattern originating from the center of the crystal (Crystal I’ in Figure 
5.1) as reported in Chapter 2.
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Figure 5.2. Confocal fluorescence images of the MeAPO-5 materials recorded halfway through the 
crystal along the a–axis (except I’ recorded halfway through the crystal along the c –axis). Scale bar 
represents: 4 μm for crystal I, 10 μm for crystal II, 5 μm for crystals III, 10 μm for crystal IV, 25 μm 
for crystal V, 20 μm for crystal VI and VII and 50 μm for crystal VIII. The images are presented in 
grayscale; the brighter the image, the higher the fluorescence intensity.

 Both patterns have been reported before. The star-like feature was suggested in 
various literature studies[7-9] describing the internal structure found for CrAPO-5 and was 
attributed to the ‘short’ MeAPO-5 materials. The second, pyramidal shaped intergrowth 
observed in the crystals along the a-axis has been noted before in elongated SAPO-5 and is 
similar to the one found for other framework types e.g. MFI and CHA.[10-12] 
 The study presented in Chapter 3 showed a direct dependency of the internal structure 
on the crystal’s external morphology. In order to evaluate the presence of the above-mentioned 
dependency, the relationship between the L/W aspect ratio of the MeAPO-5 crystals and the 
size (angle) of the subunits is plotted in Figure 2a. An exponential dependency of the angle α 
on the Length/Width aspect ratio of the crystals is expressed by Equation 5.1. 

)/arctan(2 LW=α           (1)
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Figure 5.3. Relationship between the subunits angle measured (left axis) at different aspect ratios for 
micron-sized MeAPO-5 crystals. On the right axis is the value for tan [0.5α/(L/W)]  revealing a tangent 
dependency. 

 The dependency of the subunit angles on the crystal’s aspect ratio follows the basic 
trigonometric connection between morphology of the crystals and their internal architecture. 
This suggests a uniform internal structure of the AFI-type materials. As the subunits of all 
studied crystals, merge in their centers, the dependency is a tangent function of the angle 
α. However, due to the presence of the spindel-like crystals of CuAPO-5 and MoAPO-5 
the curvature of their pyramidal subunits dependency on Equation 5.1 is not absolute. This 
behavior (curvature of the subunits present in spindel-like crystals) is explained by the 
varying growth rate of the crystals along their c-axis, leading to dumbbell shape subunits 
during the early stages of synthesis. Computer modeling studies have proven that during 
the early stages of crystallization, growth in the a/b-direction is preferred, when ultimately 
growth rate along the c-direction increases.[13] This exponential growth in the c-direction 
(difference in the relative growth between a/b and c-directions) would generate the barrier 
between the crystal’s growing faces and be a cause of the presence of the curved shaped 
subunits. 

To reveal the nature and origin of the star-like pattern observed by CFM, confocal 
fluorescent data collected along the c-axis of the CrAPO-5 crystal have been analyzed. This 
is shown in Figure 5.4. The high resolution images collected on the different layers of the 
crystal revealed significant differences in the concentration of the fluorescent molecules. 
Fluorescence intensity in the central part of the a/b crystal’s plane increases with increasing 
crystal depth. However, the fluorescence intensity from the ‘star-tips’ seem to be nearly 
constant for the layers I-III (Figure 5.4a and b). This is further confirmed in the reconstructed 
data of the a/c- and b/c-planes, as shown in Figure 5.4a IVa and IVb, respectively. It is 
crucial to stress that the resolution of the confocal fluorescence microscopy in the c-direction 
is limited (in the best case) to ~ 1.2 µm, meaning that every scanned layer includes signal 
originating from the ‘out-of-focus’ planes. The direct consequence of the above-mentioned 
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limitation is a blurred image of the star-shape pattern at the layer I of the CrAPO-5 crystal 
(Figure 5.4a and c).  

Figure 5.4. a, Confocal fluorescence microscopy images of an individual CrAPO-5 crystal. I, II and III 
show slices through the crystal’s a/b-planes (along c-axis), whereas IVa and IVb are reconstructions on 
the complete confocal data in a/c- and b/c- planes, respectively. b, The relative fluorescence intensity 
measured along the b-axis of planes I-III, illustrating increasing fluorescence intensity in the crystal 
center with increasing depth of measurements. c, Schematic representation of the CrAPO-5 crystal, 
showing the scanned crystal planes I-IV. Thickness of the scanned planes represents the resolution 
along the c-axis and equals ~ 1.2 µm.

 Until now, Confocal Fluorescence Microscopy allowed us to visualize the diffusion 
barriers of the studied materials. However, it did not give us any information about the 
crystallographic orientation, pore alignments in the distinct subcrystals and true internal 
crystal structure. In order to obtain such information, two different CrAPO-5 crystals, have 
been milled halfway through their thickness with a Focused Ion Beam. A schematic illustration 
of the milled planes is given in Figure 5.5a. Next, the EBSD patterns from across the crystal 
surfaces were recorded. Strikingly, all recorded EBSD patterns within the individual plane 
(either rectangular - I or hexagonal - II) show similar crystallographic orientation (Figure 
5.5b). As the angular resolution of the EBSD is in the order of ~ 2º, we can say for certain 
that CrAPO-5 crystals do not possess any high angle rotational intergrowth, therefore the 
presence of the star-like subcrystal can be excluded. Figure 5.5c is an example of the EBSD 
pattern, collected from studied cross sections and marked by violet and blue squares (Figure 
5.5b). It is essential to mention that only about 60% of the collected patterns were strong 
enough to be indexed with a unique crystallographic solution. Therefore, in order to improve 
the contrast of the Kikuchi bands and overall patterns quality, contrast of the indexed patterns 
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has been enhanced. This is illustrated in Figure 5.5d, where the patterns are indexed. 

Figure 5.5. a, 3-Dimensional representation of a CrAPO-5 crystal. Surfaces I and II indicate planes 
according to which crystals were milled with the Focused Ion Beam (FIB). Axes a, b  and c are known 
thanks to the manual indexing of the diffraction patterns. b, SEM images of the CrAPO-5 crystals after 
FIB treatment according to the planes indicated in a. Regions from which diffraction patterns have 
been recorded are indicated with the violet and blue circles. c, Two examples of the distinct diffraction 
patterns recorded from the areas marked by violet and blue squares on planes I and II in b. d, Manually 
indexed diffraction patterns based on an orthorhombic structure of the AFI-type framework. 
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 Importantly, manual indexing has allowed us to assign the channels direction as 
parallel to the crystal long c-axis, whereas the a-axis and the b-axis point to the middle of the 
rectangular plane and its corner respectively. It is also crucial to underline that no 60º rotation 
of the crystal’s subunits was measured, confirming the lack of high angle rotation barriers.[11]

In order to demonstrate the observed commonness of our AFI-type internal structure, in the 
second set of FIB/EBSD experiments, a CoAPO-5 crystal was milled to half of its thickness. 
This is schematically illustrated in Figure 5.6a, where about 60% of the volume of the crystal 
was milled away in order to obtain the crystallographic orientation of it. A SEM micrograph 
of the thinned down CoAPO-5 crystal is shown in Figure 5.6b, along with the areas from 
which the diffraction patterns were collected (given as orange squares). Again, no high angle 
framework rotations were found, proving the absence of any high angle diffusion barriers for 
AFI-type materials. 

Notably, the CoAPO-5 crystals are significantly (~ 20 times) bigger than the 
previously discussed CrAPO-5 crystals. Their size, together with the much higher temperature 
needed for the crystals detemplation (Table 5.1), causes small internal/external cracks in the 
crystals body, negatively influencing the strength and quality of the EBSD patterns. However, 
as visualized in Figures 5.6b and c, various regions from the crystal’s milled and polished 
surface were successfully studied, allowing unambiguous indexing of the crystallographic 
orientation. Examples of the raw and indexed patterns are shown in Figure 5.6c and d, 
respectively and refer to the region of the crystal marked with orange square in Figure 5.6b.

Figure 5.6. a, 3-Dimensional representation of a CoAPO-5 crystal. Surface I indicates the plane 
according to which the crystal was milled with the Focused Ion Beam (FIB). b, SEM images of the 
CoAPO-5 crystals after FIB according to the plane indicated in a. Regions from which diffraction 
patterns have been recorded are indicated with the orange circles. c and d, Diffraction pattern recorded 
from areas marked with the orange square on the plane I in b, and manually indexed diffraction pattern 
based on a orthorhombic structure of the AFI-type framework.
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Thanks to the combined CFM and EBSD results we can conclusively describe the 
internal architecture of large AFI-type crystals. As already expected from the CFM findings 
the internal structures of the crystals with a small L/W aspect ratio (type A crystal) do not 
differ in any way from the elongated ones (type B crystal), leading to a unified model of 
AFI-type materials as illustrated in Figure 5.7. Figure 5.7a shows the planar representation 
of the internal structure of the CrAPO-5 crystal, expected to exist based on the unified model 
of AFI-type structure illustrated in Figure 5.7c and d. As it can be noticed, planes dividing 
subunits surrounding two hexagonal pyramids of the crystal generate barriers, which were 
also visible in CFM images as the ‘star’ (Figure 5.4a). Strikingly, all of the simulated layers 
(I-IV) recorded from the AFI-type crystal according to the schematic illustration, shown in 
Figure 5.7b, match with the experimental data demonstrated in Figure 5.4.

Figure 5.7. a, Planar representation of the simulated internal structure of the CrAPO-5 crystal, visible 
along the c-axis (slices I-III) and a\b-axis (slices VIa and VIb respectively). Images I-IV represent 
models of the different crystal’s planes and follow the focal planes recorded by confocal fluorescence 
microscopy in Figure 5.4a. b, 3-Dimensional schematic representation of the CrAPO-5 crystal, showing 
the scanned crystal planes I-IV. c, ‘Opened’ unified internal structure model of the MeAPO-5 crystals 
being identical to both (A and B) crystal types, two front subunits are not shown. d, Same as c, but for 
the ‘closed’ crystal.   

 The star-like pattern observed previously by Lehmann et al.[7, 8] and Chmelik et al. 
[9] was assigned by them to the CrAPO-5 internal architecture. However, the star pattern 
visualized by CFM in Figure 5.4a, and prior studies,[7-9]  is not caused by the presence of 
different subunits as suggested before. It is critical to emphasize that the EBSD measurements 
unambiguously prove the absence of the high angle rotation barriers.[11] The origin of the 
star-like appearance is caused by the presence of the low angle rotational diffusion barriers 
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within the material. Planes where the steps from different faces meet together generate 
small channels mismatches and a higher concentration of defects that may act as a diffusion 
barrier. Figure 5.8a illustrates the schematic explanation of the low angle diffusion barriers 
on the hexagonal plane of the crystal. If we zoom in to the unit-cell level we can see that 
certain channels are partially blocked, hindering the molecular diffusion of e.g. derivatives 
of the template decomposition treatment, and accumulate on the interfaces of the hexagonal 
plane, leading to the appearance of the star-shape pattern (Figure 5.8b). Similarly, we can 
explain the presence of the hourglass pattern visible on both crystal types’ rectangular planes 
as illustrated in Figure 5.8c. However, as the barrier here is perpendicular to the channels 
orientation we naturally should expect a more distinct influence on the molecular diffusion 
limitations. Indeed, if we refer back to the results of Figure 5.2, it is clear that the rectangular 
plane exhibits significantly stronger contrast between the subunits for most of the samples. 
Notably, this suggests that the template removal method as developed in Chapter 2 is 
remarkably sensitive and allows the visualization not only of high and low angle diffusion 
barriers, as in the case of MFI-type zeolites[11] but also, of exclusively low angle diffusion 
barriers present in AFI-type zeolites.

Although as mentioned before, the angular resolution of the EBSD method is in the 
order of ~ 2º, EBSD can prove the existence of low angle framework rotations. Comparison 
of the seven sets of three distinct Kikuchi bands originating from the diffraction patterns 
recorded on the rectangular plane of CrAPO-5 crystal (schematically presented in Figure 5.8d; 
real pattern is shown in Figure 5.5d) leads to the conclusion that the rotational differences for 
the patterns measured for the same subunit are smaller than for the patterns measured across 
the whole crystal plane (Figure 5.8e and 5.8f). As visualized, in both cases the Kikuchi bands 
does not align perfectly, however differences are much more distinct for the patterns recorded 
from the different crystal’s quarters.

Being aware of the internal boundaries and differences in the crystals’ aspect ratios 
(i.e. in the relative growth rates), we should also expect significant differences in their external 
surface topography. Consequently, all MeAPO-5 crystals were studied in detail with atomic 
force microscopy (AFM). Results from the AFM analysis show the presence of steps and/or 
growth spirals on all crystals (Figure 5.9), except for VAPO-5 and CuAPO-5 (crystals III and 
VII) where the surface is rough. This indicates that supersaturation was close to equilibrium 
when the crystals where removed from the growing solution. Remarkably, crystals with 
an aspect ratio smaller than 1 (CrAPO-5 and SAPO-5) has curved steps on their surfaces, 
whereas those with a higher aspect ratio have straight steps. 
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Figure 5.8. a, Schematic visualization of the low angle diffusion barriers (dashed lines) present in the 
hexagonal plane of the AFI-type crystals. Red region indicates an area zoomed-in, in b. b, Zoomed-
in low angle diffusion barrier present in the hexagonal plane of the AFI-type crystals. Small angle 
framework rotation causes partial channel overlap, and hinders molecular transport. c, Schematic 
representation of the low angle diffusion barrier present in the rectangular plane of the AFI-type 
crystals. Small angle framework rotation causes partial channel mismatch, and generates a barrier that 
significantly hinders the molecular diffusion. d, Same as a, but for the rectangular plane of the crystal. 
Colored squares indicate the regions from which the sets of Kikuchi bands compared in e and f were 
taken. e, Three sets of Kikuchi bands taken from the same quarter/subunit of the crystal, color-coded as 
red, blue and green squares in d. f, Four sets of Kikuchi bands taken from the different subunit of the 
crystal, color-coded as red, black, brown and violet squares in d.
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Figure 5.9. An overview of the AFM images recorded from crystals I-IX. Scale bar represents: 2 μm 
for crystal I, 8 μm for crystal II, 1.5 μm for crystals III, 3 μm for crystal IV, 3.5 μm for crystal V, 4 μm 
for crystal VI, 4 μm for crystal VII, 5 μm for crystal VIII and 2 μm for AlPO-5 crystal described as IX. 
All samples show the presence of steps and/or growth spirals, except for the VAPO-5 and CuAPO-5 
(crystals III and VII, respectively). All AFM images were recorded on crystal {100} faces.

Figure 5.10a-d further illustrates this by showing more detailed images of SAPO-5 
and CoAPO-5 crystals. In both cases steps are generated by the presence of a spiral, but in 
the case of SAPO-5 the steps bunch together (Figure 5.10e). This behavior may be due to the 
presence of impurities in the synthesis of SAPO-5, or to a specific effect of the incorporation 
of Si4+ into the crystal structure. Polygonisation of the steps, on the other hand, could be 
dictated by the supersaturation conditions at sample extraction, but may be related to a change 
in the step edge energies due to the presence of the different ions on the step structure. On the 
contrary, the height analysis of the CoAPO-5 surface reveals only steps of monolayer height 
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i.e. 1.2 ± 0.05 nm (Figure 5.10f). This height is consistent with the length of the a/b-axes (or 
d100 spacing) of the hexagonal cell (around 1.2 nm). Therefore, it can be concluded that the 
crystals are bound by {100} faces and not by {110}, which could yield the same external 
morphology. Importantly, the step height is consistent in all facets studied, as expected from 
the EBSD experiment and internal structure model.

Figure 5.10. a, AFM image of a SAPO-5 crystal (type A); scale bar is 10 µm. b, Same as a, but for 
CoAPO-5 crystal (type B); scale bar is 2 µm. c, Enlarged AFM height image (indicated as a dashed 
rectangle in a) recorded on the rectangular faces of the crystal; scale bar is 1 µm. d, Same as c, but for 
CoAPO-5 crystal. e, Measured steps height along the white line in c (left to right), the individual steps 
are bunch together and were determined to be ~2.4 nm and ~3.6 nm in height, being approximately 
double and triple height of the monolayer of the hexagonal cell in a/b-plane f, same as e, but for 
CoAPO-5 crystal, the analysis of the surface height reveals only monolayer steps of ~1.2 nm (plot 
follows the white line marked in d from right to left). All AFM images were recorded on crystal {100} 
faces.
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A careful analysis of the step directions on spiral and etch pit shapes on the crystals 
with aspect ratios higher than 1 provides more insight into the internal structure of MeAPO-5 
crystals. Figure 5.11a shows a spiral growing on the surface of a CoAPO-5 crystal. It can be 
noticed that it has a pentagonal shape delimited by steps parallel to the <001>, <010> and 
<011> directions. This shape is in accordance with the internal symmetry of the MeAPO-5 
crystals where no mirror or glide plane is perpendicular to the c-axis but one exists parallel to 
it. In all crystals scanned the pointy corner of the spiral (delimited by the <011> directions) is 
oriented away from the centre of the crystal. This behavior can be seen in Figure 5.11a and b, 
where AFM images on opposite sides of the same CoAPO-5 crystal are shown. This situation 
was observed in all crystals with an aspect ratio higher than 1, where steps could be seen 
by AFM. Additionally, the shape of some of the etch pits observed follow the same pattern. 
However, in this case, they point towards the centre of the crystal. This can be seen more 
clearly in Figure 5.11c and d recorded from a CoAPO-5 crystal. In all cases the orientation of 
the etch pits was reversed approximately at the center of the crystal. As highlighted in Figure 
5.11e, the two orientations can be seen to be very close to each other and are separated by 
an irregular line running through the center of the crystal i.e. mirror plane. Interestingly, the 
same etch pit pattern was also observed on the CuAPO-5 crystals, where no steps could be 
resolved. 

Figure 5.11. a, An AFM height image of the spiral growing on the surface of a CoAPO-5 crystal. 
Pentagonal shape is delimited by the steps parallel to the {001}, {010} and {011} directions. Scale bar 
is 0.5 μm. b, AFM deflection signal image of  the opposite side of the crystal’s rectangular plane. Scale 
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bar is 1 μm. c, An AFM height image of the dissolution etch pits observed on the surface of a CoAPO-5 
crystal and pointing towards the centre of the crystal. Scale bar is 0.5 μm. d, Same as c, but recorded on 
the opposite side of the same crystal. Scale bar is 0.5 μm. e, An AFM height image of the central area 
of the MoAPO-5 crystal’s surface, exhibiting dissolution etch pits pointing in the opposite directions 
and divided by the small ‘crack’ going from the top of the image to its bottom.  Scale bar is 0.6 μm.

 The presence of surface features (i.e. spirals and 2-D nuclei) with different 
orientations on the same face has been reported before,[14] for example in the case of barite 
crystals, where two distinct 2-D island shapes growing in alternate sublayers are related by 
a 21 diad axis. In the case of the MeAPO-5 crystals no symmetry element is present to relate 
the two spiral or etch pit morphologies. Additionally, each specific orientation is always 
observed only in one half of the crystal. This leads to the conclusion that the crystals are in 
fact twinned, with the twin plane parallel to the {001} face and located approximately at the 
center of the crystal. Such a twining in AlPO-5 crystals has been reported before[15] and its 
formation have been linked to the strong preference for growth towards the outwards of the 
crystal. 
 Interestingly, the twin plane does not act as a transport barrier and therefore was 
not detected by the CFM. This means that the “connection” between each twin is almost 
perfect and therefore forces a reflection twin, which will give an identical EBSD pattern. 
The mechanism of formation of the twin plane is most probably related to the formation of 
the P-P bonds across a (001) plane and driven by the preferential growth of the crystals in 
a specific direction. Figure 5.12 shows a schematic representation of this process. A P atom 
in one AlPO-5 layer is connected to a second P (highlighted in red) as illustrated in Figure 
5.12a. As the second layer spreads through the alternation of Al atoms, another P-P bond 
forms (highlighted in black). Further growth (Figure 5.12) produces a double layer where 
each sublayer is related to the other through a mirror plane. Then further growth takes place 
by the attachment of P to the Al (blue arrows) giving rise to the two twin crystals depicted in 
Figure 5.12c. This finding would imply that the attachment of P to Al to form a new crystal 
layer is the preferred growth mechanism. This is in agreement with the previous studies on 
the very early development of AlPO-5 framework assembly.[16-18] In the first stage of the 
crystal growth, the alumina and phosphorus substrates react forming the primary amorphous 
gel phase, which coincides with the transition of aluminum from octahedral to tetrahedral. 
Eventually aggregated and condensed material starts to nucleate, following a one-dimensional 
growth process and the formation of the AlPO-5 network.[18-20] Notably, as the initial stage of 
nucleation is very rapid, possible self-assembly defects may occur, which might explain the 
formation of the P-P bonds responsible for the mirror plane. As the crystallization continues, 
the growth slows down in comparison to the initial stage. Although, the initial stage of the 
crystallization of the AlPO-5 materials is commonly accepted, obtaining insight into the 
mirror plane creation is rather complex. Therefore, it should be stressed, that as much as the 
formation of the P-P bonds across a (001) plane is a plausible explanation, the development 
of Al-Al bonds should not be ruled out as a hypothesis.
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Figure 5.12. a, Formation of the P-P bonds. P atom bonds are highlighted in red and black circles. b, 
Further growth generating a double layer related to the other through across the mirror plane. Blue 
arrows indicate further growth taking place by the attachment of P into the Al. c, Two AlPO-5 crystals 
twinned together and related to each other by the mirror plane.

 Although the effect of morphology on the internal architecture (size of the subunits) 
has become clear from the results described in Chapter 3, the effect of metal framework 
atoms is indirect. It was established that the use of metal ions during synthesis can force the 
templating molecules into alternative conformations, leading to different framework types, 
as recently shown by in-situ Raman spectroscopy.[21] Secondly, several characterization 
studies confirmed that the use of Si4+ and Cr3+ during synthesis inhibits crystal growth along 
the c-direction resulting in low aspect ratios.[1, 13, 22] Our observations suggest that while 
certain metal ions affect the crystallization kinetics by inhibiting crystal growth rate along the 
c-direction, other metal ions, such as Mo6+, induce the opposite effect by promoting crystals 
growth in c-direction and forming very elongated crystals.

4. Conclusions

The correlative characterization study of various micron-sized MeAPO-5 molecular 
sieves, based on CFM, FIB-EBSD and AFM, has lead us to propose a unified view on the 
intergrowth architecture of large AFI-type crystals. This work connects the dependency of 
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crystal morphology with the internal architecture, proves that diffusion boundaries follow 
basic trigonometry and are identical through the population of large AFI crystals studied. The 
size of the subcomponents varies in a regular order in all materials, shifting from a hexagonal 
pyramid to the pyramids with curved subunits (CuAPO-5 and MoAPO-5), while the surface 
becomes more organized and rougher, having an influence on the molecular penetration. 
The presence of small angle rotation barriers and rotation planes result in a significant 
hindrance in molecular diffusion. The data presented in this and the previous Chapters show 
that CFM is a very sensitive and fast tool to detect both small and high rotation barriers for 
molecular diffusion. On the other hand, when details on the precise origin of these molecular 
diffusion barriers are needed, clearly the more advanced, but time consuming FIB-EBSD 
measurements are required.
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Architecture Dependent Distribution of Mesopores 
in Steamed Zeolite ZSM-5 Crystals as Visualized by 

FIB/SEM Tomography

   

   
Abstract

A combination involving Focused Ion Beam (FIB) and Scanning Electron Microscopy 
(SEM) tomography allowed visualization of mesopores introduced during the dealumination 
of large ZSM-5 crystals. The methodology allows a 3-dimensional quantification of the 
number and dimensions of the mesopores occluded in the steamed materials. It has been 
found that the detectable mesopore size distribution varies in the range of 5-50 nm in width 
and up to 250 nm in length. Furthermore, the size and location of the generated mesopores 
are directly related to the type of micropores open to the zeolite surface. More specifically, 
open sinusoidal pores greatly enhance the dealumination of ZSM-5 crystals, while straight 
channels open to the surface of the steamed ZSM-5 crystals become more blocked by the 
dealumination debris. In addition, it has been found that the 90º rotational intergrowth barrier 
promotes the formation of mesopores upon steaming allowing a more uniform mesopore 
distribution within the crystal’s volume. 

This work is based on the following manuscript: L. Karwacki, D. A. M. de Winter, L. R. Aramburo, M. N. Lebbink, 
J. A. Post, M. R. Drury, B. M. Weckhuysen, 2010, submitted.

Lukasz Karwacki and Matthijs de Winter equally contributed to this work and therefore this Chapter is part of both 
PhD theses. 
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1. Introduction

In Chapter 1 the industrial importance of zeolites has been discussed, describing zeolite 
ZSM-5 as one of the most used catalyst materials in a wide variety of chemical reactions. 
As the catalytic properties of ZSM-5 rely on the number, location and nature of the acid 
sites a great number of studies has focused on increasing the molecular diffusion properties 
of these materials to improve the accessibility to their acid sites.[1, 2] Examples include the 
synthesis of nanocrystals and exfoliating layered zeolites.[3-5]  Although, the above-mentioned 
methods present a high level of finesse and elegance and allow the fine tuning of the material 
accessibility, the complexity of synthetic procedures and the average cost of the chemicals 
required for their synthesis most probably exceeds the costs of industrially applicable 
materials. 
 In contrast, cheap and efficient dealumination via steaming and alkali-based 
desilication has become a cost efficient approach in boosting the molecular uptake of zeolite 
crystals.[6-9] While both methods are fairly simple in terms of enhancing the molecular 
diffusion and widely applied in the mesoporosity introduction, not much is yet known about 
the uniformity and the size variations of the obtained mesopores. The main instrumental 
approach uses Electron Tomography (ET). By collecting a series of 2D electron images of 
a specimen at different tilt angles, this non-destructive technique allows the reconstruction 
of the object’s 3D morphology. Unfortunately, due to the nature of the ET its application is 
limited to materials not exceeding a few hundreds nm.[10-12] A second technique commonly 
used for the characterization of mesoporosity is N2 physisorption. The measurements provide 
detail information regarding pore diameter, volume and distribution in the sample bulk.[13] 
However, it cannot provide spatially resolved information on the pore localization within 
specimen volume.

In this Chapter zeolite mesoporosity has been introduced by steaming in individual 
coffin-shaped ZSM-5 crystals with dimensions of 100×20×20 µm3. The powerful combination 
of Focused Ion Beam (FIB)/Scanning Electron Microscopy (SEM) tomography has been 
applied for the first time to porous solids and allows to obtain quantitative insight into the 
mesopores generated in zeolite crystals.

2. Experimental

2.1. Materials

Large coffin-shaped ZSM-5 crystals (Si/Al ratio of 17) were provided by ExxonMobil 
(Machelen, Belgium). The crystals were converted into their acidic form by triple ion-
exchange with a 10 wt% ammonium nitrate (99+%, Acros Organic) solution at 350 K, 
followed by calcination at 800 K (5 K/min, 500 min). A more detailed description of their 
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properties can be found in Chapter 3 (crystals A).
Prior to steaming post-treatment the zeolite crystals were pre-heated (400 K during 

30 min, 2 K/min) in a quartz tubular oven (Thermoline 79300). Subsequently, the zeolite 
crystals were heated up to 973 K at a rate of 10 K/min and steamed via saturation of a N2 flow 
(140 ml/min) with steam for 300 min. After the steaming post-treatment the zeolite crystals 
were slowly cooled down and subsequently calcined at 800 K (5 K/min, 360 min).

2.2. Methods

2.2.1. Focused ion beam milling

The 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 Microscope (FIB-SEM) 
(Nova Nanolab 600 Dualbeam, FEI, The Netherlands) a ZSM-5 crystal with the correct 
orientation is selected using SEM. Prior to sectioning, a 1 μm thick layer of Pt is deposited 
on the areas of interest using the Gas Injection System (GIS). The deposition protects the area 
of interest from the ion beam and improves the sectioning quality.

The various sections were milled with the FIB at 30 kV and 0.1 nA. Subsequently, 
SEM images were taken in backscatter electron (BSE) mode at 2 kV, 0.21 nA, using the 
through-the-lens detection system in combination with the immersion lens. The pixel size is 
2.6 nm, while the single image is composed of 2048 x 1768 pixels.

2.2.2. Scanning electron tomography

A script has been written for serial sectioning with the FIB and subsequent imaging with the 
SEM and run with the RunScriptTM software provided with the microscope. The script uses 
an alignment routine, which checks and corrects any drift of the sample before milling a 
section. By averaging over two fiducial markers the average accuracy of the subsequent slice 
positions is 1.9 nm. Prior to running the script a 1 μm thick layer of platinum is deposited. 
The slices with a nominal thickness of 10 nm were milled at 30 kV, 0.1 nA. SEM images were 
taken with the same conditions as the single cross sections. The average thickness value does 
vary about 19%. Therefore, it is safe to assume that the resolution in the z-direction equals 
10 nm ± 2 nm.

The scan resolution of the SEM images is 2.6 nm and the width of the electron beam 
is of the same order. Imaging in Backscattered Electron (BSE) mode normally reduces the 
resolution significantly due to the interaction volume, which is tens of nanometers for low 
density materials, like zeolites. However, in this case contrast is caused by morphology (cut 
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from the ion beam is not smooth), as the yield of BSE’s is dependent on the incidence angle 
of the electron beam. The electron beam width is in the order of ~ 2 nm, however, the imaging 
resolution is estimated to be 2.6 nm, which is the limiting factor. To rule out the noise only 
2×2 pixels areas were considered (approximately 5.2 x 5.2 nm) as the smallest detectable 
pore. Smaller pores might be present, but are currently beyond the detection limit. 

2.2.3. Data reconstruction

The stack of images requires post-processing to obtain 3-D statistical information from 
it. The first step consisted of an alignment procedure using Midas, a program from the 
IMOD software package. The second step consisted of manually drawing a model from the 
mesopore structures in IMOD, using open objects. Statistics were obtained by exporting the 
data from the model drawn in IMOD. Subsequently, the CasaMare software program was 
used to produce a histogram and an orientation graph.

3. Results and discussion

In a first set of experiments the FIB milled cross-sections of three distinct regions of the 
ZSM-5 parent crystal (further denoted as crystal ZSM-5-P) were prepared. Blue and red 
areas shown in Figure 6.1a correspond to the parts of the crystal with straight and sinusoidal 
channels open to the surface, respectively, whereas the green rectangle refers to the region 
where straight channels are covered by the 90º rotational barrier. As expected, non-steamed 
ZSM-5-P does not show any damage of the different regions of the crystal or the presence 
of mesopores, proving that zeolite pretreatment does not influence the characteristics of the 
material (Figure 6.1b). On the contrary, a study of the near surface regions of the steamed 
zeolite crystal (ZSM-5-S) depicted in Figure 6.1c shows a significant influence of the 
steaming post-treatment resulting in the vast presence of mesoporosity (yellow contours). 

The examination of the collected images provides clear evidence of the non-
uniform mesopore distribution present in the three areas of the steamed ZSM-5 sample. More 
specifically, region A originating from the tip of the ZSM-5 crystal contains a smaller number 
of mesopores than regions B and C. As the cross-sections collected from the near surface 
regions proof the successfulness of the steam treatment, it is relevant to study mesopore 
distribution in the center of the dealuminated crystal in detail. For this purpose, a second 
steamed ZSM-5 zeolite crystal was investigated. The results are summarized in Figure 6.2.
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Figure 6.1. a, A 3-dimensional representation of a ZSM-5 individual crystal from which the FIB cross-
sections were milled. Studied areas A-C are highlighted as blue, green and red rectangles, respectively. 
Straight and sinusoidal pores open to the surface are indicated by the orange and light blue areas, 
respectively b, SEM images of the three studied cross-sections (A-C) belonging to the parent crystal, 
together with the x16 zoomed-in insertions. Scale bar is 300 nm. c, Same as b, but for steamed crystal. 
Recorded mesopores are highlighted in the SEM insertions with the yellow contours.
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Figure 6.2. a, A schematic representation of a dealuminated ZSM-5 crystal with FIB cross-section 
areas chosen for the SEM imaging near the surface of the material. b, Same as a, but for the cross-
sections dissected from the center of the crystal. c, SEM microphotographs of areas I-IV, showing 
the different stages of the FIB cross-sections milling. Scale bar equals 5 µm. d, SEM images of the 
studied cross-sections of the ZSM-5 crystal tip and the crystal body. Areas indicated as I-IV refer to the 
depth of the cross-sections as shown in a. Insertions are ×64 zoomed-in areas indicated by the black 
rectangles. Scale bar is 400 nm. Recorded mesopores are highlighted in the SEM insertions with the 
yellow contours.
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 As illustrated in Figure 6.2d dealumination of the ZSM-5 crystals lead to the 
mesoporosity generation in the whole material volume. More specifically, regions III and 
IV originating form the cross-sections dissected from the middle depths of the crystal center 
and tip, shows a clear proof of mesopores occurrence. Thus, suggesting a successful steaming 
influence on the entire large ZSM-5 crystals. 
 Interestingly, cross-sections collected from the near surface regions (I and II) 
exhibit differences in the mesoporosity distribution as compared to the crystal’ middle 
depth. In particular, the SEM image of the area I in Figure 6.2d demonstrates the presence 
of the mesopores parallel to the crystal’ milled surface. This behavior has been found to be 
common for the near surface areas of the ZSM-5 crystal’s center and is observed in both 
studied samples (region C in Figure 6.1c and area I in Figure 6.2d). A possible explanation 
of the abovementioned presence of 2-dimensional mesoporosity is the damage of the straight 
channels open to the zeolite exterior. From previous studies[14, 15]  it is known, that the surface 
of large ZSM-5 zeolite crystals is not atomically flat, but rather consists from the unit cells 
formed in steps, kinks and terraces, leading to the variations of the surface height. Therefore, 
upon steaming straight channels parallel to the crystal surface and open to the crystal exterior 
will be susceptible towards the aluminum extraction and translate into mesopores parallel to 
the crystal surface in the first few hundreds of nm of the crystal volume. 

In order to obtain statistical information about the pore size distribution, both 
steamed ZSM-5 crystals were imaged with SEM. A careful statistical analysis of the two 
different crystals is presented in Figure 6.3a and Table 6.1, which allow us to compare the 
average pore size distribution within the studied regions A-C of the crystals.
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Figure 6.3. a, Normalized quantity of pore diameter for regions A-C showing the dominating pore 
population in the 5-50 nm region of steamed ZSM-5 crystal. b, Same as a, but for the combined number 
of mesopores from regions A-C. 

Table 6.1. Mesopore size distribution in the regions A-C of two individual steamed ZSM-5 crystals.

Mesopore sizes
[nm]

Crystals I and II
Quantity of pores in regions Percentage of pores in regions [%]

A B C A B C
5.2 576 895 737 16.61 25.81 21.25
7.8 195 206 291 5.62 5.94 8.39
10.5 16 82 89 0.46 2.36 2.57
13.1 5 41 61 0.14 1.18 1.76
15.7 1 38 25 0.03 1.10 0.72
18.3 1 22 30 0.03 0.63 0.87
20.9 4 22 23 0.12 0.63 0.66
23.5 3 24 16 0.09 0.69 0.46
26.1 15 9 0.43 0.26
28.7 10 5 0.29 0.14
31.4 6 3 0.17 0.09
34.0 3 1 0.09 0.03
36.6 3 2 0.09 0.06
39.2 0 0
41.8 4 0.12
44.4 2 0.06
47.0 2 0.06
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As shown in Figure 6.3a, analysis of the studied materials revealed a significant 
dependence between the crystal region and both the amount and diameter of the generated 
mesopores. The dominating mesopore sizes in region A vary between 6.2 nm and 7.2 nm 
with an average of about 6.2 nm. However, a few mesopores up to ~ 20 nm can be found. 
Similar analysis of regions B and C reveals that the average diameter of the pores increases 
to ~ 8.2 and 8 nm, while the maximal diameters of mesopores were found to be ~ 50 nm and 
35 nm, respectively. Statistical analysis of the two steamed ZSM-5 crystals revealed that 
region A contains about 23% of the overall number of mesopore channels found in all three 
studied regions, whereas regions B and C have 40% and 37% of all mesopores, respectively. 
Strikingly, as can be seen in Figure 6.3b and Table 6.1, the distribution of mesopore sizes in 
all regions reveals that more than 84 % of all recorded mesopores does not exceed 10 nm 
in diameter. Statistical information on the pore distribution of steamed ZSM-5 imaged with 
SEM has been validated by the nitrogen physisorption measurements. Figure 6.4a shows 
nitrogen adsorption/desorption curves, while Figure 6.4b gives us detail information on the 
pore size distribution.

Figure 6.4. a, Nitrogen adsorption and desorption isotherms of streamed zeolite ZSM-5. b, Pore size 

distribution of streamed zeolite ZSM-5.
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As shown in Figure 6.4a the occurrences of the hysteresis loop between the 
adsorption and desorption isotherms confirms the presence of mesopores generated upon 
zeolite dealumination. However, according to the BJH plot of the nitrogen adsorption 
isotherm (Figure 6.4b) only a very small pore volume can be found for mesopores above 5 
nm. A plausible explanation might be hindered access to the mesopores caused by the debris 
blocked in the micropore channels.   
  To facilitate the understanding of the non-uniform dealumination of the ZSM-5 
crystals under study, local aluminum distribution has to be discussed. As the synthesis of the 
large and well define zeolite crystals is difficult to control on the chemical composition level, 
numerous studies have reported the presence of aluminum zoning within the zeolite material.
[16-18] A gradient in the aluminum (or silicon) content within the material volume, would have a 
significant impact on the zeolite local susceptibility towards the steam treatment and obscure 
the understanding of the micropore orientation influence on the dealumination of ZSM-5. 
Therefore it is important to underline that the parent ZSM-5 crystals discussed in this Chapter 
has an equal amount of aluminum throughout the crystal,[19] allowing relating mesoporosity 
to the crystals intergrowth architecture.
 According to the obtained pore size distribution mesopore generation via steaming 
is highly influenced by the orientation of the micropores and thus the internal architecture 
of the crystal. More specifically, the interior of the straight channels (open to the surface 
in the orange regions of the ZSM-5 crystal in Figure 6.1a; area A) seem to be much more 
resistant towards dealumination of the zeolite than the sinusoidal channels (light blue regions 
in Figure 6.1a) exposed to the crystal’s exterior in region C.[15, 20] Remarkably, region B, being 
the area with straight channels sheltered in the parent ZSM-5 sample by the 90º rotational 
barrier (Figure 6.1a), is not only the part of the crystal that present the highest number of 
mesopores, but also contains the most heterogeneous mesopore size distribution as compared 
to the other crystal regions. 

Seemingly, extraction of the debris originating from zeolite dealumination is much 
more hindered within the straight pores than in the sinusoidal channel, leading to the varying 
pore size distribution. Interestingly, upon steaming the 90º rotational barrier starts acting as 
the preferential path for diffusion and facilitates the debris removal via the straight pores 
beneath it. This behavior can be seen by comparing regions II and IV in Figure 6.2d. Here, 
the image of the cross-section collected from the near surface region consists of a small 
amount of mesopores (region II), however the image recorded from the middle of the same 
crystal proves clearly the presence of the high numbers of mesopores (regions B in Figure 
6.1a and IV in Figure 6.2d). 

In view of obtaining 3-dimensional information on the length and morphology of 
the mesopores generated in the steamed ZSM-5 crystals, FIB/SEM tomography was applied 
as a novel method for porous materials characterization. Figure 6.5 schematically presents 
the combination of the subsequent FIB milling and SEM imaging of the zeolite crystal. This 
approach allowed subsequent milling and imaging of the steamed ZSM-5 crystal’s volume 
and visualization of the mesopores in 3-dimensions.
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Figure 6.5. a, A schematic representation of an individual steamed ZSM-5 crystal during FIB/SEM 
tomography. Focused ion beam (top) subsequently removes ~ 10±2 nm thick cross-sections from the 
plane normal to the crystal’s surface, while the electron beam images 5×5 µm area is indicated with the 
red square. Insertion shows steamed ZSM-5 crystal after FIB cross-section milling. b and c, SEM images 
illustrating the beginning and the end of the volume studied by FIB/SEM tomography. Differences 
between the thickness of the material in images b and c is 1.5 µm. d and e, SEM microphotographs of 
the first and the last cross-section collected from the analyzed volume of the steamed ZSM-5.
  

 Subsequently, a stack of 150 consecutive cross-sections separated from each other 
10±2 nm with the surface area of about to 5×5 µm2 was collected (red square in Figure 6.5). 
Next, mesopores visible in the aligned SEM microphotographs were digitally identified in 
all the layers, leading to the reconstruction of a studied zeolite volume. This is schematically 
shown in Figure 6.6 where as an example four, subsequent FIB/SEM tomography images and 
the reconstruction of mesopores are given.
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Figure 6.6. a, Four (I-IV), subsequent FIB/SEM tomography images of 250×200 nm. b, Same as a, but 
with three indicated mesopores. Each color of the mesopore represents different depth of the steamed 
ZSM-5 crystal volume. c, Digitally indicated mesopores without SEM images. d, Same as c, but 90º 
rotated and showing different layers. e, Stacked contours of the mesopores found in layers I-IV in c. f, 
Same as e, but for d.

  Following the methodology presented in Figure 6.6, a 5×5×1.5 µm3 volume of 
an individual steamed ZSM-5 crystal was reconstructed in 3-dimensions, illustrating the 
presence of ~750 mesopores of length exceeding 10 nm. The result is given in Figure 6.7. 
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Figure 6.7. a, A reconstructed distribution of mesopores in the 5×5×1.5 µm3 volume of an individual 
steamed ZSM-5 crystal.  Plane xy is shown; the upper right corner insertion indicates the orientation 
of the xy, xz and yz planes as green, red and blue rectangles, respectively. The ×25 zoomed-in section 
shown in the right bottom corner of the xy plane, shows a group of 26 reconstructed mesopores. Scale 
bars are 500 nm. b and c, Same as a, but for xz and yz planes, respectively. Scale bars are 1 µm.
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Before the reconstructed volume will be analyzed it is important to point out that 
mesopores with a diameter smaller than 10 nm could not be visualized in two consecutive 
microphotographs. Therefore ~ 84% of the overall population of mesopores (Table 6.1) can’t 
be resolved by the FIB/SEM tomography and are not included in the ~ 750 pores discussed 
further on. Nevertheless, it is important to mention the impact of the sphere-like mesopores 
with a diameter below 10 nm. Due to the nature of their morphology they are only connected 
via micropores and therefore do not significantly enhance the molecular diffusion. 

The lengths of the reconstructed mesopores vary in the range of 10 to 260 nm, 
while their width is between 10 and 50 nm. From the visualized population of mesopores 
approximately 630 of them (85%) are in the range of 10 and 100 nm, while only ~ 1% rises 
above 200 nm (Figure 6.8).   

Figure 6.8.  Average length of the mesopores based on ~ 750 reconstructed mesopores from the steamed 
zeolite ZSM-5 crystal’ volume, as shown in Figure 6.7. 

Considering that even the longest recorded mesopores are enclosed within ~ 
250 nm, therefore not longer than the 1.25% of the average width of the ZSM-5 crystals, 
it is important to underline the uniformity of the steaming process and distribution of the 
mesopores across the whole crystal as shown in Figure 6.2. 

To facilitate the understanding of the pore distribution and assess the average 
morphology of the studied mesopores Figure 6.9 shows a reconstructed representation of the 
750×750×200 nm3 subset of the aforementioned volume of the steamed ZSM-5 (Figure 6.7). 
Here 11 resolved mesopores with a width ranging from 15 to 20 nm and a length below 60 nm 
are shown. As shown in Figure 6.6, overlaying of subsequent FIB/SEM tomography images 
allow visualization of the external contour of the mesopores recorded in the ZSM-5 steamed 
crystals. However, in order to assess the 3-dimensional morphology of the mesopores, digital 
meshing of the surface of the pores is required. This is illustrated in Figures 6.9b and c, where 
the shape and form of two examples of mesopores are shown.
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Figure 6.9. a, A reconstructed distribution of mesopores in the 750×750×200 nm3 sub-volume of 
steamed ZSM-5 crystal. Plane xy is shown; the upper right corner insertion indicates the orientation 
of the xy, xz and yz planes as green, red and blue rectangles, respectively. The ×2 zoomed-in section 
shown in the right bottom corner of the xy plane, shows a group of 11 reconstructed mesopores. Scale 
bars are 60 nm. Surface of digitally indicated mesopores is not rendered allowing visualization of their 
overlay. b and c, Projection of the mesopores to the xz and yz planes, respectively. Each layer indicates 
the consecutive cross-sections plane recorded by SEM tomography. Zoomed-in area focuses on two 
pores with rendered surface. Scale bars are 50 nm.
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From the close investigation of the reconstructed mesopores, it becomes apparent 
that both the position and morphology are random. However, the long axis of the mesopores 
always aligns with the direction of the pores open to the crystal’ surface (normal to the cross-
section plane). Figure 6.10 illustrates the abovementioned relation. Here ~ 750 mesopores 
reconstructed in the Figure 6.7 and with length between 10 and 250 µm are displayed as the 
tilt function of their long axis. The beginning of the mesopore is fixed in the [0,0] coordinates 
of the graph, while the end of it is defined by its tilt.   

Figure 6.10. A variation in the directions of ~750 mesopores with length between 10 and 250 nm 
recorded in 5×5×1.5 µm3 volume of steamed ZSM-5 crystal indicated in Figure 6.7. First position of 
the mesopore is fixed into the [0,0] coordinates, allowing visualization of the mesopores tilt indicated 
by the position of the last position of it. Pores shorter than 10 nm are not included. 

 Strikingly, out of the ~ 750 mesopores found in the volume of the steamed ZSM-5 
zeolite crystal (between 10 and 250 nm), more than 87% (blue data points) does not deviate 
more than 50 nm from the direction of the sinusoidal micropores opened to the surface, while 
only ~ 12 (green data points) and 1% (red data points) varies between 50-100 and 100-150 
nm, respectively. This suggests that the large mesopores in majority are 1-dimensional and 
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follow the sinusoidal micropores open to the zeolite surface. Therefore, upon dealumination, 
the shortest path for the debris removal is chosen.

4. Conclusions

In this Chapter the presence, length/width distribution and morphology of mesopores in 
steamed zeolite ZSM-5 crystals were studied by FIB/SEM tomography. Our approach allowed 
the visualization of the three-dimensional distribution of mesopores in individual ZSM-5 
crystals. It has been found that the sinusoidal channels are much more susceptible towards 
dealumination than the straight channels, resulting in the internal architecture dependent 
mesopores distribution within steamed ZSM-5 crystals. It has been experimentally visualized 
that the 90º rotational barrier facilitates the dealumination debris removal, opens the straight 
micropores and enhances the mesoporosity generation. The long axis of the mesopores 
always correlates with the axis of the micropores open to the crystal’s surface, thus indicating 
that the shortest path for the removal of dealuminated material residues is preferred.

In addition, thanks to the FIB/SEM tomography studies for the first time, the 
mesoporosity of the dealuminated large zeolite ZSM-5 crystals has been shown. The 
reconstruction of mesopores distribution and their external morphology doesn’t call for the 
lamella preparation and is generally applicable to porous materials with thickness beyond 
hundreds of nanometers. The method resolution, however, is currently limited to ~ 5.2 nm, 
but it can be expected that in the near future the visualization of smaller mesopores becomes 
within its reach. 
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Porosity, Acidity and Reactivity of Dealuminated 
Zeolite ZSM-5 at the Single Particle Level: Influence 

of the Zeolite Architecture

     

    
Abstract

A combination of Atomic Force Microscopy (AFM), High Resolution Scanning Electron 
Microscopy (HR-SEM), Focused Ion Beam milling (FIB), X-ray Photoelectron Spectroscopy 
(XPS), Confocal Fluorescence Microscopy (CFM), UV-Vis and Synchrotron-based IR 
micro-spectroscopy was used to investigate dealumination processes of zeolite ZSM-5 at the 
individual crystal level. It has been evidenced that steaming has a vast impact on the porosity, 
acidity and reactivity of the zeolite materials. The catalytic performance tested by the styrene 
oligomerization and methanol-to-olefin reactions leads us to conclude that mild steaming 
conditions result in greatly enhanced acidity and reactivity of dealuminated zeolite ZSM-5. 
Interestingly, only residual surface mesoporosity is generated in the mildly steamed ZSM-5 
zeolite, leading to the rapid crystal coloration and coking upon catalytic testing, indicating 
enhanced deactivation of the zeolites. In contrast, harsh steaming conditions generate 
mesopores of 5 – 50 nm extensively improving the accessibility of zeolites. However, severe 
dealumination decreases Brønsted acid sites strength causing the depletion of the overall 
acidity and results in a major drop in catalytic 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, N. Kahn, J. A. Post, S. R. Bare, M. W. Anderson, O. Terasaki and B. M. Weckhuysen, in preparation.  

Lukasz Karwacki and Luis Aramburo equally contributed to this work and therefore this Chapter is part of both 
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1. Introduction

In Chapter 6 the mesoporosity originating from the dealumination of large zeolite ZSM-5 
crystals was studied by FIB/SEM tomography, which allows the visualization of morphology 
and distribution of mesopores within zeolite crystals. Upon steaming Al-O-Si bonds 
hydrolyse and aluminum is detached and subsequently removed from the zeolite framework. 
As a result the average number of accessible acid sites will decrease. [1-6] This, on the other 
hand, will lead to an increase of the acid strength of the remaining framework aluminum[7] 
and the plausible synergy effects between framework and extra-framework aluminum species 
(“super acidity” effect).[8] 
 As zeolite ZSM-5 takes a prominent role in various important catalytic processes[9-11] 
it is crucial to understand those acidity variations. Next to the changes in Si/Al ratio, it has 
been proven that zeolite accessibility[12, 13] and product distribution are severely influencing 
the catalytic performance of steamed zeolites.[5, 14, 15] To obtain detailed insight into (a) the 
internal and external influence of a dealumination process, (b) the micro- and mesopore 
accessibility and (c) the catalytic properties of steamed ZSM-5, it is essential to understand 
the connection between the porosity, acidity and reactivity at the level of an individual zeolite 
crystal. 
 In this Chapter the effect of varying steaming post-treatment on individual ZSM-
5 crystals with dimensions of 100×20×20 µm3 is thoroughly investigated by Atomic 
Force Microscopy (AFM), High Resolution Scanning Electron Microscopy (HR-SEM), 
Focused Ion Beam milling (FIB), X-ray Photoelectron Spectroscopy (XPS), Confocal 
Fluorescence Microscopy (CFM), UV-Vis micro-spectroscopy and Synchrotron-based IR 
micro-spectroscopy. Throughout this Chapter three different ZSM-5 crystal types will be 
discussed, i.e. parent zeolite (further denoted as ZSM-5-P), mildly treated zeolite (ZSM-
5-MT) and severely treated zeolite (ZSM-5-ST). The goal is to compare the influence of 
different dealumination conditions on the molecular diffusion and reactivity of individual 
coffin-shaped ZSM-5 crystals. In order to assess the changes in the catalytic performance of 
the abovementioned ZSM-5 crystals the acid-catalyzed oligomerization of 4-fluorostyrene[16] 
and the Methanol-To-Olefins (MTO)[17] processes have been used as spectroscopic probe 
reactions.

2. Experimental

2.1. Materials

ZSM-5 crystals (Si/Al ratio of 17) were provided by ExxonMobil (Machelen, Belgium). 
Prior to steaming post-treatment the crystals were converted into their acidic form by 
triple ion-exchange with a 10 wt% ammonium nitrate (99+%, Acros Organic) solution 
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at 350 K, followed by calcination at 800 K (5 K/min, for 10 h). Before starting the 
dealumination post-treatment the zeolite crystals were pre-heated to 400 K for 30 min in 
a quartz tubular oven (Thermoline 79300) at a rate of 2 K/min. Subsequently, the zeolite 
crystals contained inside the tubular oven were heated up to higher temperatures (773 K 
for the ZSM-5-MT and 973 K for the ZSM-5-ST) at a rate of 10 K/min and steamed via 
saturation of a N2 flow (140 ml/min) with steam for 300 min. After the steaming post-
treatment zeolite crystals were calcined at 800 K (5 K/min, for 6 h). Table 7.1 summarizes 
the information about the treatment of the abovementioned zeolite crystals.
   
Table 7.1. Overview of the investigated ZSM-5 crystals, listed in the order of treatment conditions. 
The three crystals used are listed as ZSM-5-P, ZSM-5-MT and ZSM-5-ST for the parent, mildly 
steamed and severely steamed samples, respectively.  

Sample name Pretreatment Steam treatment

ZSM-5-P
Calcination 

(800 K for 6 h)
 and ion exchange

No 

ZSM-5-MT (773 K, 300 min, 0.045 g)  

ZSM-5-ST (973 K , 300 min, 0.078 g)  

2.2. Methods

2.2.1. Confocal fluorescence microscopy 

The confocal fluorescence microscopy set-up is based on a Nikon Eclipse LV150 
microscope with a 50×0.55 NA dry objective. Measurements were performed using a 
Linkam FTIR 600 in-situ spectroscopic cell equipped with a temperature controller and 
mounted to the fluorescence microscope. For typical 4-fluorostyrene oligomerization 
measurements, zeolite crystals were placed on a glass plate located in the in-situ cell and 
subsequently heated up to 393 K (5 K/min). After ~ 10 min of reaction confocal images 
were acquired with a Nikon Eclipse LV150 microscope equipped with a 50×0.55 NA 
dry objective and a Nikon D-Eclipse C1 head equipped with 561 nm laser. The emission 
was detected with the photomultiplier tube in the 575-635 nm range. Full stacks of the 
confocal slices were used to reconstruct the three-dimensional spatial distribution of the 
fluorescent species in the zeolitic material. 
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2.2.2. UV-Vis micro-spectroscopy

The micro-spectroscopic analysis of the individual 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 was connecting the microscope with a CCD UV/Vis spectrometer 
(AvaSpec-2048TEC, Avantes). For typical 4-fluorostyrene oligomerization experiments, 
the crystals were placed on a glass plate and 10 μl of the styrene derivate was added. In 
a second step, the glass plate was placed on the heating plate, at 393 K for 15 min and the 
optical absorption microscopic measurements were performed in the range 400 – 700 nm. 
For the Methanol-To-Olefin reaction zeolite crystals were placed on a glass plate in the in-
situ reaction cell and subsequently activated by heating them up to 800 K(5 K/min, 60 min) 
under a N2 atmosphere. Afterwards, the temperature was decreased to 750 K (5 K/min) and 
methanol was introduced in the in-situ reaction cell by saturation of a N2 flow (140 ml/
min) at room temperature for a period of 120 min. UV-Vis spectroscopy measurements were 
performed in the range 400 – 700 nm. 

2.2.3. Synchrotron-based IR micro-spectroscopy

Synchrotron-based IR spectra and images were collected at beamline SMIS located in 
the French National Synchrotron SOLEIL (Paris, France). A Thermo Nicolet NEXUS 70 
spectrometer, coupled to a Continuum XL 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 
typical pyridine measurements zeolite crystals were placed in the in-situ Linkam reaction 
cell and heated up to 575 K in a N2 atmosphere (5 K/min, 30 min) to activate the zeolite. 
Subsequently, the cell was cooled down to room temperature and 10 μl of pyridine were 
added to the zeolite crystals. Part of the sample was heated up to 573 K and 673 K in order to 
progressively remove the chemisorbed pyridine. Afterwards crystals were placed in a CaF2 
window located on the motorized (in x/y) mapping stage. At each point of the map, a mid-IR 
(4000 – 800 cm-1) spectrum was recorded in transmission mode with a spectral resolution of 
4 cm-1 and 256 scans co-added. The IR beam (aperture) size used for the mapping was 7×7 
μm. Background measurements were performed with the same IR (beam) aperture and with 
a spectral resolution of 4 cm-1 and 64 scans co-added. 
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2.2.4. 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 
have been 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. 

2.2.5. High resolution scanning electron microscopy 

HRSEM images were taken on a JEOL JSM-7000F, which has a quoted nominal lateral 
resolution of 3.0 nm at 1kV. The crystals were embedded in a conducting adhesive and were 
kept uncoated.

2.2.6. Focused ion beam milling and scanning electron microscopy 

The 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 Microscope (FIB-SEM) 
(Nova Nanolab 600 Dualbeam, FEI, The Netherlands) crystals with the correct orientation 
were selected using SEM. Prior to sectioning, a 1 μm thick layer of Pt was deposited on the 
areas of interest using the Gas Injection System (GIS). The deposition protects the area of 
interest from the ion beam and improves the sectioning quality.

The various sections of zeolite crystals were milled with the FIB at 30 kV and 0.1 
nA. Subsequently, SEM images were taken in backscatter electron (BSE) mode at 2 kV, 
0.21 nA, using the through-the-lens detection system in combination with the immersion 
lens. The scan resolution of the SEM images is 2.6 nm and the width of the electron beam 
was in the same order. Imaging in Backscattered Electron (BSE) mode normally reduces the 
resolution significantly due to the interaction volume, which is tens of nanometers for low 
density materials, like zeolites. However, in this case contrast is caused by morphology, as 
the yield of BSE’s is dependent on the incidence angle of the electron beam. Therefore, the 
imaging resolution is estimated to be 2.6 nm.
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2.2.7. X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) data were collected using either 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 x 10-9 mbar. The XPS spectra were collected using monochromatic AlKα 
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. Bulk averaged 
signals were obtained by grinding the zeolite crystals prior to XPS analysis. For this, the XPS 
was performed using a 100 μm beam, rastered over an area of 1400 × 300 μm. In that case, 
the ground samples were dispersed on a tape.

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, 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 
integrated Physical Electronics data analysis software (Multipak).

3. Results and discussion

In a first set of experiments, the parent sample (ZSM-5-P) along with two, mildly (ZSM-5-
MT) and severely (ZSM-5-ST) steamed zeolite crystals have been studied with AFM. Two 
different regions of the crystal were investigated. The first one originates from the zeolite 
crystal tip (region I), while the second region corresponds with the center of the ZSM-5 
crystals (region II). The obtained results are summarized in Figure 7.1. 
 Careful examination of Figure 7.1b shows that no steps are present on the surface 
of region I in the three crystals under study. This indicates that there is no strong influence 
of the steam treatment to the tips of the ZSM-5 crystals. In other words, areas where the 
straight micropores are open to the surface[18] are not much affected by the steam treatment. In 
contrast, region II shows an increasing level of roughness after dealumination leading to the 
more distorted surfaces of ZSM-5-MT and ZSM-5-ST as compared to ZSM-5-P. In addition, 
apart from the increasing irregularity of the central surface of the crystal varying step heights 
can be distinguished on the mildly and severely steamed samples. Importantly, the surface 
of ZSM-5-ST reveals clear indications of surface dissolution features,[19] suggesting that the 
appearance of the steps is caused by the subsequent framework breakup rather than by re-
crystallization. This is presented in more detail in Figure 7.2 where the AFM height images 
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of three studied crystals are shown. 

Figure 7.1. a, Schematic representation of an individual ZSM-5 crystal during AFM studies. 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 regions I and II of the ZSM-5 parent, mildly and severely treated crystals (ZSM-5-P, ZSM-5-MT 
and ZSM-5-ST, respectively). The tips are not influenced by the steaming treatment, while region 
II becomes rougher and an increasing number of steps are formed with increasing severity of the 
treatment. Scale bars are 500 nm and 1 µm for regions I and II, respectively.

 In line with the observation of surface dissolution features are height measurements 
of the visible steps of the crystal. Interestingly, the differences in the average height suggests 
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) decreases to half-steps 
of ~ 1 nm for ZSM-5-MT (Figure 7.2a and b, respectively). Similarly to ZSM-5-MT, ZSM-
5-ST shows steps of approximately 1 nm. However, detailed investigation of the height plot 
confirms also the presence of dissolved crystal’s steps, as layers are not uniformly flat but 
rather vary ± 0.1 nm. 
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Figure 7.2. a, A zoomed-in AFM height image of the ZSM-5-P crystal (left). Measured step heights 
for the cross-sections indicated by the white arrow on the left AFM image. The average height of the 
steps is in the order of 2 nm, indicating a single unit cell in the a/b- direction. b, Same as a, but for the 
ZSM-5-MT. Recorded steps (1 nm in height), refer to the half of the unit cell in the a/b- direction. c, 
Same as b, but for ZSM-5-ST. Scale bar varies and is 600 nm for ZSM-5-P (a), 400 nm for ZSM-5-MT 
(b) and 150 nm for ZSM-5-ST (c).
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The AFM study already proofs that steam post-treatment has a high impact on the ZSM-
5 surface. However, in order to obtain additional information on the zeolite topology, a 
complementary HRSEM[20] study was performed. Figure 7.3 shows the high resolution SEM 
microphotographs collected from the surface of ZSM-5-P, ZSM-5-MT and ZSM-5-ST. 

Figure 7.3. a, High resolution SEM image of ZSM-5-P. Insertion shows the high magnification SEM 
images of the area indicated in left, revealing the surface roughness. b, Same as a, but for ZSM-5-MT. 
Here the surface shows a clear indication of the steam treatment influence on the zeolite surface. c, 
Same as b, but for ZSM-5-ST. Insertion of the right reveals the presence of the mesoporosity. Scale 
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bars are: 5 µm (left) and 200 nm right. Recorded mesopores are highlighted in the HRSEM insertions 
with the yellow contours.

 All HR-SEM images reveal some roughness of the crystals. The surface of ZSM-
5-P is consistent with the features found with AFM and indicates that supersaturation was 
close to equilibrium when the crystals where removed from the growing solution, resulting in 
a non-uniform surface height (Figures 7.1b and 7.3a). Surprisingly, ZSM-5-ST doesn’t seem 
to show the strongest roughening from the three materials under investigation. Although 
surface damage and the clear presence of mesopores (varying between ~ 20 and 50 nm) are 
apparent from the zoomed-in image of ZSM-5-ST (Figure 7.3c), the ZSM-5-MT sample 
appears to be the most rough. The features found in ZSM-5-MT can be described as surface 
mesoporosity, where the dealumination cause seemingly a rough surface, without necessarily 
penetrating the steamed zeolite crystal volume.
 To answer to the question about the mesoporosity distribution in the mildly and 
severely treated samples, a detailed FIB milling and SEM imaging study of the three 
investigated crystals was undertaken. For detailed information about this experimental 
approach we refer the reader to Chapter 6. Figure 7.4 summarizes the results of the combined 
FIB-SEM approach and compares the distribution of mesopores in ZSM-5-P, ZSM-5-MT 
and ZSM-5-ST at 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 ZSM-5-P, ZSM-5-MT and ZSM-5-
ST crystals, as schematically shown in Figures 7.4a and c (region A). No mesoporosity or 
material’s damage has been found in ZSM-5-P. In contrast ZSM-5-MT shows the presence of 
a 2-dimensional mesopore distribution. The small yellow circles with an average dimension 
in the order of 5 nm are in line with the mesopores parallel to the sinusoidal channels of the 
ZSM-5 zeolite. A second group of mesopores is parallel to the milled cross-sections and most 
probably introduced due to the presence of the straight micropores parallel to the zeolite 
surface and open to the  exterior of the crystal. Similar mesoporosity can be found in ZSM-
5-ST. Here, however, the amount of the mesopores perpendicular to the mild cross-section is 
higher than for ZSM-5-MT, while a similar number of mesopores parallel to the cross-section 
can be observed. This suggests that while both materials are susceptible to the steaming of 
the zeolite crystal’s exterior, the severe dealumination treatment generate mesopores in a 
larger volume of the crystal. To obtain experimental proof for this hypothesis, the same three 
ZSM-5 crystals where further thinned down with the focused ion beam. Figure 7.4b shows a 
schematic of the ZSM-5 crystal with its middle exposed to the imaging electron beam. Here 
(Figure 7.4c, region B), only ZSM-5-ST exhibits mesopores varying between 5 and 50 nm, 
while the cross-section of ZSM-5-MT is smooth and not altered by dealumination. 
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Figure 7.4. a, A schematic representation of a ZSM-5 crystal with FIB cross-section area chosen for the 
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, respectively, 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 (HRSEM and FIB/SEM) it can 
be concluded that the structure of both steamed zeolite samples is directly influenced by 
the conditions of the post-treatment. Mild dealumination causes a significant roughness in 
the zeolite crystal’s surface, however the generated mesoporosity is limited to the exterior 
of the crystals. This surface mesoporosity does not improve the molecular diffusion within 
the whole crystal volume. On the other hand, the dissolved surface of ZSM-5-ST is more 
susceptible towards dealumination leading to mesoporosity distributed within the whole 
steamed zeolite crystal volume.[21]

 Being aware of the fact that steaming under different conditions influences the 
surface of the materials (roughness and dissolution features) and overall mesoporosity it 
is important to unravel the influence of both treatments on the concentration of aluminum 
inside the steamed zeolite crystal. To determine the impact of the treatment on the external 
concentration of aluminum species, XPS sputter depth profiling measurements were 
performed. Figure 7.5 illustrates the variation of the Si/Al ratio in the first 100 nm crust for 
ZSM-5-P, ZSM-5-MT and ZSM-5-ST. 

Figure 7.5. a, XPS sputter-depth-profile plot showing the Si/Al ratio as a function of the sputter depth 
for ZSM-5-P, ZSM-5-MT and ZSM-5-ST crystals.

It is clear from Figure 7.5 that the chemical composition drastically changes upon 
dealumination. ZSM-5-P shows considerable depletion in the first 20-30 nm of the material 
and seems to stabilize around the 100 nm with a Si/Al ratio around 60. In contrast, the ZSM-
5-MT surface possesses an average Si/Al ratio in the first 60 nm of the material of 10 – 15 and 
this value slightly increases with increasing depth of the material. Interestingly, ZSM-5-ST 
has a similar Si/Al value to a ZSM-5-MT, however after the first 20 nm the Al concentration 
decreases to values observed in ZSM-5-P. 
 To evaluate the influence of the mesoporosity present in the steamed zeolite crystals 
and the altered location and nature of acid sites individual ZSM-5 crystals were stained with 
4-fluorostyrene. Optical and confocal fluorescence images as well as UV-Vis absorption 
spectra were recorded as a function of reaction time. The results are summarized in Figure 
7.6.
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Figure 7.6. a, Microphotographs of H-ZSM-5 crystals at the beginning (τ0) and after (τ1) oligomerization 
of 4-fluorostyrene at 60ºC. Time τ0 is the early stage of the reaction and τ1 equals 14, 14 and 10 min, for 
crystals ZSM-5-P, ZSM-5-MT and ZSM-5-ST, respectively. b, Confocal fluorescence images recorded 
on the crystal’s top plane of  the ZSM-5-P, ZSM-5-MT and ZSM-5-ST crystals taken after ~ 12 min of 
the exposure to 4-fluorostyrene at 60ºC. The images are presented in the thermal map representation 
(the warmer the color, the higher the intensity). Excitation at 561 nm, detection at 575-635 nm. c, Time-
resolved UV-Vis spectra recorded during the 4-fluorostyrene oligomerization process, collected in the 
center of the crystals shown in a.
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 Upon catalytic reaction different products are formed, which absorbs light in the 
visible region of the spectrum and gives rise to strong crystal coloration.[17] This is illustrated 
in Figure 7.6a. The ZSM-5-P and ZSM-5-MT crystals show strong coloration already after 
a few seconds of reaction. Although both samples are highly reactive it is important to stress 
that the average coloration of ZSM-5-MT is approximately twice more intense than for ZSM-
5-P. In contrast, the microphotographs of ZSM-5-ST show almost no coloration. 
 With the aim of mapping the surface distribution of active sites in the parent 
and steamed samples confocal fluorescence microscopy (CFM) after 4-fluorostyrene 
oligomerization was introduced. The results are presented in Figure 7.6b revealing variations 
in the product distribution on the surface of zeolite crystals. Clear differences in the amount 
of the styrene dimer[22] between ZSM-5-P and ZSM-5-MT can be observed. As known from 
the AFM and HRSEM results, steaming under mild conditions causes a higher number of 
defects and surface mesoporosity. As a consequence, more conjugated species are generated 
on the zeolite exterior increasing the ease of pore blocking. The presence of additional surface 
aluminum species observed by XPS measurements further supports the above-mentioned 
phenomenon. On the contrary, ZSM-5-ST shows considerably lower activity in the Brønsted 
acid catalyzed styrene oligomerization reaction. 
 In order to correlate the variations in crystal coloration and fluorescence emission 
signal with changes in the activity and selectivity of each sample during 4-fluorostyrene 
oligomerization UV-Vis spectra have been recorded as shown in Figure 7.6c. Closer 
inspection of the UV-Vis data reveals significant differences in the observed selectivity and 
activity of ZSM-5-MT and ZSM-5-ST when compared to ZSM-5-P.
 More specifically, steaming under mild conditions influences a faster formation of 
the linear dimer as revealed by the time evolution of the UV-Vis absorption band at 560 nm[22, 

23] (Figure 7.6c). This indicates an enhanced activity of ZSM-5-MT relative to ZSM-5-P. In 
contrast, steaming under severe conditions induces a decrease in the rate of formation of 
the 560 nm UV-Vis absorption band as well as in the overall absorbance at the end of the 
reaction. This is indicative for a considerable decrease in reactivity of ZSM-5-ST as compared 
to ZSM-5-P and ZSM-5-MT. In addition, mild steaming induces differences in the relative 
intensity of the UV-Vis absorption bands assigned to linear and cyclic carbocations, located 
at 560 nm and 510 nm, respectively.[22, 24] The presence of  the 510 nm shoulder in the UV-
Vis absorption spectra indicates the occurrence of strong Brønsted acid sites in the ZSM-5-
MT sample.[24] Importantly, this behavior is not seen in either ZSM-5-P where the selectivity 
towards both products is lower and relatively constant over time, or ZSM-5-ST, where the 
selectivity towards the cyclic carbocation is decreased as compared to ZSM-5-P and ZSM-5-
MT, suggesting a decrease of the acidity caused by the harsh steaming conditions. 
 To further explore the reactivity variations, MTO reactions were performed. During 
the MTO process differences between the parent and steamed samples were recorded, as 
revealed by the crystal darkening and UV-Vis absorption spectra shown in Figure 7.7. 
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Figure 7.7. a, Microphotographs of H-ZSM-5 crystals at the beginning (τ0) and end (τ3) during an in-
situ MTO reaction at 350ºC. Time τ0 is the beginning of the reaction, τ1 equals 13, 12 and 15 min, τ2 

equals 32, 28 and 30 min and τ3 equals 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 the in-situ MTO reaction at 350ºC, 
collected in the center of the crystals shown in a.

 Upon reaction, two broad UV-Vis absorption bands located at 410 and 550 nm start 
to be formed after a short induction period. The former absorption band has been assigned to 
the π-π* transitions methyl-substituted benzenium cations, whereas the latter absorption band 
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has been assigned to more extended conjugated aromatic species.[15] The faster development 
of both UV-Vis absorption bands in ZSM-5-MT with increasing time-on-stream proves a 
faster formation of the methyl-substituted benzenium cations as compared to ZSM-5-P. 
Hence, this observation indicates an increased catalytic activity which is in agreement with 
the shorter induction time needed for the coloration of the crystals. In contrast, ZSM-5-
ST shows a completely different behavior upon MTO reaction than ZSM-5-P and ZSM-
5-MT. As a consequence, the zeolite ZSM-5-ST crystals require a longer time to develop 
color changes. This implies a longer induction period needed for the generation of reaction 
products. Furthermore, the UV-Vis absorption spectra measured upon MTO reaction reveal a 
slow formation rate of the methyl-substituted benzenium cations. Both observations indicate 
a decrease in the catalytic performance of the zeolite material after severe dealumination.
 The spectroscopic probe reactions discussed above allowed the visualization of the 
catalytic performances of ZSM-5 crystals as a result of the steaming post-treatment. To further 
investigate the relation of the variation in the catalytic performance with changes in the acidic 
properties of the zeolitic materials, synchrotron-based IR micro-spectroscopy[25] has been 
used in combination with pyridine adsorption. Pyridine with a molecular dimension of 0.57 
nm diffuses through the micropore system of ZSM-5 and allows the detection of all acid 
sites present within the zeolite material.[26] The sorption of pyridine was introduced at room 
temperature and the samples were subsequently heated up 300 ºC and 400 ºC. The Brønsted 
acid sites, giving rise to IR spectra of adsorbed pyridine at around 1545 cm-1, allow the 
visualization of differences in the nature and strength of the acid sites in the zeolite crystals 
under investigation. Figure 7.8 shows the IR spectra of the adsorbed pyridine collected at 
room temperature, 300 ºC and 400 ºC of the ZSM-5-P, ZSM-5-MT and ZSM-5-ST crystals. It 
is clear that the steaming conditions have a considerable impact on the variation of the acidic 
properties of ZSM-5 zeolites. 
 Most notable is that ZSM-5-ST only possesses residual Brønsted acidity. As 
shown in Figure 7.8a, ZSM-5-MT at room temperature exhibits a lower number of pyridine 
molecules chemisorbed on Brønsted acid sites as compared to the to ZSM-5-P. In principle 
mild steaming conditions should give rise to an overall acidy of ZSM-5-MT. However, as 
mesoporosity has not been generated during the post-treatment and the pore system of the 
ZSM-5 is partially filled with aluminum extra-framework species pyridine diffusion will most 
probably be hindered. In addition, framework aluminum species (acting as Brønsted acid 
sites) becomes partially converted into extra-framework aluminum, which will act as Lewis 
acid sites. This implies that the number of Brønsted acid sites detected at room temperature in 
ZSM-5-MT does not represent the total number of acid sites contained in the zeolite crystals 
after the steaming post-treatment. Analysis of the 1545 cm-1 band in the IR spectra measured 
after heating up ZSM-5-MT to 300 ºC and 400 ºC reveals an expected increase in Brønsted 
acidity as compared to ZSM-5-P. Importantly, the relatively constant value of Brønsted 
acid sites detected in the ZSM-5-MT at the three different temperatures as compared to the 
progressive decrease of the amount of Brønsted acid sites as observed for ZSM-5-P indicates 
an enhanced acid site strength distribution as a result of the steaming post-treatment. A likely 
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explanation for the observed enhancement involves the coupling of two effects taking place 
simultaneously, the extraction of aluminum from the zeolite framework (which increases the 
acidity of the remaining framework aluminum)[7] and the synergism between framework and 
extra-framework aluminum species (the so-called “super acidity” effect).[8] 

Figure 7.8. a, Synchrotron-based IR spectra of zeolites with adsorbed pyridine at room temperature, 
573 K and 673 K. The IR bands at 1545 cm-1 correspond to pyridine interacting with Brønsted acid 
sites. Spectra are presented in black for the parent sample (ZSM-5-P), red for mildly steamed sample 
(ZSM-5-MT) and green for the severely steamed (ZSM-5-ST) sample. b, Spatially resolved Brønsted 
acid site maps revealing the amount of chemisorbed pyridine in ZSM-5-P, ZSM-5-MT and ZSM-5-ST 
at 523 K. Maps are overlaid with the footprints of the scanned crystals depicted in grey. No signal was 
detected during recording the ZSM-5-ST map.

 Finally, to shed more light into the spatial distribution of the acid sites within an 
individual zeolite crystal, IR pyridine maps have been measured. As shown in Figure 7.8b, 
a nearly homogeneous Brønsted acid site distribution can be found in ZSM-5-P and ZSM-
5-MT after being heated up to 250 ºC. A small variation between the crystal’s edges and the 
main bodies does seem occur possibly due to the twinning of the ZSM-5 crystals, however as 
reported by Kox et al.[27] aluminum content is uniformly distributed in 2-D within the ZSM-
5-P crystal. Furthermore, it is important to stress that the presence of a nearly homogeneous 
distribution will most probably not cause differences in the susceptibility towards steaming 
within a single zeolite crystal.
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4. Conclusions

The combination of Atomic Force Microscopy (AFM), High Resolution Scanning Electron 
Microscopy (HR-SEM), Focused Ion Beam milling (FIB), X-ray Photoelectron Spectroscopy 
(XPS), Confocal Fluorescence Microscopy (CFM), UV-Vis micro-spectroscopy and 
Synchrotron-based IR micro-spectroscopy have been used for the investigation of the 
dealumination process of individual ZSM-5 crystals. Upon steaming of ZSM-5 crystals the 
extracted aluminum species and the (partial) dissolution of the zeolites cause 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 altered, mesoporous 
crystal structure is accompanied by a local enrichment or depletion of aluminum in ZSM-5-
MT and ZSM-5-ST, respectively. The mildly modified zeolite shows significantly improved 
reactivity in the 4-fluorostyrene oligomerization and MTO reactions when compared with 
ZSM-5-P. However, lack of major mesoporosity leads to a rapid pore blockage. In contrast, 
although ZSM-5-ST is clearly mesoporous over the entire volume of the zeolite crystal, it 
exhibits drastically reduced Brønsted acidity, which is also reflected in the reduced capability 
to catalytically convert 4-fluorostyrene and methanol. 
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Chapter 8 A

       

    

Summary 

 
In this PhD thesis a new experimental approach has been introduced to shed fundamental 
insight in the architecture and molecular transport barriers of large zeolite crystals. More 
specifically, we have investigated diffusion limitation in large as-prepared and dealuminated 
zeolite crystals of AFI and MFI topology by using a combination of the template removal 
method with UV-Vis, confocal fluorescence and synchrotron-based IR micro-spectroscopy. 
Furthermore, a thorough comprehension of the internal architecture and related intergrowth 
phenomena was obtained through employment of focused ion beam milling - electron 
backscattered diffraction and electron tomography, atomic force microscopy and X-ray 
absorption spectroscopy.

The results described in Chapter 2 focus on the architecture of large zeolite crystals 
of AFI-type (CrAPO-5 and SAPO-5) and MFI-type (ZSM-5) topology. In-situ optical and 
confocal fluorescence microscopy on thermally treated zeolites containing organic template 
allowed to visualize the distribution of light absorbing and fluorescent template intermediates. 
Upon hindered diffusion of the formed species, the internal molecular diffusion barriers 
have been revealed, leading to the 3-D reconstruction and the visualization of the internal 
architecture of the crystals. All discovered intergrowth structures comprise similarly shaped 
building blocks, more specifically, two pyramidal caps interconnected in the center of the 
zeolite crystal and four or six surrounding building blocks. CrAPO-5, however, shows an 
additional star-like component in the middle of the crystal.

In Chapter 3, a wide variety of MFI-type zeolite crystals was examined upon 
searching for a unified, morphology-correlated intergrowth structure and obtaining insight 
into the nature of internal and external molecular diffusion barriers. For this purpose, a 
correlative approach consisting of confocal fluorescence microscopy, focused ion beam 
milling - electron backscatter diffraction, transmission electron microscopy lamelling and 
diffraction, atomic force microscopy and X-ray photoelectron spectroscopy was employed. 
The investigated population of MFI-type crystals was found to be an evolution of a classical 
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twin intergrowth structure. Upon crystal growth, due to varying relative growth rates (ka > kb) 
and consequently length/width aspect ratios of the crystals, additional wedge subunits were 
found to contribute to the internal structure of MFI-type crystals. However, if the initial stage 
of crystallization prevented the twinning phenomenon, an additional middle component was 
found. The crystallographic orientations within the individual sub-crystals were determined by 
electron diffraction measurements, demonstrating that distinct components exhibit different 
pore geometries. Preparation of a 100 nm thick lamella, dissected out of an individual zeolite 
crystal, uncovered lattice rotations of 90º and 2º, leading to the discovery of high and low 
molecular diffusion barriers. The exterior of the MFI-type zeolite crystals were found to be 
severely influenced by the final steps of the synthesis of zeolites, leading to a generation of 
a silicalite outer-crust.  

In Chapter 4 in-situ UV-Vis and confocal fluorescence micro-spectroscopy have 
been introduced for the better understanding of template decomposition within large ZSM-
5 crystals. Obtained (by tetrapropylammonium (TPA) degradation) propene molecules 
undergo oligomerization, cyclization and aromatization leading to the gradual increase in the 
molecular size and aromaticity of the occluded organics. The generated methyl-substituted 
benzenium cations and consequently coke-like species seemed to be accumulated within the 
straight channels of ZSM-5 crystals. The complementarity of polarization dependent UV-
Vis absorption measurements and localized confocal fluorescence emission spectral analysis 
unraveled the uniform nature of the template originating molecules within the volume of 
individual ZSM-5 crystals. As the strength of the fluorescence emission spectroscopy lies 
in the remarkable sensitivity, it allows detecting subtle variations in the template derivatives 
formed, revealing additional information on the molecular character of the generated species. 
In line with the uniform distribution of coke-like species, small differences in the diffusion 
rate of the generated molecules studied by confocal fluorescence microscopy of a porous 
catalyst body have been found, allowing visualization of the internal architecture and 
molecular diffusion barrier of zeolite crystals.

The focus of Chapter 5 is to explain the previously reported differences in the 
internal structure of various aluminophosphates molecular sieves with AFI-type structure 
by means of confocal fluorescence microscopy during template removal, focused ion beam 
milling - electron backscatter diffraction and atomic force microscopy. The correlative 
characterization has excluded variation of the internal structure of MeAPO-5 materials, 
leading us to propose a unified intergrowth architecture of large AFI-type crystals. Electron 
backscattered diffraction patterns collected from across the crystal’s volume have proven 
the presence of the same crystallographic orientation within each individual plane, therefore 
excluding the existence of 60º and 90º rotation barriers for molecular diffusion. The observed 
hourglass and star-like patterns were found to be an effect of the existence of low angle 
rotation diffusion barriers. The identical crystallographic orientation within the crystal with 
approximately 2º rotations of different subunits caused an overlap of micropores resulting in 
the limited molecular diffusion of the template derivatives. The only evidence of twinning 
has been found with atomic force microscopy. The twin plane is parallel to the {001} face 
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and located approximately at the center of the crystals. However, it does not act as a major 
transport barrier signifying that the “connection” between each twin is almost perfect and 
most probably related to the formation of the P-P bonds across a (001) plane.
 Chapter 6 describes a methodology for the visualization of the three-dimensional 
orientation and distribution of mesopores in individual dealuminated ZSM-5 crystals. 
Focused ion beam - scanning electron microscopy tomography revealed that the sinusoidal 
channels are much more susceptible towards dealumination, while straight channels opened 
in the tips of the crystal become blocked by the dealumination debris. Thus, resulting in the 
mesopore distribution being dependent on the internal architecture of steamed crystals of the 
zeolite ZSM-5. Mesopores detectable by electron microscopy have been found to vary in the 
range of 5-50 nm in their width, up to 250 nm in length and to be present in the whole volume 
of ZSM-5 crystals with the dimensions 100×20×20 µm3. 90º rotational barriers, has proven 
to open upon steaming and greatly facilitate the dealumination debris removal via straight 
micropores. The important conclusion from the reconstruction of mesopores distribution and 
external morphology showed that regardless of their origin, the long axis of the mesopores 
always correlates with the axis of the micropores open to the crystal’s surface, thus indicating 
that the shortest path for the removal of dealuminated material residues is the preferred one.
 In Chapter 7 a combination of atomic force microscopy, high resolution scanning 
electron microscopy, focused ion beam milling, X-ray photoelectron spectroscopy, confocal 
fluorescence microscopy, UV-Vis and synchrotron-based IR micro-spectroscopy was used to 
investigate the influence of dealumination on zeolite ZSM-5 porosity, acidity and reactivity 
at the individual crystal level. Partial dissolution and severe surface roughening of the mildly 
steamed zeolite sample was found with atomic force microscopy and high resolution surface 
microscopy. The related enhanced acidity resulted in the rapid coke-generation/pore blockage 
and deactivation in the methanol-to-olefin process and 4-fluorostyrene oligomerization 
reactions. Successfully introduced mesoporosity in the severely dealuminated zeolites is 
accompanied by the depletion of Brønsted acidity, resulting in a major drop in catalytic 
reactivity, as reflected in the reduced capability to convert 4-fluorostyrene and methanol. 
Variations in the overall zeolite acidity were connected to a significant aluminum migration 
within the volume of the material. The decrease of the number of accessible acid sites, as well 
as an increase of the acid strength of the remaining framework aluminum and the synergy 
effects between the framework and extra-framework aluminum species can be controlled by 
adopting the dealumination conditions.

Summary
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 Concluding Remarks and Perspectives

    

   
The synthesis of zeolite crystals is an intriguing scientific subject. Depending on the synthesis 
composition, template molecule as well as crystallization time and temperature everything 
from amorphous to crystalline can be obtained. A successful procedure leading to the desired 
zeolite type does not, however, end the challenge. Assessment of the crystals size distribution, 
uniformity, morphology and finally the internal architecture, as well as the crystallographic 
orientation of individual subunits is essential for the efficient design of a catalytic process and 
the related porous catalyst material.

The impact of the intergrowth architecture on the pore accessibility and reactivity 
is remarkable and only the combination of microscopic, spectroscopic and surface probing 
techniques established in the course of this PhD thesis allows its proper recognition. The 
accessibility of the high surface area of zeolite crystals is one of the major factors responsible 
for their excellent catalytic properties. However if crystal twinning occurs, a significant 
decrease in the useful surface area of the catalysts should be expected, due to the presence 
of high and/or low angle diffusion barriers. The partial blockage of the internal volume of 
zeolite crystals drastically influences molecular accessibility of the material and consequently 
limits the catalytic performance of zeolites. Therefore, studying zeolite accessibility is one of 
the major challenges in the characterization of zeolitic materials.

In order to obtain an insight into the internal structure and related diffusion barriers 
of zeolites, this PhD work focuses on large zeolite crystals acting as relevant model systems. 
Two different aspects have been tackled: (1) the architecture of the as-synthesized parent 
zeolite crystals resulting in different micropores being open to the different regions of the 
crystal surface, hence varying molecular diffusion and reaction product formation, and (2) 
enhancement of the transport properties and acidity modification achieved via the steaming 
of zeolite crystals. A schematic illustration of the applied characterization methods is shown 
in Figure 8.1.
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Figure 8.1 Schematic representation of the experimental approach used in this PhD thesis for 
the characterization of large zeolite crystals. Correlation of UV-Vis micro-spectroscopy, confocal 
fluorescence microscopy, synchrotron-based IR micro-spectroscopy, focused ion beam, electron 
backscatter diffraction, scanning electron microscopy, atomic force microscopy and X-ray photoelectron 
spectroscopy provided new insight in the internal architecture and molecular diffusion barriers of model 
zeolite crystals. 

The key step that has to be undertaken during the assessment of the internal structure 
of zeolite crystals involves an in-situ template decomposition process studied by confocal 
fluorescence microscopy. This unique approach established during the course of this PhD 
thesis exhibits a remarkably high sensitivity and allow the visualization of the internal 
structure of zeolite crystals and related molecular diffusion barriers in as-synthesized zeolites. 
Furthermore, as the template derivatives formed in the model parent crystals vary in their 
size and diffusivity, both high and low angle (large and small) molecular diffusion barriers 
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can be observed. Moreover, the presence of a particular barrier type can initially indicate 
the arrangement in which the micropores systems within the intergrown zeolite crystal are 
interconnected. 

The subcomponents of the zeolite crystal, as visualized by confocal fluorescence 
microscopy, should be further examined with a combination of focused ion beam milling and 
electron backscatter diffraction. The subsequent ion beam milling and the diffraction pattern 
acquisition collected from different facets of the exposed crystal give the precise information 
about the crystallographic orientation of distinct crystallites and diffusion barriers found 
by confocal fluorescence microscopy. In rare cases not all internal diffusion barriers can 
be conclusively identified by electron backscattered diffraction or confocal fluorescence 
microscopy. However, the use of atomic force microscopy, sensitive to the zeolite surface 
topology, might be helpful in the assessment of the internal/external transport limiting factors. 
A typical example of outer surface barriers for molecular diffusion is a crust of crystalline/
amorphous material on the crystal surface.

If the above-mentioned structural properties of model zeolite crystals are successfully 
identified, one should focus his/her efforts on the overall acidity, acid site distribution and 
uniformity of the zeolite chemical composition. As the presence of elemental zoning in 
zeolites has proven to significantly influence their catalytic performance, the use of X-ray 
photoelectron spectroscopy and surface sputtering should be considered. The possibility 
for a quantitative reconstruction of the enhanced concentration of silicon and aluminium 
within the volume of zeolite crystals has a profound impact on the understanding of non-
uniform products formation during catalytic processes. More specifically, UV-Vis absorption 
micro-spectroscopy, confocal fluorescence microscopy and synchrotron-based IR micro-
spectroscopy not only allows the in-situ analysis of the catalytic performance of the zeolite 
crystals, but due to their spatial resolution allows the correlation of the internal architecture 
with the generated reaction products.

A comprehensive understanding of a catalytic process based microporous zeolite 
crystals opens a path to study more industrially relevant materials, e.g. mesoporous steamed 
zeolite crystals. As the aforementioned approach only indirectly correlates mesoporosity in 
the steamed zeolite crystal with its internal architecture, high resolution scanning electron 
microscopy and focus ion beam milling/scanning electron microscopy tomography methods 
are of importance. This approach allows a quantitative visualization of the mesopores 
(length, width and 3-D distribution) introduced during the dealumination process of zeolite 
crystals and is generally applicable. Moreover, the correlation of generated mesopores to 
the micropore systems opened to the zeolite surface gives not only insight in the steaming 
mechanism, but could be directly correlated with changes in the reaction product distribution 
as compared to the parent crystal. Lastly, the developed methodology does not call for a need 
of lamella preparation or the synthesis of very small zeolite crystals. Figure 8.2 summarizes 
the differences found between parent and steamed MFI-type zeolites, as described in this 
PhD thesis. 

Concluding Remarks and Perspectives



136

Figure 8.2 Schematic representation of the internal architecture and the related diffusion barriers in 
parent (a) and steamed (b) zeolite crystals. In both cases, regions A - E indicates respectively areas with 
straight channels open to the surface of the zeolite crystal, sinusoidal channels opened to the surface 
of the zeolite crystal, a large internal molecular diffusion barrier, a small internal molecular diffusion 
barrier and an external molecular diffusion barrier.

Obtaining knowledge on the crystal architecture, molecular transport and catalytic 
performance is not sufficient, however, for a full understanding of the properties of zeolite 
crystals. The key component in improving the catalytic efficiency of these molecular sieves 
is the correlation of zeolite crystal parameters, e.g. morphology, twinning and chemical 
composition with their synthesis. Finding such a connection would open the possibility of 
tailoring well-defined zeolite materials, e.g. crystals with straight or sinusoidal channels open 
to the zeolite surface, a desired zeolite surface to volume ratio, well defined acidic properties, 
a truly monocrystalline shaped zeolite crystal and zeolites with enhanced molecular diffusion. 

Finally, although the various zeolite crystal types and morphologies studied in this 
PhD work are twinned and range from ~ 300 μm to below 10 μm in size, we believe that 
even small zeolite and zeotype crystals will comprise of different crystalline building blocks. 
The presence of different faces of a growing zeolite crystal, due to a layer advancement 
mechanism, will cause a mismatch at places where the steps from each face meet, the planes 
with a higher concentration of defects will appear, acting as a low angle transport barriers 
preventing efficient molecular diffusion. 

Therefore, although the catalytic behaviour and the influence of the crystal structure 
of model zeolite crystals described in this PhD thesis could be extrapolated to industrial-sized 
crystals, their significantly smaller size (below 2 µm) makes their detailed characterization 
very challenging with the current techniques. In particular, the micro-spectroscopic techniques 
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described in this work are limited by light diffraction along the pathways of optical systems 
and can not obtain spatially resolved information to these dimensions. Moreover, as the ratio 
between the outer surface of zeolite crystal and the surface area of pores within the volume 
of a zeolite crystal greatly depends on their sizes, the external surface reactivity of industrial 
crystals might contribute much more to the catalytic process, leading to possible differences 
in the chemical products obtained as compared to the large crystals. For example in large 
zeolite crystals of ZSM-5 with dimensions of 100×20×20 µm3, the estimated outer surface/
pore volume ratio is in the order of 1:8000, while industrially used zeolite materials with 
sizes of 1×0.4×0.4 µm3 will have an external surface area only 150 times smaller than their 
pore volume.

Consequently, the successful characterization of the zeolite architecture, diffusion 
barriers and chemistry in zeolite crystals below a few micrometers requires approaches 
capable of overcoming the limiting parameters of light diffraction and imaging at the 
nanometer scale. Three examples of tools recently emerging in the field of spectroscopy are 
near-field scanning optical microscopy (NSOM), scanning near field infrared microscopy 
(SNIM) and super resolution fluorescence microscopy. In addition, the increasing quality and 
spatial resolution of focused ion beam and scanning electron microscopy and synchrotron 
based X-ray approaches should considerably enhance our understanding of the internal 
architecture, mesopore distribution and chemistry within industrial zeolite catalysts. Two 
extreme examples of varying morphologies of industrial-like MFI-type zeolites can be 
envisioned as illustrated in Figure 8.3.

Figure 8.3 a, Schematic representation of a true single MFI-type zeolite crystal. b, Same as a, but for a 
severely intergrown zeolite crystal. c, Schematic representation of the micropores in a MFI-type zeolite. 
Red and green dashed squares indicate the straight and sinusoidal channels of MFI being open to the 
surface, respectively. 

 The first example of a MFI-type zeolite crystal is shown in Figure 8.3a. This 
represents a true single crystal without any outer or inner surface molecular diffusion barriers. 
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The second example of a MFI-type zeolite crystal, as shown in Figure 8.3c, is a severely 
intergrown one exhibiting a variety of complex crystallites and crystal facets, as well as a 
severely interconnected microporous system. Both type of zeolite crystals as well as different 
intermediate forms of them may co-exist and are most probably widely applied in chemical 
industry. Clearly, more characterization work is needed to understand the intricate chemistry 
of these complex sub-micron sized zeolite materials.
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In dit promotieonderzoek is een nieuwe experimentele aanpak geïntroduceerd voor het 
verkrijgen van fundamenteel inzicht in de architectuur en de moleculaire transport barrières 
in grote zeolietkristallen. In het bijzonder hebben wij diffusie limitaties in onbehandelde 
en gedealumineerde grote zeolietkristallen met AFI en MFI topologie onderzocht door 
middel van een combinatie van de templaat verwijderingsmethode en UV-Vis spectroscopie, 
confocale fluorescentie microscopie en synchrotron-gebaseerde IR micro-spectroscopie. 
Vervolgens is een grondige kennis van de interne architectuur en de daaraan gerelateerde 
vergroeiingsfenomenen verkregen door het toepassen van etsen met een gefocusseerde 
ionenbundel – “backscattered” electronen diffractie en electronen tomografie, atomaire 
kracht microscopie en röntgen absorptie spectroscopie.
 De resultaten die wordem beschreven in Hoofdstuk 2 focussen op de architectuur 
van grote zeolietkristallen met de AFI (CrAPO-5 en SAPO-5) en MFI (ZSM-5) topologie. 
In-situ optische en confocale fluorescentie microscopie op thermisch behandelde zeolieten 
die organisch templaat bevatten maakte het mogelijk om de distributie van lichtabsorberende 
en fluorescente templaat intermediairen te visualiseren. Door de gehinderde diffusie van de 
gevormde verbindingen werden de interne moleculaire diffusie barrières in kaart gebracht, 
wat heeft geleid tot de 3D reconstructie en de visualisatie van de interne architectuur 
van de kristallen. Alle ontdekte vergroeiingsstructuren bevatten gelijksoortig gevormde 
bouwblokken. Meer specifiek bevatten ze twee piramidale kappen die in het centrum van 
het zeolietkristal met elkaar en met de vier of zes omliggende bouwblokken verbonden zijn. 
CrAPO-5 toont echter een additionele sterachtige component in het midden van het kristal.
 In Hoofdstuk 3 is een brede variëteit aan MFI-type zeolietkristallen onderzocht in een 
zoektocht naar een universele morfologie-gecorreleerde vergroeiingsstructuur en om inzicht 
te verkrijgen in de aard van de interne en externe moleculaire diffusie barrières. Om dit doel 
te bereiken is een gecorrelerende aanpak bestaande uit confocale fluorescentie microscopie, 
etsen met een gefocusseerde ionenbundel – “backscattered” electronen diffractie, transmissie 
electronen microscopie gecombineerd met diffractie, atomaire kracht microscopie en röntgen 
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foto-electron spectroscopie aangewend. De onderzochte populatie van MFI-type kristallen 
bleek een evolutie te zijn van de klassieke tweeling-vergroeiingsstructuur. Door een variabele 
relatieve groeiverhouding (ka > kb) en de daaruitvolgende lengte/breedte verhouding van de 
kristallen, werden na de kristalgroei additionele wigvormige sub-eenheden gevonden die een 
bijdrage leveren aan de interne structuur van MFI-type kristallen. Echter, wanneer het initiële 
kristallisatie-stadium het tweeling-fenomeen verhinderde, werd er een additionele midden-
component gevonden. De kristallografische oriëntatie in de individuele sub-kristallen werd 
bepaald door middel van electronen diffractie metingen, die aantonen dat de verschillende 
componenten verschillende porie-geometrieën tentoonspreiden. De bereiding van een 100 
nm dikke “lamella”, uitgesneden uit een individueel zeolietkristal, onthulde roosterrotaties 
van 90° en 2°, die geleid hebben tot de ontdekking van hoge en lage moleculaire diffusie 
barrières. De buitenkant van de MFI-type zeolietkristallen bleek ten zeerste beïnvloed te 
worden door de laatste stappen van de zeolietsynthesen, wat leidde tot de vorming van een 
silicaliet-korst.

In Hoofdstuk 4 werden in-situ UV-Vis en confocale fluorescentie micro-
spectroscopie geïntroduceerd om een beter begrip te krijgen van de templaat-decompositie 
in grote ZSM-5 kristallen. De door degradatie van tetrapolymammonium (TPA) verkregen 
propeenmoleculen ondergaan oligomerizatie, cyclizatie en aromatisering, wat leidt tot een 
geleidelijke toename in de grootte en aromaticiteit van de ingesloten organische moleculen. 
De gegenereerde methyl-gesubstitueerde benzenium cationen en de daaruitvolgende coke-
achtige verbindingen leken zich op te hopen in de rechte kanalen van de ZSM-5 kristallen. De 
complementariteit van de polarisatie-afhankelijke UV-Vis absorptie metingen en de spectrale 
emissie analyse van gelocaliseerde confocale fluorescentie onthulde de uniforme aard van 
de van het templaat afkomstige moleculen in het volume van individuele ZSM-5 kristallen. 
Aangezien de kracht van fluorescentie emissie spectroscopie in de opmerkelijke gevoeligheid 
ligt, maakte het de detectie van subtiele variaties in de gevormde templaatderivaten mogelijk, 
wat additionele informatie over het moleculaire karakter van de gegenereerde verbindingen 
aan het licht bracht. In lijn met de uniforme distributie van coke-achtige verbindingen 
werden met confocale fluorescentie microscopie kleine verschillen in diffusiesnelheid van 
de gegenereerde moleculen in het poreus katalysator materiaal gevonden, wat de visualisatie 
van de interne architectuur en moleculaire diffusie barrières van zeolietkristallen mogelijk 
maakte.
 De focus van Hoofdstuk 5 ligt op de verklaring van eerder gerapporteerde 
verschillen in de interne structuur van verschillende aluminofosfaatmoleculaire zeven met de 
AFI-type structuur met behulp van confocale fluorescentie microscopie tijdens de templaat-
verwijdering, etsen met een gefocusseerde ionenbundel - “backscattered” electronen 
diffractie en atomaire kracht microscopie. Deze correlerende karakterisering heeft variaties in 
de interne structuur van MeAPO-5 materialen uitgesloten, wat heeft geleid tot het voorstellen 
van een universele vergroeiings-architectuur van grote AFI-type kristallen. “Backscattered” 
electronen diffractiepatronen, zoals opgenomen door het kristalvolume, hebben aangetoond 
dat in ieder individueel vlak dezelfde kristallografische oriëntatie aanwezig is, waardoor 
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het bestaan van 60° en 90° rotatiebarrières uitgesloten kan worden. Van de waargenomen 
zandloper en ster-achtige patronen werd ontdekt dat ze het effect zijn van het bestaan 
van lage-hoekrotatie diffusie barrières. De identieke kristallografische oriëntatie in de 
kristallen, met bij benadering 2° rotaties van de verschillende sub-eenheden, zorgde voor een 
overlapping van de microporiën, wat resulteerde in een beperkte moleculaire diffusie van de 
templaatderivaten. Het enige bewijs voor “twinning” werd gevonden met atomaire kracht 
microscopie. Het tweeling-vlak bevindt zich parallel aan de {001} fase en is ongeveer in 
het centrum van de kristallen gelegen. Echter, het treedt niet op als een belangrijke transport 
barrière, wat aanduidt dat de “verbinding’ tussen iedere tweeling bijna perfect is en zeer 
waarschijnlijk verband houdt met de vorming van P-P bindingen over een (001) vlak.
 Hoofdstuk 6 beschrijft een methodologie om de driedimensionale oriëntatie en 
distributie van mesoporiën in individuele gedealumineerde ZSM-5 kristallen zichtbaar te 
maken. Door etsen met een gefocusseerde ionenbundel – scannende electronen microscopie 
tomografie werd onthuld dat de sinusoïdale kanalen veel vatbaarder zijn voor dealuminering, 
terwijl de rechte kanalen, die open zijn naar de uiteinden van het kristal, geblokkeerd worden 
door het puin van de dealuminering. Dit resulteert in het feit dat de mesoporie-distributie 
afhangt van de interne architectuur van de gestoomde ZSM-5 kristallen. Mesoporiën die 
detecteerbaar zijn met electronen microscopie varieerden tussen de 5 en 50 nm in doorsnede, 
tot 250 nm in lengte en werden aangetroffen in het gehele volume van de ZSM-5 kristallen van 
100x20x20 μ3. Voor de 90° rotatiebarrières werd aangetoond dat ze zich door stomen openen, 
waarbij ze het verwijderen van dealumineringspuin via de rechte microporiën ten zeerste 
vergemakkelijken. De belangrijke conclusie uit de reconstructie van de mesoporie-distributie 
en de externe morfologie laat zien dat de lengte-as van de mesoporiën, ongeacht zijn oorsprong, 
altijd correleert met de as van de microporiën die openstaan naar het kristaloppervlak. Dit 
toont aan dat de korste weg voor de verwijdering van het dealumineringspuin de voorkeur 
heeft.
 In Hoofdstuk 7 werd een combinatie van atomaire kracht microscopie, hoge-
resolutie scannende electronen microscopie, etsen met een gefocusseerde ionenbundel, 
röntgen fotoelectronen spectroscopie, UV-Vis en synchrotron-gebaseerde IR micro-
spectroscopie gebruikt om de invloed van dealuminering op de porositeit, zuurheid en 
reactiviteit van zeoliet ZSM-5 op individueel kristalniveau te onderzoeken. Atomaire 
kracht microscopie en hoge-resolutie oppervlakte microscopie maakten duidelijk dat mild 
gestoomde zeolietmonsters aan gedeeltelijke oplossing en ernstige verruwing van het 
oppervlak blootstaan. De hieraan gerelateerde zuurheid resulteerde in een snelle coke-
vorming/ blokkering van de poriën en deactivering in het methanol-naar-olefine proces en de 
oligomerizatiereacties van 4-fluorstyreen. De succesvol geïntroduceerde mesoporositeit in de 
ernstig gedealumineerde zeolieten wordt vergezeld door een vermindering van de Brønsted 
zuurheid, wat resulteert in een grote afname van de katalytische activiteit. Dit is terug te 
zien in een verminderd vermogen om 4-fluorstyreen en methanol om te zetten. Variaties in 
de algehele zuurheid van de zeolieten werd gerelateerd aan een significante verplaatsing 
van aluminium in het materiaalvolume. Zowel de afname van het aantal toegankelijke zure 
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plaatsen als de toename in zuursterkte van de overgebleven aluminium atomen in het rooster 
en de synergie-effecten tussen aluminiumatomen in en buiten het rooster kunnen beheerst 
worden door de dealumineringscondities aan te passen.
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